
 
 
 
 
 

Client: Nederlandse Aardolie 
Maatschappij 
Arup Project Title: Groningen 
2013 
Implementation Study 

 REP/229746/IS001 

Issue Rev A  |  29 November 2013 
 

 
 
 

This report was prepared by Arup in November 2013  
on the basis of a scope of services agreed with our client. 
It is not intended for and should not be relied upon by  
any third party and no responsibility or liability is  
undertaken to any third party. 
 
Job number    229746 

This document is scientific work and is based on information 
available at the time of writing. Work is still in progress and 
the contents may be revised during this process, or to take 
account of further information or changing needs.  This 
report is in the public domain only for the purpose of 
allowing thorough scientific discussion and further scientific 
review.  The findings are only estimated outcomes based 
upon the available information and certain assumptions. We 
cannot accept any responsibility for actual outcomes, as 
events and circumstances frequently do not occur as 
expected. 

 

External Ref   EP201311204037 

Arup bv 
PO Box 57145 
1040 BA 
Amsterdam 
The Netherlands 
www.arup.com 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Implementation Study 
 

 REP/229746/IS001 | Issue Rev A | 29 November 2013  

 

 
 

Contents 
Executive Summary i 

1 Introduction 1 

1.1 Background 1 
1.2 Important elements of the Structural Upgrading Strategy in 

relation to the Implementation Study 2 
1.3 Current Seismic Hazard and Threshold Levels 4 
1.4 Implementation Methodology 6 

2 Current Uncertainties 7 

2.1 Sources of model uncertainty 7 
2.2 Implications of model uncertainties 8 
2.3 Recommendations in dealing with uncertainties at this stage 9 

3 Implementation Study Scope 10 

3.1 Objectives 10 
3.2 Scenario ‘N’ basis for Implementation Study 11 
3.3 Initial Scenario ‘N’ 12 
3.4 Structural Upgrading and Intervention Levels 15 

4 Implementation Methodology 17 

4.1 Work Breakdown Structure 17 
4.2 Prioritisation 18 
4.3 Inspection Methodologies 19 
4.4 Execution Methodology 22 
4.5 Information Management 26 
4.6 Monitoring Risk Reduction 26 
4.7 Owner/ Community Engagement 27 
4.8 Social Return 27 

5 Program (Time schedule) 28 

5.1 Indicative Programme 28 
5.2 Program Uncertainties 30 

6 Perspective on Organisation 31 

6.1 Management of Structural Upgrading Works 31 
6.2 Structuring the Organisation 31 

7 Conclusions and Recommendations 32 

 
 
References 
 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 
Implementation Study 

 

 REP/229746/IS001 | Issue Rev A | 29 November 2013  
 

 
 

 
 
Appendices 

Appendix A 

Classification and Determination of Buildings 

Implications of Modelling Uncertainties

 

Appendix C

 

 

Glossary 

 
 
 

Appendix B



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Implementation Study 
 

 REP/229746/IS001 | Issue Rev A | 29 November 2013  

 

Page i 

 

Executive Summary 

Introduction 
This report presents the results of an implementation study conducted by Arup for the 
Nederlandse Aardolie Maatschappij (NAM) to undertake preventive structural upgrading works 
to buildings in the Groningen region of the Netherlands.  

This report forms part of a wider scope of services related to the structural upgrading strategy for 
buildings in the Groningen region, described in a series of reports by Arup (2013).  

 Structural Upgrading Strategy [1]; 

 Seismic Risk Study [2]; 

 Structural Upgrading Study [3]; and 

 Implementation Study (this report). 

The implementation study is in support of the required studies outlined in the letter of Minister 
Kamp to the Dutch Parliament of 11 February 2013.  
 

Objectives and reasoning behind the Implementation Study 
The main objectives for this implementation study are to develop: 

 a methodology to reduce risk to an acceptable level within an acceptable time frame; 

 a programme that is supported by authorities; 

 a programme that is generally socially acceptable; and 

 a programme that is flexible. 
 

The assessments of seismic hazard 1, building vulnerability and the overall seismic risk have 
been done under high uncertainties. Because of these uncertainties, it is too early to implement a 
definitive upgrading program and a phased approach with periodic reviews is therefore proposed. 

A prioritised approach has been developed as outlined in the structural upgrading strategy. 
Prioritisation is predominantly conducted on the basis of seismic risk, followed by pragmatic 
considerations. Seismic risk is composed of seismic hazard, building vulnerability and exposure. 
Pragmatic considerations include; commencing implementation per town, starting within their 
centres, owner consent, and permitting process.    

                                                 
1 NAM indicates: “As the work on the quantification of the seismic hazard is still ongoing and as the forecasted 
maximum magnitude is expected to be lowered by the geomechanical work, a phased approach with periodic 
reviews is supported.” 
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Key elements of the Implementation Study 
Key elements of the proposed implementation methodology have been summarized below. 

1. Building Inspection Process 

 Importance class I and II buildings (Eurocode 8 [4]) and importance class III and IV 
buildings (Eurocode 8), are proposed to be inspected in parallel in two different work 
streams (see Table 2); 

 Rapid Visual Screenings (RVS) are proposed for class II buildings starting in the core 
of the hazard area and then moving outwardly. The RVS is an external inspection 
method in accordance with the FEMA 154 (International) method, which has been 
modified for the local situation; and 

 ASCE 41-13 [5] surveys are proposed to be performed for class III and IV buildings 
and for selected class II buildings. This international survey method consists of a desk 
study, a detailed in-house inspection followed by potential detailed design and 
engineering of structural upgrading measures. 

 

2. Mitigating risks in a prioritized manner, based on different implementation steps 

 Step 1 focusses on designing and executing intervention measures to mitigate urgent 
risks as well as intervention measures to mitigate high risk building elements (such as 
damaged chimneys or parapets); 

 Step 2 focusses on improving the structural integrity of buildings (i.e. tying floors and 
walls and stiffening diaphragms); 

 Step 3 focusses on potential further intervention levels to improve strength  and / or 
ductility of buildings; 

 

3. Permit and tender process: 

 To develop an effective planning permission process, consultation with planning 
permission agencies of relevant municipalities is proposed. Consultations are 
currently underway with the planning agency of Loppersum; and 

 The tendering process is to be further developed in the implementation plan. Within 
the overall procurement strategy a focus on local firms is proposed (architects, 
engineers, suppliers, contractors and other third parties). 
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4. Program, Cost and Resources: 

 As part of the implementation study, a preliminary program has been developed 
focusing on the coming 3 years; and 

 Due to commercial and market sensitivities all information pertaining to costs and 
resources have been removed from this report. This information has been provided to 
NAM directly. 

 

5. Scope for Implementation study 

 Currently the seismic hazard levels for the Groningen region have been determined 
by Shell P&T and the expected threshold level below which no interventions are 
required have been determined by Arup. 

 Both the PGA distribution (hazard) and the threshold level currently have high 
uncertainties. The exact scope of the implementation works can therefore not be 
defined at this stage and will require further studies to help reduce these uncertainties. 

 To get an understanding for ‘order of magnitude’ of the scope of large scale 
implementation, an initial scenario ‘N’ was adopted as the basis for this study. 

 Given the current uncertainties, the scenario ‘N’ scope described in this report is not a 
prediction of the future and can be expected to change as uncertainty reduction 
studies progress. 

 Parameter uncertainties are illustrated in Figures 4 and 5. 
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6. Proposed next steps: 

In addition to an extended uncertainty reduction program it is proposed to NAM to continue with 
the pilot projects (Pilot 1 and 2), which consist of: 

1. Screening of 1700 buildings (the village of Loppersum has been selected) in Pilot 2 on 
vulnerability and exposure; 

2. Implementing temporary measures for those buildings identified during surveys in Pilot 2, 
needing urgent actions due to severely impaired integrity; 

3. Consider implementing temporary measures for those buildings identified during surveys 
in Pilot 2, based on their typology; 

4. Implementing step 1 measures for those building elements identified during surveys in 
Pilot 2; 

5. Implementing step 2 measures for at least 5 houses before the end of 2014 (Pilot 1 and 
investigating the effect of these measures on building vulnerability; 

6. Implementing step 1 and 2 measures for all buildings in Pilot 2 before the end of 2016 
(scope of Pilot 2 depends on progressive insights, results of inspections, and findings 
from Pilot 1); and 

7. A periodical evaluation of the pilot projects (Pilot 1 and 2) before the roll-out of the 
complete program in 2016 
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1 Introduction 

1.1 Background  
The Nederlandse Aardolie Maatschappij (NAM) commissioned Arup in 2013, to develop a 
structural upgrading strategy for existing buildings in the Groningen region. Supporting this 
strategy, this report presents the implementation study to undertake preventive structural 
upgrading works in this region. The location and extent of the study area is shown in Figure 1. 

  
Figure 1  Groningen region location plan. 
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This report is in support of the required studies outlined in the letter of Minister Kamp to the 
Dutch Parliament of 11 February 2013. As requested by NAM, it is also being issued at this 
stage as input for the ‘Winningsplan’, which will be submitted by NAM on the 1st of December 
2013. This report is therefore an intermediate presentation of the implementation study. 

In support of the structural upgrading strategy, this implementation study provides an approach 
for the ‘implementation’ of risk mitigating and structural upgrading measures to existing 
buildings in the affected region of Groningen. 

Preventive structural upgrading of buildings is applied in several seismic regions around the 
world, mostly on the initiative of building owners, but also backed up with local or national 
legislation. The Groningen context is unique as: 

 The earthquakes are caused by gas extraction, known as induced earthquakes;  

 There is very limited knowledge and experience in the Dutch building industry in the 
design and construction of earthquake resistant buildings and the structural upgrading of 
existing buildings; and  

 Most of the building stock in Groningen consists of unreinforced masonry (URM) 
including specific details related to the Dutch context (i.e. cavity walls), which in general, 
without special design features, has a relative poor response to earthquakes. 

 

1.2 Important elements of the Structural Upgrading Strategy in 
relation to the Implementation Study 

The overall Structural Upgrading Strategy is aimed at reducing risk levels quickly while 
uncertainty reduction activities progress through continued research and investigations. 

The Structural Upgrading Strategy consists of, ‘studies’ and ‘implementation’. These are 
partially overlapping, which means implementation reduces the risk levels while uncertainty 
reduction studies and tests are continued, as explained in more detail below. 

1.2.1 Studies 
As part of the wider scope of services to develop the structural upgrading strategy for buildings 
in the affected Groningen region, the following three study areas have been identified. 

1. Seismic Risk Study;  

2. Structural Upgrading Study; and 

3. Implementation Study (this report). 

Further information on these studies can be found in the study reports and the Structural 
Upgrading Strategy as found in the reference list. See also Figure 2.   
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1.2.2 Implementation 
Before large scale implementation is undertaken, two implementation pilots are intended to 
validate the design & execution impact on the proposed risk reduction and structural upgrading 
measures.  

 Pilot 1: small scale testing: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design);  

 Pilot 2: large scale testing: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design). 

 Large Scale Implementation: full scale structural upgrading works: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design). 
 

Pilot 1 is intended to validate the technical feasibility of the proposed design procedure and 
structural upgrading measures. Pilot 2 is intended to validate the operational implementation. 
Thereafter, large scale implementation is the full scale roll-out of the structural upgrading works. 
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Figure 2  Elements of the strategy and their relations (numbers are indicative). 
 

1.3 Current Seismic Hazard and Threshold Levels 
The seismic hazard in the Groningen area has been defined by the probabilistic seismic hazard 
analysis (PSHA) conducted by Shell P&T. A map was developed for the level of peak ground 
acceleration (PGA) associated with a 2% probability of exceedance in the next ten years (see 
Figure 3). This is approximately equivalent to the design basis earthquake ground motion in 
Eurocode 8 which corresponds to a 10% probability of exceedance in 50 year hazard level 
(return period of 475 years).  
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Figure 3 PGA contour map according to Shell P&T with a return period of 475 years. 

There are a number of uncertainties associated with the probabilistic seismic hazard scenario 
analysis. These uncertainties could be expected to affect the overall level of expected PGA 
across the whole field and not its distribution (i.e. the contours remain a similar shape but with 
different values). The relative order, in which works can be carried out are therefore not expected 
to change. 

However, the overall outcome of building assessments and upgrading measures required may 
change as intervention is only required for a minimum threshold level of PGA. 

Based on current preliminary findings from the structural upgrading and risk assessment studies, 
the threshold level above which structural upgrading measures are expected is between 0.1 and 
0.2 g PGA. 

Both the PGA distribution (hazard) and the threshold levels have high uncertainties. Based on 
current knowledge, higher and lower PGAs and upgrading thresholds are possible. The exact 
scope of the implementation study can therefore not be defined at this stage and will require 
ongoing studies to reduce these uncertainties.   
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1.4 Implementation Methodology 
Given the current uncertainties and the extent of the area (and number of buildings in this area), 
the implementation methodology is based on a prioritisation approach. The process has three 
basic steps: 

 Identification: to identify the buildings with the highest potential seismic risk, based on 
the seismic hazard, exposure, structural vulnerability and/or the consequences of failure 
in an earthquake (based on desk top studies and field surveys); These method of 
identification is based on pre- and post-earthquake inspections (FEMA 154 and 
ACSE 41-13) using different screening and assessment standards.  

 Performance evaluation: to quantify the gap between the estimated current and required 
structural performance; and  

 Structural upgrading: to actually achieve the required performance in an effective way 
by using conventional and innovative upgrading measures (the process for this is 
mentioned in section 1.2.2) 
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2 Current Uncertainties 

2.1 Sources of model uncertainty 
In a traditional approach, there are three main sources of uncertainty in estimating the number of 
buildings that may need structural upgrading and assessing the extent of structural upgrading 
required: 

1. The model for seismic action contains uncertainties relating to: 

 Amplitude of the peak earthquake ground motions and its geographical 
distribution; 

 Characteristics of expected earthquake ground motions, including their frequency 
content and durations; 

 Local ground conditions and their effects on seismic accelerations and 
characteristics of the earthquake ground motions; and 

 Treatment of transient nature of induced seismic hazard, its correlation with gas 
production, and its interpretation with respect to code requirements; 

2. The model for seismic resistance contains uncertainties relating to: 

 Structural analysis methodology; 

 Information/knowledge on the buildings and material properties; 

 Allowable ductility that may be taken into account for Dutch building stock; 

 The effect of ground motion duration on seismic performance; 

 Vulnerability – a lower-bound threshold of acceleration for which no seismic 
upgrading is required; 

 Vulnerability – differences between individual buildings within each typology 
and the representativeness of individual analysis models for assessing the total 
population; and 

 Quantitative effect of structural upgrading measures. 

3. The target safety level depends on: 

 A balanced view on the probability of occurrence of different levels of earthquake 
ground motion, and the expected consequences of their occurrence for new and 
existing buildings; and 

 Tolerance to risk for the area concerned. 

Please also see Seismic Risk Study Section 7.2 with regards to current uncertainties. 

The variables in Figures 4 and 5 have been identified as the most important, from the point of 
view of reducing uncertainty and therefore make the biggest impact on the level of intervention 
required. 
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2.2 Implications of model uncertainties 
Depending on the selected value of the variables, the measures needed for a specific building 
might vary from no measures to all measures up to levels 6 (see section 3.4). Taking 
conservative (pessimistic) assumptions may result in too many interventions with intervention 
levels that are higher than needed. Taking optimistic assumptions may result in not enough 
interventions at the right intervention levels to assure the safety level that is assumed. Selected 
values to date have been based on conservative assumptions and available information. 

The influence of the uncertainty on the total number of buildings requiring upgrading is 
illustrated in Figures 4 and 5. The number of buildings requiring each level of structural 
upgrading depends on a number of variables as shown in the figures. The figures show the 
influence of various variables on the number of required lighter interventions (level 1-3, see 
Figure 4) respectively on the number of required stronger interventions (level 4-7, see Figure 5). 

The values in Figures 4 and 5 at the ‘100%’ position indicate the baseline value; any change in 
this value will result in an increase or decrease in the relative number of structural interventions 
required in the area. For example: if all houses have a threshold vulnerability level of 0.1g, 
intervention levels 1to 3 may be required for the baseline number of buildings. If the 
vulnerability level is 0.2g, intervention levels 1-3 may be required for approximately 60% of the 
baseline. 

Each bar on Figures 4 and 5 should be interpreted as a reasonable range of possible values for 
each parameter following further study, current knowledge or preliminary studies that have 
already been conducted. Each of these values should be interpreted as possible lower and upper 
bound values that will be explored further in uncertainty reduction studies. The figures should 
not be interpreted as meaning that the lower values on each plot will necessarily be obtained.  

It should also be noted that each variable is varied in isolation; the effect of varying multiple 
parameters (e.g. reducing the seismic hazard and increasing the vulnerability) is not considered 
in the figures. Further information about how each figure was generated is provided in Appendix 
B. 

 

 

 
 

Figure 4  Influence of factors on the number of light interventions. 
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Figure 5  Influence of various factors on the number of heavy interventions. 

2.3 Recommendations in dealing with uncertainties at this stage 
The aforementioned has shown that limited information is available at this stage for several 
variables and that the influences of some of these variables are large. For instance, the initial 
results from non-linear analysis show that considerable reductions in intervention levels 4 to 6 
may be possible. Consequently, the prediction of seismic hazard, building vulnerability and the 
overall seismic risk are done under high uncertainties. Because of these uncertainties it is too 
early to roll out a definitive upgrading program and a phased risk based approach is therefore 
proposed. 
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3 Implementation Study Scope 
This implementation study describes the methodology for large scale implementation of risk 
reducing measures as well as preventive structural upgrading measures to buildings in the 
affected Groningen region. Large scale implementation is expected to start after Pilots 1 and 2 
have commenced. Given the current uncertainties with regards to hazard and threshold levels, 
large scale implementation has been developed on an initial scenario ‘N’ basis. 

Given the current uncertainties, the scenario ‘N’ scope described in this report is not a prediction 
of the future and can be expected to change as uncertainty reduction studies progress. 

 

3.1 Objectives  
The main objectives for this implementation study are to develop: 

 a methodology to reduce risk to an acceptable level within an acceptable time frame; 

 a programme that is supported by authorities; 

 a programme that is generally socially acceptable; and 

 a programme that is flexible. 

 

Table 1 further informs on the main objectives of this implementation study. 
 
Table 1  Objectives of the implementation study. 

Objective Further clarification 

Methodology to reduce risks 
to an acceptable level 

An ‘acceptable level’ will be defined in the expected national guidelines (NPR) 
and NEN norm. Until the NPR is available, guidance outlined in international 
codes are proposed to be used allowing measures to be determined based on 
objective criteria. 

The programme is supported 
by authorities 

Authorities concur with the proposed studies, the measures to be implemented 
and the implementation process. 

The programme is generally 
socially accepted 

The process of implementation, including prioritisation, is considered logical, 
accurate and fair.  

The programme is flexible The programme starts with a step wise approach that is prioritised on the basis of 
available knowledge on hazard, vulnerability and exposure. This prioritisation 
minimises the chance of carrying out unnecessary implementations as more 
research is carried out and can be adjusted if necessary due to updated 
information. The prioritisation strategy reduces the total risk level in the area as 
quick as possible. 
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3.2 Scenario ‘N’ basis for Implementation Study 
The implementation study looks at large scale implementation; following pilots 1 and 2 (see 
Figure 3). As per section 1.2.2, Pilots 1 and 2 are aimed at technical and operational validation of 
the implementation works and are expected to become the focus of works undertaken in 2014 
and 2015. Depending on the results from Pilots 1 and 2 and the proposed uncertainty reduction 
studies, large scale implementation is currently expected to start in 2016. 

To get an understanding for ‘order of magnitude’ of the scope of large scale implementation, an 
initial scenario ‘N’ was adopted as the basis for this study. 

Given the current uncertainties, the implementation works associated with scenario ‘N’ described 
in section 3.3 are not a prediction of the future and can be expected to change as uncertainty 
reduction studies progress. Other scenarios with a larger or smaller scope, such as scenarios ‘M’ 
or ‘O’ illustrated in Figure 4, may therefore also be possible. 
 

 
Figure 4 Large Scale Implementation Scenarios   
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3.3 Initial Scenario ‘N’ 
The large scale implementation scope considered within the initial scenario ’N’ has been based on the 
proposed prioritisation strategy and an initial area that may increase or decrease as more information 
becomes available on seismic hazard and threshold levels. This scenario includes the following contour 
areas: 

 importance class I buildings (barns and sheds) will not be considered due to their relative 
low importance (except for large buildings with live stock); 

 importance class II buildings within the PGA > 0.3g area (approx. 42,300 buildings); 

 importance class III buildings within the PGA > 0.25g area (approx. 500 buildings); and 

 importance class IV buildings within the PGA > 0.2g area (less than 100 buildings). 

It is proposed to review the large scale implementation scope periodically. Larger contour lines 
have been selected for class III and IV buildings, given the importance class requirements of 
Eurocode 8. Table 2 informs on these importance classes used in Eurocode 8. 

 

 

 

 
Figure 5  Scenario ‘N’ areas for class I/II, III and IV buildings. 
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Table 2  Importance classes according to Eurocode 8 

Importance 
class EC8 

Definition Included buildings 

IV Buildings whose integrity during 
earthquakes is of vital importance for 
civil protection 

Fire stations, police stations, ambulance posts, 
hospitals, power plants,  

III Buildings whose seismic resistance is of 
importance in view of the consequences 
associated with a collapse 

Buildings recognized in the Risicokaart Nederland 
(e.g. schools, day care centres, assembly halls, 
cultural institutions, large restaurants) 

II Ordinary buildings, not belonging in the 
other categories. 

BAG* premises with addresses that are not part of 
EC8 categories III and IV (e.g. dwellings) 

I Buildings of minor importance for public 
safety 

BAG* premises without addresses (e.g. agricultural 
buildings, barns and garden sheds) 

*Basisregistratie Adressen en Gebouwen 

 

The breakdown of the preliminary numbers of class II, III and IV buildings for scenario ‘N’ are 
shown in Tables 3, 4 and 5 below, in order to get a feel for the order of magnitude. In Appendix 
A, the development of these numbers is explained. 

 

Table 3  Class II buildings. 

Building Number of 
buildings 

Number of 
adresses 

Mean surface area 
[m2]* 

Detached 15.600  15.600 177 

Semi-detached 8.100  8.100 120 

Terraced  13.800 14.500 107 

Flat and apartment  600 5.500 83 

Commercial and Industrial 700  800 724 

Agricultural 1.000  1.000 903 

Miscellaneous ? 2.000 400 

Total 42.300 47.500  169 

Sources used: Location of emergency services (Imergis, December 2012) and production facilities (BAG & 
Hoogspanningsnet) 
* Following the Dutch definition Gebruiksoppervlakte (GBO) 

 
Table 4  Class III buildings. 

Building Description, examples Number of 
adresses 

Total surface 
area [m2]* 

Residential Housing for target groups, e.g. elderly 688 176.000 
Shopping Large shopping buildings 52 71.000 
Sports   20 70.000 
Education Primary schools, secondary schools 124 199.000 
Horeca Hotels, restaurants 7 26000 
Offices  11 7.000 
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Building Description, examples Number of 
adresses 

Total surface 
area [m2]* 

Industrial Factories, storage 49 134.000 
Health Nursing homes 20 44.000 
Prisons etc   1 3.000 
Meeting functions House of prayer, day care, large bars 127 85.000 
Other Cultural, transformation house 35 10.000 
Total  1.134 

(504 buildings) 
825.000 

Sources used: Nationale risicokaart, (Interprovinciaal Overleg, September 2013), BAG (Kadaster, Juli 2013) 
* Following the Dutch definition Gebruiksoppervlakte (GBO)   
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Table 5  Class IV buildings. 

Building Number of buildings Total surface area 
[m2]* 

Ambulance posts 3 350 

Fire stations 16 8.000 

Police stations 10 12.000 

Hospitals 2 470.000 

Power plants 4 n/a 

NAM gas distribution station > 20 n/a   
Transformer, switching and distribution stations > 17 n/a 

Total > 72  

Sources used: Location of emergency services (Imergis, December 2012) and production facilities (BAG & 
Hoogspanningsnet) 
* Following the Dutch definition Gebruiksoppervlakte (GBO) 

 

3.4 Structural Upgrading and Intervention Levels 
The Structural Upgrading Study has identified the requirement for upgrading interventions 
depending on the level of seismic hazard at the building location and its seismic resistance. The 
proposed upgrading interventions reduce risk, and are based on a balance between speed of 
implementation and minimizing disruption. 

Seven permanent intervention levels have been characterised within the aforementioned study 
that form the basis for the structural upgrading works described in this implementation study. 
There is a step change in time and complexity between one level of intervention and the next. 

Permanent upgrading measures – intervention levels: 

 Level 1: Mitigation measures for higher risk building elements (potential falling hazards); 
 Level 2: Tying of floors and walls; 
 Level 3: Stiffening of flexible diaphragms; 
 Level 4: Strengthening of existing walls; 
 Level 5: Replacement and addition of walls; 
 Level 6: Foundation strengthening; and 
 Level 7: Demolition. 

Temporary upgrading measures have also been identified for specific building types for rapid 
risk reduction, for example terraced houses, semi-detached houses and shop front buildings 
which have been identified as being more vulnerable. Temporary upgrading measures are 
exterior to the building and provide lateral support to the building (e.g. steel “bookend” frames). 
Temporary upgrading is to be considered for these buildings to mitigate short-term risk until 
permanent solutions are available. 

A key consideration under investigation is the seismic hazard threshold below which no 
intervention is required.  The determination of this threshold is under development and will be 
investigated based on analyses and physical testing.  The current expectations are that this 
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threshold will be for PGA’s of 0.1g to 0.2g, based on observation in other countries with 
comparable URM building stock.     

Based on the assessments to date, the recommendation is to start with the following structural 
upgrading measures as soon as possible in the area of highest seismic hazard initially: 

1. Strengthening or removing higher risk building elements (falling hazard); 

2. Improving the integrity of buildings; and  

3. Improving strength and/or ductility of buildings. 
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4 Implementation Methodology  

4.1 Work Breakdown Structure 
The following section informs on the proposed work break down structure for the 
implementation works. The process is outlined in Figure 6. 

 
Figure 6  Break down structure for implementation based on prioritisation approach.   
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As per Figure 8, two work streams have been identified to undertake the proposed 
implementation works. The differences and characteristics of each work stream are informed on 
in Table 6. 

Table 6 Differences and characteristics between work streams. 

Work Stream Importance Class 
(Euro code 8) 

Characteristics 

Work Stream 1 Class I and II Mainly houses, normal importance 
Limited amount of typologies of houses 
Large scale 
High repetition 
Standard design solutions 
Relatively ‘simple’ measures to implement 

Work Stream 2 Class III and IV Important post-earthquake function or severe consequences if 
building would fail during an earthquake 
Many different typologies of buildings 
Smaller scale 
Less repetition 
Individual design solutions 
More complex measures to implement 

The two different work streams make it is possible to develop a specific implementation 
approach in accordance with the characteristics of buildings (as per the importance classes in 
Euro code 8). 

 

Work stream 1: 

Consecutive steps for executing intervention levels are proposed in section 4.4.5.1. This 
approach makes it possible to initially focus on the implementation of measures that reduce the 
general risk level as quickly as possible. The steps correspond with the intervention levels 
described in Section 3.4. 

 

Work stream 2: 

Work Stream 2 requires a building-specific approach, since the variation in building types is 
higher than in Work Stream 1. For all class III and IV buildings an ASCE 41-13 assessment has 
been proposed, starting in the town of Loppersum during Pilot 2. Prioritisation of execution is 
proposed to be based on the outcomes of the ASCE assessments. For all class III and IV 
buildings, a building-specific plan is proposed how to structurally upgrade the building and, if 
necessary, how to reduce risks quickly. If possible, buildings will be grouped by building 
characteristics or function. 

 

4.2 Prioritisation 
Given the objectives mentioned in section 2.1 and the extent of the area and the number of 
buildings in this area, a prioritisation approach has been developed. Prioritisation has been based 
on minimising risk to life safety. Not all buildings can be screened and addressed at the same 
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time. It is therefore proposed to start with the buildings that are likely to cause most casualties in 
case of a heavy earthquake, using the following considerations: 

1. Seismic hazard: priority is given to areas of highest seismic hazard working from the 
central area of the gas field where the seismic hazard is highest to the outside where the 
seismic hazard is lowest (see Figure ). 

2. Building vulnerability: rapid visual screenings/assessments are undertaken to assess the 
vulnerabilities of all buildings with assessments starting in the highest seismic hazard 
areas. The relative vulnerability of buildings is then used to set priorities for further 
assessment and implementation of structural upgrading measures. Rapid visual 
assessments are also used to identify and prioritise buildings with elements that pose 
urgent life safety risk. 

3. Building exposure: building importance class defined in accordance with current 
Eurocodes is also used to prioritise work on higher importance buildings (e.g. hospitals, 
first responder buildings, schools, elderly homes). The classification has been modified to 
the local situation in Groningen, as outlined in Appendix B. Table 2 describes the 
different importance classes which have been defined for this study 

 

4.3 Inspection Methodologies 

4.3.1 Introduction 
Building inspection is a trade-off between speed and accuracy of information. A very cursory 
and rapid survey may not identify the highest risk buildings, whereas a more detailed survey may 
mean that too much time is spent on each building and progress on risk reduction through 
upgrading the highest risk buildings is slow. The approach to this trade-off is typically a multiple 
stage screening process, in which initial rapid visual screening is used to identify highest priority 
buildings for more detailed assessment and structural upgrading. 

In the United States, this screening procedure is documented through several publications from 
the American Society for Civil Engineers (ASCE) and the Federal Emergency Management 
Agency (FEMA): 

 FEMA 154: Rapid Visual Screening of Buildings for Potential Seismic Hazards. This 
documents a form-based, external-only seismic assessment. It is calibrated on typical 
building typologies in the US, and also makes use of knowledge about when seismic 
design codes were introduced in various states. It also identifies when falling hazards 
(such as chimneys and parapets) are present; and 

 ASCE 31-03: Seismic Evaluation of Existing Buildings. This covers three levels of 
seismic assessment, Tier 1 to Tier 3, of increasing levels of detail. Tier 1 assessment is 
essentially check-list based, with limited numerical calculations, while Tiers 2 and 3 are 
based on quantitative calculations; 

 ASCE 41-06: Seismic Rehabilitation of Existing Buildings. This includes more detailed 
quantitative guidance on assessing different types of buildings, and also documents the 
design of seismic rehabilitation works; and 

 FEMA 547: Techniques for the Seismic Rehabilitation of Existing Buildings. This guide 
is used to identify appropriate seismic retrofit options when seismic deficiencies have 
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been identified by assessment. It also documents advantages and disadvantages of each 
method. 

ASCE 41-13 is due to be published in January 2014. This new version combines and updates the 
evaluation and rehabilitation guidelines currently contained in ASCE 31-03 and ASCE 41-06. 

In this study, rapid visual screening based on a modified FEMA 154 approach and detailed 
seismic assessment based on the ASCE 41-13 (draft version) are recommended.  

4.3.2 Rapid Visual Screening  
Rapid visual screening identifies high risk building elements and high risk buildings and also 
ranks buildings for further (internal) assessment.  

The FEMA 154 screening methodology was specifically developed for the US building stock 
and makes use of knowledge of seismic design codes that were in place at the time a given 
building was constructed. It gives an indication whether a given building is adequate with regard 
to seismic safety. The outcome of the FEMA 154 rapid visual screening (RVS) is a building 
score, S, which relates to the probability of collapse in the “Maximum Considered Earthquake” 
(which is the basis of seismic design in US building codes). This building score has been used 
for the Groningen area, but has not yet been calibrated. Therefore this building score can only 
give a relative indication of the building vulnerability within the pool of buildings that have been 
surveyed. 

The Structural Upgrading study has identified a number of particularly vulnerable building 
types; those buildings with a high percentage of openings in walls are particularly vulnerable. 
Therefore, a modified version of FEMA 154 is adopted here for the rapid visual screenings. The 
modified procedure is detailed in Appendix B. 

The RVS procedure is aimed at identifying the following: 

 Class II buildings which pose an urgent life safety risk (due to pre-existing damage or 
state of repair); 

 External higher risk building elements, such as chimneys and parapets. If required, this 
information will be passed on to contracting teams responsible for removal of these high-
risk elements; and 

 A building score, S, will be calculated for each building. In-house surveys (as required) 
will be carried out based on relative S scores. Meaning that higher risk buildings will be 
dealt with first. 

 

4.3.3 Internal Assessment (ASCE 41-13) 
In order to properly assess a building’s seismic performance, it is also necessary to assess 
buildings from the inside, and in more detail than is undertaken in a rapid visual screening 
(external). 

The ASCE 41-13 assessment is proposed to be used for internal surveys of buildings. This 
comprises a number of checklists which are used to identify deficiencies in the building that 
could compromise its seismic safety. The assessment includes structural components (such as 
ensuring that there is a complete load-resisting system that can withstand the seismic forces) and 
non-structural components (such as large pieces of heavy equipment) are anchored to the floor.  
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The ASCE 41-13 assessment consists of three tiers. Tier 1 is an in-house survey which is 
proposed to be performed for every building. Tier 2 is a ‘deficiency only evaluation’, tier 3 a full 
evaluation of the whole structure of the building. For the Groningen 2013 programme tier 2 and 
tier 3 are combined in ‘detailed design’. In this report the ‘ASCE 41-13 Tier 1 survey’ is referred 
to as the ‘ASCE 41-13 survey’. 

Throughout the Pilot 1 and 2 assessment programmes, the applicability of ASCE 41-13 to Dutch 
building stock will be re-evaluated, and lessons from on-going structural upgrading studies will 
be incorporated into the assessment guidelines to be used in Groningen. 

4.3.4 Prioritisation of Inspections 
Priorities are proposed to be determined by a desk study, utilising information that has already 
been collated in the building database and the PSHA results discussed in Section 1.3. 

Inspection teams are proposed to be assigned to both work streams 1 and 2, which makes it 
possible to control the relative priority assigned to (for example) important buildings with 
moderate seismic hazard and normal importance buildings with high hazard. Since there are 
significantly fewer buildings in the higher importance work stream (work stream 2), this will 
also allow short term risk reduction to be made on the buildings with an important post-
earthquake function or other severe consequences of failure in an earthquake. 

Rapid visual screening is not proposed for class III and IV buildings. Instead, assessments are 
proposed to proceed directly to in-house assessments. This decision was made for several 
reasons: 

 Risk reduction for these buildings is a high priority, and their importance warrants more 
detailed assessment from the beginning; 

 The rapid visual screening approach is calibrated for class II buildings, and may not give 
a good estimate of seismic risk for class III and IV buildings; and 

 Class III and IV buildings are likely to require significant time for rapid visual screening 
and this time is better spent on an overall in-house building assessment.  

Rapid visual screening (for class II only) and in-house assessment, if required, are proposed in 
order of decreasing seismic hazard (see Figure 7), such that buildings with a higher probability 
of experiencing an earthquake will be screened (and if appropriate, further assessed and 
upgraded) in the short term. 

Since it is not possible to obtain an accurate assessment of building vulnerability before 
individual building screening is carried out, the building age has been selected as a proxy for 
vulnerability. This assumes that older buildings have a higher collapse risk than newer buildings. 
Later stages of screening and assessment can then be used to establish building-specific 
vulnerability estimates 

To combine seismic hazard and the vulnerability based on age, screening is proposed to take 
place from highest to lowest hazard, carried out from the centre of towns to their perimeter. The 
assumption is that buildings in the centre are the oldest, as the towns are likely to have grown 
outwards from their historical centre as they have developed. Therefore, it is proposed to give 
seismic hazard implicitly the highest weight, but within built-up areas over which the seismic 
hazard is approximately constant, age (and therefore vulnerability) is also taken into account. 
This philosophy is shown in Figure 7 below. 
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The prioritisation of inspections is proposed to be reviewed periodically. If new criteria are 
found that impact the currently proposed process, such as for instance building type 
vulnerability, then the aforementioned process can be altered. 

 

4.4 Execution Methodology  
The outcome of the ASCE 41-13 survey is the start of the execution phase, which consists of the 
following activities: 

1. Design; 

2. Building owner consultation 

3. Permit application process 

4. Tendering; and 

5. Construction. 

4.4.1 Design Methodology  
The design process consists of three phases 

1. Concept design: For class II buildings design is proposed to be based on the design 
guidelines of standard upgrading measures that will be developed as a result of the 
Structural Upgrading Study. For class III and IV buildings concept design is proposed to 
be developed for each building on an individual basis. Concept design describes the type 
of measures that have to be executed for each building at a generic level. 

2. Detailed Design: Following concept design, detailed design is proposed to be developed 
to the level of tender and permit application documents (for those buildings requiring a 
building permit) or to the level of a ‘work description’ document if no building permit is 
required. 

3. Working stage drawings: Depending on the complexity of a building or the complexity 
of upgrading measures, detailed design will be elaborated into working stage drawings.  

 

4.4.2 Building Owner Consultation  
Building owner consent is an essential part of the execution phase. Without this any proposed 
risk mitigation or structural upgrading works cannot be undertaken. It is therefore suggested to 
liaise with building owners on the proposed interventions as early as possible in the design 
process (after concept design).  

 

4.4.3 Permit Application Process 
The process of permit application and granting of permits is a critical element within the 
programme. Permit applications will be based on the drawings and calculations that are 
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developed in the detailed design phase. For structural upgrading measures requiring a building 
permit, execution cannot start before the permit is granted. 

However, there are currently several issues within the permit application process that need to be 
resolved with planning permission agencies at earliest. 

 How permit application is undertaken in lieu of a regulatory frame work against which 
structural upgrading measures can be assessed; 

 Clarify as of which intervention levels (measures) building permits are required; and 

 Clarify if a fast track process can be developed for urgent cases. 

Consultation on this subject has just started within the core hazard area (Loppersum) with the 
relevant permitting agencies. 

When the aforementioned permitting issues have been clarified with the relevant permitting 
agencies (such as Bouw- en woningtoezicht and Monumenten zorg), the following actions are 
also recommended: 

 There are several municipalities within the contour line areas proposed in Figure 5. Each 
municipality has its own permit agency responsible for permitting. To make the permit 
process more efficient, it is recommended that consultations with the municipalities about 
installing and mandating a central permit agency for the entire region for the Groningen 
2013 programme are started at earliest; 

 Train permit assessors on international guidelines (Eurocode and ASCE) used to develop 
structural upgrading measures, as well as the NPR guide line as soon as this is made 
available; 

 The scale of the foreseen structural upgrading process provides permitting process 
opportunities, such as: 

1. Agree with permit agency on standard and accelerated procedures; 

2. Apply for permits based on agreed standard formats;  

 Bundle permit applications for typical houses as much as possible; and 

 Automate the permit application process as much as possible. 

 

4.4.4 Tendering  
High involvement of (local) engineering firms, architects, contractors, suppliers and other 
construction industry affiliated parties is recommended during the implementation of upgrading 
measures during Pilots 1 and 2. An effective tendering process for both Pilots is currently being 
developed in consultation with NAM. 

Following this implementation study a detailed contracting strategy will be developed in the 
Implementation plan for the Large Scale Implementation works. 
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4.4.5 Construction 

4.4.5.1 Work stream 1 
In Work Stream 1, consecutive steps have been identified for execution, which makes it possible 
to focus on implementing measures that reduce the general risk level as quickly as possible in a 
stepped manner. The consequence of implementing intervention levels in a stepped manner is 
that inhabitants can be inconvenienced over a longer period of time (as not all measures can be 
implemented at once). The steps correspond with the intervention levels as described in Section 
3.4: 

Step 0 Execution of temporary measures for high risk buildings. High risk buildings can 
be identified in the rapid visual screening (class II) or the internal ASCE 41-13 
surveys (class II, III and IV). If a high risk building is identified, immediate 
actions should be undertaken in view of life safety. Actions could include 
implementing temporary measures such as bracing or temporarily relocating the 
building’s occupants. 

Step 1 Execution of intervention level 1 measures, can be applied to reduce high risk 
building elements such as slender chimneys or damaged parapets. These elements 
can be identified as part of the rapid visual screening (class II) or the in-house 
surveys as part of the ASCE 41-13 assessment for class II, III and IV buildings. 

Step 2 Execution of intervention level 2 measures (floor-wall tying) and level 3 
measures (stiffening of diaphragms). From the current preliminary results of the 
structural upgrading strategy [REP/229746/SU003] it is assumed that level 2 and 
3 measures can significantly affect the resilience of buildings. In the ASCE 41-13 
assessment buildings can be identified for which level 2 and 3 measures are 
necessary.  

Step 3  Due to the current uncertainties relating to seismic hazard and the vulnerability of 
the building stock, measures associated with intervention levels 4-6 for class II 
buildings are anticipated to start when these uncertainties have been reduced 
through further studies. Note that ideally steps 4-6 should be executed in one 
procedure for each building to minimise disturbance to inhabitants. Execution is 
proposed to be prioritised in order of building vulnerability as identified in the 
ASCE 41-13 assessment. 

Implementing steps 0-2 is proposed to start while studies to reduce uncertainties are further 
progressed.  

 

Pilot 2 

To test the implementation methodology for work stream 1 as described above, Pilot 2 is 
proposed to be performed. Pilot 2 consists of the following elements: 

1. Testing the developed systems, procedures and tools for rapid visual screening. The test 
started in October 2013 and will be performed to the approximate 1700 houses in 
Loppersum; 

2. Testing the developed method for the ASCE 41-13 surveys for the high risk class II 
buildings identified in the RVS. Starting Q1 2014; 
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3. Testing the developed ASCE 41-13 surveys method for all class II buildings in 
Loppersum for large scale implementation step 2/3. Starting directly after the ACSE 41-
13 survey for the high risk buildings; and 

4. Testing the design, permit, tender and execution process for temporary measures and 
intervention levels 1, 2 and 3 for class II buildings in Loppersum. 

These elements are shown in Figure 8. 

 
Figure 8  Elements of Pilot 2. 

Note: Pilot 1 forms part of the uncertainty reduction studies, which is proposed to commence before 
Pilot 2 execution works start. As such, the intervention levels 2 and 3 that are proposed to be undertaken 
during Pilot 2 will be technically tested on buildings during Pilot 1  
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4.4.5.2 Work Stream 2 
In comparison with work stream 1, variance in building types in work stream 2 is higher, 
standard design solutions are not applicable and repetition is less (or even absent). Developing 
standard steps for implementing upgrading measures for buildings in Work stream 2 is therefore 
not possible. However, urgency to reduce risk levels is even higher because of the importance of 
these buildings. Therefore a more individual approach is proposed for the class III and IV 
buildings. 

On the basis of the ASCE 41-13 survey, measures to reduce high risks quickly may be required. 
Parallel an individual design for each building will be developed to structurally upgrade the 
building. If possible buildings should be grouped like for example schools and elderly homes. 

 

4.5 Information Management 
Because of the quantity and variety of buildings involved in the proposed structural upgrading 
strategy, it is recommended to develop a strongly automated process to facilitate an effective 
implementation process. 

The following is currently recommended in this regard: 

 A well-defined information management system to also assist the quality management 
strategy for the structural upgrading strategy; 

 Develop a core database system in which all data is collected; 

 Develop an information management system that combines easy-to-access and easy-to-
use systems through a technical automation system , whereby professional support 
capabilities are provided for the structural upgrading strategy programme; 

 At the same time flexibility will also be required to manage the processes that come with 
construction works. This way quality can be managed on the level of the overall 
programme as well as on the detailed level of measures to be implemented in an 
individual building at a given moment in execution; and  

 All processes are recorded as information is added during the design and construction 
stages for further archival.  

 

4.6 Monitoring Risk Reduction 
Using the aforementioned information management system, the proposed step wise reduction of 
risks can be quantified and monitored. For instance, when risk mitigating or structural upgrading 
measures have been implemented on a building, this can then be logged in the overall data base 
and provide an updated risk assessment outcome (or risk map). New results from studies and 
their subsequent impact on the proposed strengthening measures can also be monitored, thereby 
providing an insight into the extent to which the overall risk to the Groningen region has been 
reduced over time. 
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4.7 Owner/ Community Engagement 
Owner / Community engagement is expected to critically influence the success of 
implementation, as owner approval is required to carry out activities in their building (ASCE 41-
13 survey, construction works).  

To enhance this engagement the following should at least be considered: 

 Prioritisation is risk based and therefore explainable (logical). Highest risks are reduced 
first, similar cases are treated similarly; 

 People should actively be informed about the programme, the planning of execution and 
the consequences for their personal situation.  

 Consultations with authorities are proposed to discuss the information and 
communication process with inhabitants and the permit application process. 

 

4.8 Social Return 
In order to achieve the objective that the ‘programme is generally socially accepted’, it is 
recommended to have a significant part of the works performed by local/regional companies and 
people (providing these people and parties have the required knowledge and skills to perform the 
works). 

It is recommended to draft a social return policy for the entire structural upgrading strategy as 
part of the future implementation plan. Potential considerations are: 

 Use a minimum level of local personnel as a requirement in construction contracts; 

 Use social return as a selection criterion in tenders; 

 Enabling inhabitants to combine the execution of measures with maintenance works or 
the execution of sustainability measures. 
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5 Programme (Time schedule) 

5.1 Indicative Programme  
In line with the prioritisation methodology described in Section 4.2, an indicative program for 
the currently foreseen structural upgrading works has been developed (see below Figure 9). 

This indicative time schedule is predominantly aimed at the currently foreseen Pilot 1 and 2 
works in 2014 and 2015. Periodical review sessions are intended to balance the scheduled works 
with the latest status of important parameters (such as the seismic hazard and threshold levels). 

This indicative program is based on the implementation methodology described in Section 4. 
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Figure 9  Time Schedule 
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5.2 Program Uncertainties 
The following factors have been identified that influence the time schedule significantly: 

 Start and scope of large scale implementation works in relation to more refined 
information becoming available on current uncertainties over the next 1-3 years; 

 Cooperation of building owners is necessary to carry out activities in the building; 

 Lead times for permit application and granting depend heavily on cooperation of permit 
agencies; 

 Availability of resources; and 

 Availability of temporary housing. Temporary housing may be necessary for the 
execution of step 3 (intervention levels 4-6) and might be needed (on a smaller scale) for 
the execution of step 2 (intervention levels 2 and 3). 
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6 Perspective on Organisation  

6.1 Management of Structural Upgrading Works  
It is recommended to develop a standalone project organisation for the implementation of the 
entire program, whereby the structure and functioning of the organisation stems from the 
proposed implementation methodology described in this implementation study. Consideration 
for this new project organisation are: 

 Focus total organisation on programme scope 

 A dedicated organisation for the programme scope within the NAM organisation; 

 Local presence, visibility in the area; and 

 Fine tuning of organisation, systems, procedures, resourcing, etc., to the specific 
requirements of the Implementation works. 

It is recommended to consider options integrally, including legal and financial (tax) issues. 

6.2 Structuring the Organisation 
It is recommended that the organisation structure matches the activities defined in the 
Implementation Plan. Within the organisation it is recommended that responsibilities are 
assigned to dedicated teams and / or individuals focussing on main processes such as: 

 Pilot 1 works; 

 Pilot 2 works; 

 Large Scale Implementation works; 

 The permit application process; 

 Safety, Health and Environment (SHE); 

 Information management; 

 Legal team; 

 Process & Quality Assurance ; and 

 Communications. 
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7 Conclusions and Recommendations  
Conclusions 

Given the objectives of this implementation study and the extent of the area affected by induced 
earthquakes (considered in scenario ‘N’), it is not considered feasible to immediately carry out 
full scale structural upgrading measures to all buildings in this area. Moreover, the predictions of 
seismic hazard, building vulnerability, overall seismic risk and scenario ‘N’ have been done 
under high uncertainties. Because of these uncertainties, it is too early to implement a definitive 
upgrading program and a phased approach is therefore proposed; 

Prioritisation is risk based. This means that rapid visual screenings (RVS) are performed 
working from the core of the hazard area towards the outer borders. ASCE 41-13 assessments 
should be performed based on the outcomes of the RVS. Structural upgrading measures can be 
executed, as required, based on the outcomes of the ASCE 41-13 assessments; and 

Further studies are expected to reduce current key uncertainties in the coming three years. The 
implementation strategy proposed in this report has focussed on this period (2014-2016). During 
this three year period, the total scope of the Large Scale Implementation programme is expected 
to become more refined also with regards to the expected costs and time schedule. During this 
three period, periodical review sessions are proposed to allow the scope of the implementation 
works to be balanced with the latest findings from the uncertainty reduction studies and Pilots 1 
and 2. 

 

Recommendations 

In addition to an extended research program it is proposed to NAM to continue with the pilot 
projects (Pilot 1 and 2), which consist of: 

1. Screening 1700 buildings in Pilot 2 on vulnerability and exposure; 

2. Implementing temporary measures for those buildings identified during surveys in Pilot 
2, needing urgent actions due to severely impaired integrity; 

3. Consider implementing temporary measures for those buildings identified during surveys 
in Pilot 2, based on their typology; 

4. Implementing step 1 measures for those building elements identified during surveys in 
Pilot 2; 

5. Implementing step 2 measures for at least 5 houses before the end of 2014 (Pilot 1) and 
investigating the effect of these measures on building vulnerability; 

6. Implementing step 1 and 2 measures for all buildings in Pilot 2 before the end of 2016 
(scope of Pilot 2 depends on progressive insights, results of inspections, and findings 
from Pilot 1); and 

7. A periodical evaluation of the pilot projects (Pilot 1 and 2) before the roll-out of the 
complete program after 2016. 
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A1 Eurocode 8 Classes 
Eurocode 8 classifies buildings in four importance classes depending on:  

 The consequences of collapse for human life;  

 Their importance for public safety and civil protection in the immediate post-earthquake 
period; 

 The social and economic consequences of collapse. 

A2 Eurocode 8 in the Dutch Context 
There is no Dutch national annex for Eurocode 8 providing definitions for importance classes. 
The building counts for importance classes have been obtained by interpreting the general 
descriptions in the Dutch context. For this, data from a number of sources have been combined 
in GIS (Geographical Information System) software. 

A3 Selection Criteria 
Table 8 shows how the available has been used to interpret the Eurocode 8 definitions in the 
Dutch context. Using these selection criteria, the number of buildings within each PGA contour 
has been assessed. 

Table 7  Interpretation of Eurocode 8 definitions in Dutch context. 
*Basisregistratie Adressen en Gebouwen 

Importance 
class 

Eurocode 8 definition Selection criteria applied 

IV Buildings whose integrity during 
earthquakes is of vital importance for 
civil protection 

Fire stations, police stations, and ambulance depots 
from open source data provided by Imergis and 
hospitals from the Risicokaart Nederland. 

III Buildings whose seismic resistance is of 
importance in view of the consequences 
associated with a collapse 

Vulnerable objects as defined by the Risicokaart 
Nederland, excluding hospitals. 

II Ordinary buildings, not belonging in the 
other categories. 

Buildings from the BAG* with an address that are not 
part of EC-8 categories III and IV (e.g. most 
residential and commercial buildings). 

I Buildings of minor importance for public 
safety 

All buildings from the BAG without an address (e.g. 
barns, sheds and garages). 

 

A4 Building Data and Addresses (Kadaster, June 2013) 
Building data (such as contours) and corresponding address information are obtained from the 
Basisadministratie Adressen en Gebouwen (BAG). The BAG is the official and explicit 
recording of all buildings and addresses in the Netherlands. For the purpose of assigning 
Eurocode 8 importance classes, building outlines with an address and outlines without an address 
are being distinguished. 
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A5 EC8 Class IV Buildings 
Location of fire stations, police stations and ambulance depots (Imergis, December 2012) 

Through the ArcGIS online web map service, the location of all fire stations, police stations and 
ambulance posts in the Netherlands is available (see Figure 10). 

Production facilities (BAG & Hoogspanningsnet) 
 

 
Figure 10  Class IV buildings 
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A6 EC8 class III buildings 
Vulnerable objects with regard to disasters (Interprovinciaal Overleg, September 2013) 

The Risicokaart Nederland (Risk map Netherlands) is an interactive map and informs people 
about risks of 18 types of disasters in their environment. This map also features the location of 
vulnerable objects, i.e. buildings where either many people could be present or where people are 
present that are not self-rescuing (patients, elderly, children). 

The following vulnerable objects, with corresponding selection criteria, can be distinguished 
within the study area (see Figure 11): 

1. Residential buildings: 

 Housing, > 10 persons; 

 Elderly home, > 10 persons; 

2. Buildings with a lodging function: 

 Hotel, > 10 persons; 

 Guest house/night accommodation, > 10 persons; 

 Day care (children / disabled people), > 50 persons; 

3. Buildings with an educational function: 

 School (students < 12 years), > 10 persons; 

 School (students > 12 years), > 250 persons; 

 Children day care, > 10 persons; 

4. Health care buildings: 

 Hospital, > 10 persons; 

 Nursing home, > 10 persons; 

5. Industrial buildings: 

 Factory, 250 - 500 persons; 

 Transit warehouse, storage, > 1,000 m2; 

6. Garages: 

 Garages (storage and parking only), > 1,000 m2; 

7. Public buildings: 

 Theatre, music hall, cinema’s, auditorium, 250 - 500 persons; 

 Museum, library, 250 - 500 persons; 

 Community centre, > 250 persons; 

 Religious building, > 250 persons; 

 Exhibition centre, > 500 persons; 
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 Sports hall, stadium, > 250 persons; 

 Indoor swimming pool; 

 Shopping mall, 500 - 1,000 persons; 

 Temporary building > 50 persons. 

 

 

Figure 11  Class III buildings. 
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Table 8  Class III buildings. 

Building Number 

Elderly home / nursing home, > 10 persons 26 

Community centre, > 250 persons 10 

Pub, discotheque, restaurant, > 500 persons 7 

Pub, discotheque, restaurant, 250 - 500 persons 22 

Day care (children / disabled persons), > 50 persons 11 

Factory, > 500 persons 6 

Factory, 250 - 500 persons 9 

Garage (for storage and parking only), > 1,000 m2 1 

Church, > 250 persons 44 

Prison, > 10 persons 2 

Hotel, > 50 persons 15 

Hotel, 10 - 50 persons 9 

Room rental, > 4 persons 1 

Camping site / marina, > 250 persons 0 

Office, > 500 persons 8 

Children day care, > 10 persons 22 

Clinic (policlinic, psychiatric clinic, ...), > 10 persons 17 

Warehouse, storage > 1,000 m2 39 

Museum, library, > 500 persons 0 

Museum, library, 250 - 500 persons 2 

Pension/night accommodation, > 50 persons 7 

Pension/night accommodation, 10 - 50 persons 17 

School (students < 12years), > 10 persons 134 

School (students > 12 years), > 500 persons 6 

School (students > 12 years), 250 - 500 persons 14 

Sports hall, stadium, > 1,000 persons 2 

Sports hall, stadium, 250 - 1,000 persons 15 

Station building, 250 - 500 persons 0 

Housing, shelter, > 10 persons 11 

Exhibition building, > 500 persons 2 

Theatre, music hall, cinema, auditorium, > 500 persons 2 

Theatre, music hall, cinema, auditorium, 250 - 500 persons 2 

Temporary building, > 50 persons 1 

Nursing home, > 10 persons 5 

Shopping mall, > 1,000 persons 4 

Shopping mall, 500 - 1,000 persons 9 

Homes (commercial) with non-self-rescuing inhabitants, > 10 persons 12 

Swimming pool 10 

Total 504 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Implementation Study 
 

 REP/229746/IS001 | Issue Rev A | 29 November 2013  

 

Page A6 

 

A7 Disclaimer 
The counts of the various building types as presented in this study have been compiled from 
different sources and are meant to give an impression of the number of buildings. They cannot be 
considered as definitive figures. 
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B1 Implications of modelling uncertainties 
This appendix gives more details on the assumptions behind the “tornado plots” 
shown in Section 2.3 in the discussion of the implications of modelling 
uncertainties.  

The “baseline” assumptions are the following: 

 Seismic hazard follows the Shell P&T map with a peak value of 0.55g; 

 Threshold PGA level (vulnerability) for which level 1-3 interventions are 
required is 0.1g; 

 Threshold PGA level (vulnerability) for which level 4-7 interventions are 
required is 0.2g; 

 Ductility factor for in-plane URM masonry wall checks is approximately 
m=3; 

 Analysis method is modal response spectrum (MRS) analysis; 

 Required safety level for existing construction is as required for new 
construction (i.e. 100% of new building requirements); 

 Duration effect on seismic resistance (for stronger intervention measures) 
is not taken into account; 

 Knowledge factor (that reduces seismic resistance) is 0.75. 

The baseline numbers of buildings for Levels 1-3 and Levels 4-7 interventions are 
calculated from the Shell P&T map, based on counting the number of buildings in 
the building database within the threshold vulnerability levels noted above. 

Each of the items in the list above is varied in turn, and the relative effect on the 
baseline number of buildings is evaluated. It is assumed that the seismic hazard 
contours are adjusted uniformly; for example, considering the peak hazard value 
of 0.55g reducing to a value of 0.3g, all the contours are multiplied by a factor 
0.3/0.5 = 60%, and the number of buildings within the threshold vulnerability 
contour are evaluated. 

The following sensitivities are evaluated: 

 Seismic hazard peak value decreases to 0.3g (i.e. all hazard contours 
multiplied by 60%); 

 Threshold PGA level (vulnerability) for which level 1-3 interventions are 
required increases to 0.2g; 

 Threshold PGA level (vulnerability) for which level 4-7 interventions are 
required increases to 0.3g or decreases to 0.15g; 

 Ductility factor for in-plane URM masonry wall checks increases to m=5 
(i.e. vulnerability for stronger interventions multiplied by 5/3) or decreases 
to m=1 (i.e. vulnerability for stronger interventions multiplied by 1/3); 
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 Analysis method is non-linear time history analysis (NLTHA) or 
equivalent lateral force method (ELF), which are assumed to remove the 
need for any stronger interventions (for NLTHA) and to multiply the 
vulnerability level for stronger interventions by 85% (for ELF); 

 Required safety level for existing construction is 67% of new construction 
(i.e. hazard levels multiplied by 0.67); 

 Duration effect on seismic resistance such that vulnerability could be 
multiplied by 0.75; 

 Knowledge factor can be increased to 1.0 (i.e. vulnerability can be 
increased by 1.0/0.75 = 4/3). 

Each of these values should be interpreted as possible lower and upper bounds of 
values that will be explored further in uncertainty reduction studies. The figures 
should not be interpreted as meaning that the lower values on each plot will 
necessarily be obtained.  

It should also be noted that each variable is varied in isolation and the effect on 
the baseline response is evaluated. The effect of varying multiple parameters (e.g. 
reducing the seismic hazard and increasing the vulnerability) is not considered in 
the tornado plots.  
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Glossary 

General 
Accelerogram: A record of acceleration versus time during an 

earthquake obtained from an accelerometer. 
Accelerometer: An instrument used to measure ground accelerations 

caused by an earthquake. 
Aleatory Variability: This is the natural randomness in a process. For discrete 

variables, the randomness is parameterised by the 
probability of each possible value. For continuous 
variables, the randomness is parameterised by the 
probability density function. 

Attenuation: Decrease in seismic motions with respect to distance 
from the epicentre, depending on both geometric 
spreading and the damping characteristics of the ground. 

Capacity: The amount of force or deformation an element or 
component is capable of sustaining. 

Casualty classification: Severity levels (SL) are defined as: 
SL 1: injuries that require basic medical aid and could be 
administered by paraprofessionals. They would need 
bandages or observations; 
SL 2: injuries requiring a greater level of medical care 
and use of medical technology (x-rays or surgery) but 
not expected to progress to a life threatening status; 
SL 3: injuries posing immediate life threatening 
conditions if not adequately treated; and 
SL 4: instantaneously killed or mortally injured. 

Collapse: For a given structure type, more than one failure 
mechanism can be identified as leading to collapse of 
different extents or parts of the total building envelope. 
Earthquake induced collapse of a masonry building is 
defined as failure of one or more exterior walls resulting 
in partial or complete failure of the roof and/or one or 
more floors. For an in-situ concrete building collapse is 
defined as failure of one or more floors or complete 
failure of part of the framed structure. For a steel frame 
building collapse refers to failure of the roof or one or 
more floors due to instability of the frame. For a multi-
storey building, collapse refers to more than 50% 
volume reduction resulting from failure of the roof and 
one or more floors of the building. 

Damage: Non-rehabilitating structural or aesthetic change 
following a seismic event. 

Damage state classification: DS0: no damage; 
DS1: negligible to slight damage (no structural damage, 
slight non-structural damage); 
DS 2: moderate damage (slight structural damage, 
moderate non-structural damage); 
DS 3: substantial to heavy damage (moderate structural 
damage, heavy non-structural damage); 
DS 4: very heavy damage (heavy structural damage, 
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very heavy non-structural damage); and 
DS 5: destruction (very heavy structural damage). 

Damping: A measure of energy dissipation. Damping in a structure 
is typically defined in terms of percent of critical 
damping. 

Deformation: The amount by which an element or component changes 
from its initial shape. 
 

Design Earthquake: A theoretical earthquake against which the building will 
be assessed. 

Design Life: The period of time during which a facility or component 
is expected to perform according to the technical 
specifications to which it was produced. 

Eurocode (EC): Standard suite of structural design guidance adopted 
across the European Union. 

Focal Depth: The conceptual "depth" of an earthquake. If determined 
from high-frequency arrival-time data, this represents 
the depth of rupture initiation (the "hypocentre" depth). 

Focus: See Hypocentre. 
Free Field Ground Motion: The motion that would occur at a given point on the 

ground owing to an earthquake if vibratory 
characteristics were not affected by structures and 
facilities. 

Frequency of Exceedance: The frequency at which a specified level of seismic 
hazard will be exceeded at a site or in a region within a 
specified time interval. 

Geometric Mean: This is a type of mean or average, which indicates the 
central tendency or typical value of a set of numbers. 
The geometric mean of two numbers is given by the root 
square of the product of the numbers. Many GMPEs are 
derived for the Geometric Mean. 

Ground Motion Prediction Equation 
(GMPE): 

Also known as “attenuation relationships”, these 
correlations estimate the ground motion due to an 
earthquake of a given magnitude at a specific distance. It 
can also consider the tectonic regime, fault 
characteristics, focal depth and soil conditions. 

Hypocentre: Point in the earth where the seismic disturbance 
(earthquake) originates. Also known as focus. 

In-Plane: In the direction parallel to the plane created by the 
element's largest dimensions. 

 KNMI: Koninklijk Nederlands Meteorologisch Instituut. 
Large Seismic Event: A seismic event of M5.5 or greater. 

Longitudinal Direction: Direction which is parallel to the plane created by the 
largest two dimensions of an element. 

Magnitude: A logarithmic scale of earthquake size, based on 
seismograph records. A number of different magnitude 
scales exist, including Richter or local (ML), surface 
wave (MS), body wave (mb) and duration (Md) 
magnitudes. The most common magnitude scale now 
used is moment magnitude (MW), which measures the 
size of earthquakes in terms of the energy released. 

Masonry Pier: Vertical element between openings in a masonry wall. 
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Modal Response: An analytical tool for assessing the dynamic response of 
a structure's response to vibration (typically taking into 
account the structures mass and stiffness). 

Mode: The specific behaviour of a structure under a defined 
frequency. 

NPR: Nationale Praktijkrichtlijn (Dutch national codes of 
practice). 

 NEN: Nederlands Normalisatie-Instituut 
 NAM: Nederlandse Aardolie Maatschappij 

Non-Linear Analysis : Analysis which accounts for deformations in an element 
or yielding of the material. 

Out-of-Plane: In the direction perpendicular to the plane created by the 
element's largest dimensions. 

Peak Ground Acceleration (PGA): The maximum absolute value of ground acceleration 
displayed on an accelerogram; the greatest ground 
acceleration produced by an earthquake at a site. 

Probabilistic Seismic Hazard 
Analysis (PSHA): 

An assessment of the seismic hazard at a given site, 
taking into account in a probabilistic framework the 
seismic sources in the area, how often earthquakes of 
different magnitudes are produced by those sources, 
what the expected shaking at the site would be under 
different magnitudes (see “attenuation”) and all the 
uncertainties in each of these aspects. 

Reference Period: A period of time over which a probability calculation is 
made; for example a reference period for seismic hazard 
may be the design life of the structure. 

Response Spectrum: The plot of structural period against peak response 
(absolute acceleration, relative velocity or relative 
displacement) of an elastic, single degree of freedom 
system, for a specified earthquake ground motion and 
percentage of critical damping. Relative motions are 
measured with respect to the ground. 

Return Period: The inverse of the annual frequency of occurrence. For 
example, the ground motion which has a 1% chance of 
being exceeded at a given point each year has a return 
period of (1/0.01) or 100 years. 

Seismic Action: See Base Shear. 
Seismic Hazard: The frequency with which a specified level of ground 

motion (for instance 20% of ground acceleration) is 
exceeded during a specified period of time. 

Seismic Response: The behaviour of the structure with regards to the base 
shear and modal response. 

Seismicity: The frequency and size of earthquake activity of an area. 
Serviceability Limit State (SLS): The combination of loads which relate to the assessment 

of the building for the functioning or appearance of the 
structure or comfort of people. 

Site Response: The behaviour of a rock or soil column at a site under a 
prescribed ground motion. 

 TNO: Nederlandse Organisatie voor Toegepast 
Natuurwetenschappelijk Onderzoek (Dutch organisation 
for applied scientific research). 

Transverse Direction: Direction which is perpendicular to the plane created by 
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the largest two dimensions of the element. 
Ultimate Limit State (ULS): The combination of loads which relate to the assessment 

of the building for the safety of people, structure or 
contents. 

Uniform Hazard Response 
Spectrum (UHRS): 

This is a multi-parameter description of ground motion 
that can be generated from a probabilistic seismic hazard 
assessment. It is composed of a number of points which 
each have an equal likelihood of being exceeded in a 
given time period. 

Unreinforced Masonry (URM): Masonry which does not contain any additional element 
to strengthen the masonry beyond masonry units and 
mortar. 

Unusable: A damage state whereby a building cannot be used for 
its primary function – e.g. for residences, the building is 
not safe to occupy and for hospitals the facilities cannot 
be used for post-earthquake treatment. 

Viscous Damping: Dissipation of seismic energy considered to be 
proportional to velocities in the structure. Commonly 
used as a mathematical model to represent sources of 
energy dissipation that are not explicitly accounted for in 
the modelling of structural elements, such as cracking in 
partitions or radiation energy into the soil. 

Wall Ties: Objects which connect one leaf of masonry to another 
object (typically the internal masonry leaf). 

 

Eurocode 8 
Capacity Assessment Method: Design method in which elements of the structural 

system are chosen and suitably designed and detailed for 
energy dissipation under severe deformations while all 
other structural elements are provided with sufficient 
strength so that the chosen means of energy dissipation 
can be maintained. 

Damage Limitation (DL): Structure is only lightly damaged, with structural 
elements prevented from significant yielding and 
retaining their strength and stiffness properties. Non-
structural components, such as partitions and infills, may 
show distributed cracking, but the damage could be 
economically repaired. Permanent drifts are negligible. 
The structure does not need any repair measures. 

Elastic Response: Behaviour of the structure when subject to the design 
spectrum for elastic analysis. 

Lateral Force Method: A simplified linear-elastic analysis method which 
applies a horizontal load to each storey. This method is 
only applicable to buildings which are regular in 
elevation and is within a limiting fundamental period. 

Modal Response Spectrum Analysis: A linear-elastic analysis method which applies lateral 
load depending on the combined modal responses of the 
specific structure. This method is applicable to buildings 
which do not meet the Lateral Force Method criteria. 

Near Collapse (NC): Structure is heavily damaged, with low residual lateral 
strength and stiffness, although vertical elements are still 
capable of sustaining vertical loads. Most non-structural 
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components have collapsed. Large permanent drifts are 
present. The structure is near collapse and would 
probably not survive another earthquake, even of 
moderate intensity. 

Non-structural Element: Architectural, mechanical or electrical element, system 
and component which, whether due to lack of strength or 
to the way it is connected to the structure, is not 
considered in the seismic design as load carrying 
element. 

Significant Damage (SD): Structure is significantly damaged, with some residual 
lateral strength and stiffness, and vertical elements are 
capable of sustaining vertical loads. Non-structural 
components are damaged, although partitions and infills 
have not failed out-of-plane. Moderate permanent drifts 
are present. The structure can sustain after-shocks of 
moderate intensity. The structure is likely to be 
uneconomic to repair. 

 

ASCE 41-13 
Acceptance criteria: Limiting values of properties such as drift, strength 

demand and inelastic deformation used to determine the 
acceptability of a component at a given performance level 
(See also performance levels). 

Collapse Prevention  
(S-5): 

Post-earthquake damage state in which the building is on 
the verge of partial or total collapse. Substantial damage to 
the structure has occurred, potentially including 
significant degradation in the stiffness and strength of the 
lateral-force-resisting system, large permanent lateral 
deformation of the structure, and - to a more limited extent 
- degradation in vertical-load-carrying capacity. However, 
all significant components of the gravity-load-resisting 
system must continue to carry their gravity loads. 
Significant risk of injury due to falling hazards from 
structural debris might exist. The structure might not be 
technically practical to repair and is not safe for re-
occupancy, as aftershock activity could induce collapse. 

Damage Control (S-2): Midway point between Life Safety and Immediate 
Occupancy. It is intended to provide a structure with a 
greater reliability of resisting collapse and being less 
damaged than a typical structure, but not to the extent 
required of facility structure designed to meet the 
Immediate Occupancy performance level. 

Demand: The amount of force or deformation imposed on an 
element or component. 

Diaphragm: A horizontal (or nearly horizontal) structural element used 
to transfer inertial lateral forces to vertical elements of the 
lateral-force-resisting system. 

Drift: Horizontal deflection at the top of the storey relative to the 
bottom of the storey. 

Flexible Diaphragm: A diaphragm with horizontal deformation along its length 
twice or more than twice the average storey drift. 

Fundamental Period: The natural period of the building in the direction under 
consideration which has the greatest mass participation. 
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Immediate Occupancy (S-1): Post-earthquake damage state in which only very limited 
structural damage has occurred. The basic vertical- and 
lateral-force-resisting systems of the building retain nearly 
all of their pre-earthquake strength and stiffness. The risk 
of life-threatening injury as a result of structural damage is 
very low, and although some minor structural repairs 
might be appropriate, these would generally not be 
required prior to re-occupancy. Continued use of the 
building will not be limited by its structural condition, but 
might be limited by damage or disruption to non-structural 
elements of the building, furnishings, or equipment and 
availability of external utility services. 

Life Safety (S-3): Post-earthquake damage state in which significant damage 
to the structure has occurred but some margin against 
either partial or total structural collapse remains. Some 
structural elements and components are severely damaged 
but this has not resulted in large falling debris hazards, 
either inside or outside the building. Injuries might occur 
during the earthquake; however, the overall risk of life-
threatening injury as a result of structural damage is 
expected to be low. It should be possible to repair the 
structure; however, for economic reasons this might not be 
practical. Although the damaged structure is not an 
imminent collapse risk, it would be prudent to implement 
structural repairs or install temporary bracing prior to re-
occupancy. 

Limited Safety (S-4): Midway point between Life Safety and Collapse 
Prevention. It is intended to provide a structure with a 
greater reliability of resisting collapse than a structure that 
only meets the collapse prevention performance, but not to 
the full level of safety that the life safety performance 
level would imply. 

Load Duration: The period of continuous application of a given load, or 
the cumulative period of intermittent applications of load. 

Probability of Exceedance: The probability that a specified level of ground motion or 
specified social or economic consequences of earthquakes 
will be exceeded at a site or in a region during a specified 
period of time. 

Rigid Diaphragm: A diaphragm with horizontal deformation along its length 
less than half the average storey drift. 

Shear Wall: A wall that resists lateral forces applied parallel with its 
plane. Also known as an in-plane wall. 

Stiff Diaphragm: A diaphragm that is neither flexible nor rigid. 
Target Displacement: An estimate of the maximum expected displacement of the 

roof of a building calculated for the design earthquake. 
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Executive Summary 

Introduction and Aim of This Report 
This report presents the results of an earthquake scenario-based seismic risk 
assessment undertaken by Arup for NAM to investigate the risk to buildings and 
the life safety of building occupants associated with induced seismicity in the 
Groningen region of the Netherlands. 

This report forms part of a wider scope of services related to the structural 
upgrading strategy for buildings in the Groningen region, described in a series of 
reports by Arup (2013).  

 Structural Upgrading Strategy [1]; 
 Seismic Risk (this report); 
 Structural Upgrading Study [2]; and 
 Implementation Study [3]. 
The seismic risk study is in support of the required studies outlined in the letter of 
Minister Kamp to the Dutch Parliament of 11 February 2013.  

Scenario Earthquake Risk Assessment Methodology 
For this risk assessment a study area has been defined that covers the Groningen 
gas field. A database has been compiled for buildings in this study area along with 
the simplified engineering characteristics for each building, estimated usage of the 
buildings, estimated occupancy rates and a preliminary interpretation of their 
potential seismic fragility . There are approximately 250,000 buildings in the 
study area with a total population of approximately 500,000 with approximately 
200,000 people in the city of Groningen alone.  

Four earthquake scenarios have been considered: 

 A magnitude Mw =5 earthquake; 
 A magnitude Mw =3.6 earthquake; 
 A magnitude Mw =4 earthquake; and 
 A magnitude Mw =4.5 earthquake. 
 
An earthquake scenario of Mw ≥5 in this report is estimated to have a probability 
of occurring of less than 10% in the next 10 years1. The smaller magnitude 
earthquakes have higher probabilities of occurring in the Groningen area. 

                                                 
1 NAM indicates: “The ‘Report to the Technical Guidance Committee (TBO) on Production 
Measures; Part 1: Depletion Scenarios and Hazard Analysis’ reports that although considerable 
progress was made in the understanding of the seismic hazard, significant uncertainty remains at 
present. The predictions of the seismic hazard range are believed to be conservative and NAM has 
initiated a further data acquisition program to obtain additional field data, and a studies program 
to reduce the uncertainty. A Mw≥5 earthquake scenario in this report is estimated to have a 
probability of occurring of less than 10% in the next 10 years.   
Further datagathering and further studies in the next years will be executed in order to reduce the 
uncertainty range and may well in the future further reduce the hazard. For example, it is expected 
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For each of these earthquake scenarios the distribution of ground shaking hazard 
in terms of peak horizontal ground acceleration (PGA) has been determined. The 
distribution and amplitude of the ground shaking and the relevant fragility 
functions that are assigned to each building are then used to estimate the amount 
of potential building damage in the study area. Building damage is classified into 
five damage states: slight damage (DS1), moderate damage (DS2), extensive 
damage (or substantial to heavy) (DS3), complete (or very heavy) damage (DS4), 
and collapse (or destruction) (DS5). The distribution and numbers of buildings 
damaged (to each damage state) is then summarised and reported.   

There is a strong correlation between the level of building damage and the 
expected number and severity of injuries to the occupants of the buildings. 
Therefore the number of buildings in each damage state and the population in 
each of the buildings is used to estimate the potential number and severity of 
casualties in an earthquake scenario. Casualties are classified into four levels: SL1 
injuries which require basic medical aid; SL2 injuries which require greater 
medical care but are not life threatening; SL3 injuries are life threatening if not 
treated; and SL4 injuries in which an individual is mortally injured or 
instantaneously killed.   

The earthquake scenario risk assessment results presented in this report provide an 
estimate of what could happen in a number of single possible future earthquakes 
of given magnitudes in the Groningen region. The scenario assessments do not 
provide an estimate of the cumulative damage and casualties that could potentially 
arise from all possible future induced earthquakes during the life of the gas field 
and after.  

Scenario Earthquake Risk Assessment Results 
The numbers of buildings estimated to be damaged to different damage states 
(DS1 to DS5) in each of the four main earthquake scenarios (Mw =3.6, 4, 4.5 and 
5) using median PGA ground motion input values are summarised in Figure 1. 

                                                                                                                                      
that geomechanical studies, explicitly modelling faults, can demonstrate a physical upper bound to 
the maximum magnitude.” 
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Figure 1  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 
median (50th percentile) PGA input values. 

The estimated number of buildings that will potentially be damaged is expected to 
increase significantly with increasing magnitude of the earthquake. For a smaller 
magnitude earthquake, such as the Mw=4 earthquake scenario, it is expected that 
hundreds of buildings will be slightly damaged, tens of buildings will be 
moderately damaged and less than 10 buildings will be extensively damaged. In 
the event of an earthquake of magnitude Mw =5, it is expected that thousands of 
buildings will be slightly or moderately damaged, hundreds of buildings 
extensively to completely damaged and approximately 50 buildings will collapse. 

The number of potential casualties that are estimated to be caused by each of these 
scenario earthquakes is also expected to increase significantly with increasing 
magnitude. The numbers of casualties estimated to occur in each of the four main 
earthquake scenarios (Mw =3.6, 4, 4.5 and 5) are summarised in Figure 2 below. 
For a smaller magnitude earthquake, such as a Mw =4 earthquake scenario, it is 
expected that 2 or 3 people will be injured. In the event of an earthquake of 
magnitude Mw =5, it is expected that approximately one hundred people will 
potentially be injured with almost ten life threatening injuries or direct fatalities. 
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Figure 2  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using median (50th 
percentile) PGA input values. 

It is emphasised that these risk assessment results are preliminary and work is still 
in progress. There are very significant uncertainties in the input parameters to the 
risk assessment calculations. There are significant uncertainties in seismic hazard 
ground motion PGA values, the fragility functions assigned to the buildings and 
therefore the estimation of the amount of potential building damage and also 
uncertainty in the estimation of casualties given the expected levels of building 
damage. Considerable effort is on-going through research and development tasks 
to reduce the uncertainty in all areas.  

In order to investigate the potential impact of these large uncertainties on the risk 
assessment calculation results a series of sensitivity analyses have been 
undertaken and the findings from these sensitivity analyses are also described in 
the report. The sensitivity analyses include investigation of the effect of the 
uncertainty and spatial variability of the seismic hazard ground motion PGA 
values (16th and 84th percentiles). Sensitivity analyses have also been undertaken 
to investigate the effect of assigning different fragility functions to account for the 
uncertainty in the performance of the Groningen region building stock under 
seismic ground shaking. In particular, the effect of use of alternative fragility 
functions to account for the potential effect of shorter duration ground shaking on 
the expected level of building damage has been investigated.  

The numbers of buildings estimated to be damaged to different damage states 
(DS1 to DS5) in each of the four main earthquake scenarios (Mw =3.6, 4, 4.5 and 
5) using uniformly higher 84th percentile PGA ground motion input values (rather 
than the median or 50th  percentile PGA values) are summarised in Figure 3. The 
estimated numbers of damaged buildings using this uniformly higher level of 
PGA is significantly higher but cannot be considered unrealistically high at this 
stage. These analyses do serve to emphasise how sensitive the results are to 
changes in input values.  
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Figure 3  Summary of number of buildings damaged to each damage state (DS1to DS5) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84th percentile 
(median +1 sigma) PGA input values. 

The number of potential casualties that are estimated to be caused by each of the 
scenario earthquakes but using the uniformly higher 84th percentile PGA ground 
motion input values (rather than the median or 50th percentile PGA values) are 
summarised in Figure 4. The estimated numbers of casualties is also significantly 
higher but cannot be considered unrealistically high.  

 
Figure 4  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84th percentile 
(median +1 sigma) PGA input values. 

Sensitivity analyses have also been undertaken to investigate the effect of 
assigning different fragility functions to account for the uncertainty in the 
performance of the Groningen region building stock under seismic ground 
shaking. Three sets of fragility functions are used. The Arup fragility functions are 
based on empirical damage statistics from earthquakes elsewhere in the world 
calibrated for the Groningen region building stock. The fragility functions adopted 
by Pinho and Crowley use shake table test data from elsewhere in the world 
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calibrated for the Groningen region building stock (Pinho and Crowley 
“unmodified”). Pinho and Crowley also developed fragility functions amended to 
account for the potential effect of small magnitude earthquake / short duration 
ground motions on the performance of Groningen region building stock (Pinho 
and Crowley “duration modified”). The comparison of the number of buildings 
that are estimated to be damaged in an earthquake scenario with Mw=5 using the 
median or 50th percentile PGA values and the higher 84th percentile PGA values 
and with the different fragility function sets are summarised in Figure 5 and 
Figure 6. 

 
Figure 5  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using median (50th 
percentile) PGA input values and comparing the results obtained using different sets of 
fragility functions proposed by Arup, Pinho and Crowley “unmodified” and Pinho and 
Crowley “duration modified” for Groningen region building stock. 

 
Figure 6  Summary of estimated number of buildings damaged to each damage state 
(DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using 84th percentile 
PGA input values and comparing the results obtained using different sets of fragility 
functions proposed by Arup, Pinho and Crowley “unmodified” and Pinho and Crowley 
“duration modified” for Groningen region building stock. 
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The comparison of the number of casualties estimated to occur in an earthquake 
scenario with Mw =5 using the median or 50th percentile PGA values and the 
higher 84th percentile PGA values and with the different fragility function sets are 
summarised in Figure 7 and Figure 8. 

 
Figure 7  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for an earthquake scenario with magnitude Mw = 5 using median (50th percentile) PGA 
input values and comparing the results obtained using different sets of fragility functions 
proposed by Arup, Pinho and Crowley “unmodified” and Pinho and Crowley “duration 
modified” for Groningen region building stock. 

 
Figure 8  Summary of estimated number of casualties to severity of injury (SL1to SL4) 
for an earthquake scenario with magnitude Mw = 5 using 84th percentile PGA input values 
and comparing the results obtained using different sets of fragility functions proposed by 
Arup, Pinho and Crowley “unmodified” and Pinho and Crowley “duration modified”for 
Groningen region building stock. 

It is not possible at this stage to judge which set of fragility functions is most 
suitable for the Groningen region building stock and, therefore, three separate sets 
of fragility functions have been used to represent the uncertainty of the expected 
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building performance under earthquake ground shaking. It is recommended that 
the range of results using these three separate sets of fragility functions be 
considered as providing a reasonable estimate of expected number of damaged 
buildings and casualties.  

It is emphasised throughout this report that there is considerable uncertainty in the 
input parameters for the risk assessment and therefore there will be significant 
uncertainty in the estimated numbers of potentially damaged buildings and 
numbers of potential casualties presented for different earthquake scenarios. It is 
therefore recommended that the range of results be considered as providing a 
good indication of the possible levels of damage and numbers of casualties that 
could occur in future earthquakes in the Groningen region.  

The scenario earthquake risk assessment using the median PGA values as input 
(see Figure 1 and Figure 2) are considered to provide a reasonable estimate of the 
potential building damage and number of casualties. These median results appear 
to be consistent with the levels of damage and casualties resulting from similar 
magnitude tectonic earthquakes elsewhere in the world. However, median PGA 
values by their very nature mean that the ground shaking could be higher or lower. 

If the variability of the input ground motion is used (i.e. possible higher or lower 
PGA values) and the range of possible fragility functions are used then the 
estimated levels of damage and casualties are higher. These higher building 
damage and casualty estimates are possible but appear to be higher than observed 
levels of damage and casualties from tectonic earthquakes of similar magnitude 
elsewhere in the world. 

Uncertainty Reduction 
A key aspect of on-going risk management work is uncertainty reduction through 
research and development. Key areas for uncertainty reduction include; improved 
understanding of the ground motion hazard including the amplitude, frequency 
content and duration; improved understanding of the effect of the local geology on 
the earthquake ground motions; improved definition and classification of the 
building structural typologies in the region; improved understanding of the 
vulnerability of the building stock to ground shaking; improved estimation of the 
amount of building damage that can potentially occur by better understanding of 
the response of the buildings to potentially higher frequency and shorter duration 
ground motions; and improved casualty estimation methodology using building 
damage and casualty statistics from elsewhere in the world but that are most 
relevant to the situation in the Groningen region. 

Risk Management 
The findings from this risk assessment study can be used to inform risk 
management decisions. Unreinforced masonry buildings constitute 75% to 85% of 
the building stock in the Groningen region and therefore particular attention 
should be given to understanding, and improving when necessary, the 
performance of these buildings under earthquake ground shaking. The risk 
analyses indicate it is not only the older unreinforced masonry buildings but also 
the newer unreinforced masonry buildings that contribute most to the risk. Severe 
injury and potential loss of life is predominantly associated with building collapse 
and therefore strengthening of buildings particularly the unreinforced masonry 
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buildings for collapse prevention should form a key component of the risk 
management strategy. The risk assessment results can also be used to help identify 
the priorities for risk management activities. Priority should be given to buildings 
in highest risk areas (high hazard x high exposure x high vulnerability) along with 
buildings of high importance (e.g. hospitals), high occupancy (e.g. schools), and 
high cultural value (e.g. churches and museums) as well as facilities where there 
may be secondary hazards (e.g. chemicals storage facilities) and facilities where 
systems failure might have adverse cascading impacts (e.g. failure of electrical 
distribution or water supply).   
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1 Introduction 

1.1 Background 
Arup has been appointed by Nederlandse Aardolie Maatschappij B.V. (NAM) to 
carry out consultancy services in relation to induced seismicity hazard and risk 
assessment, and the design of strengthening measures for buildings in the 
Groningen region of the Netherlands.  

Arup is a global firm of professional consultants.  This report has been 
commissioned by NAM, and produced using information, instructions and 
directions from NAM.  However the findings reached are the product of our 
independent professional judgement, on the basis of our scientific knowledge at 
the date of writing this report. 

For the original scope of work for the earthquake scenario-based risk assessment, 
Arup were requested to consider a study area with a 15 km radius around the 
epicentre of the August 2012 Huizinge earthquake. As more information became 
available on the location of induced earthquakes in the Groningen region the 
scope of work was increased and the study area was expanded to cover the full 
extent of the Groningen gas field. The spatial extent of the extended study area is 
also shown on Figure 9. In this report the extended study area is adopted only for 
the purposes of the damage estimation, while the initial building database (15 km 
radius) is adopted for the casualty estimation. The compilation of all required 
information on all buildings and the occupants in the extended study area is still in 
progress.  

The Netherlands has large on-land gas reservoirs, which have been exploited since 
the 1960s. Numerous small magnitude (≤ 3.6 Mw) and shallow (< 4 km) 
earthquake events have been induced as a result of this gas exploitation (van Eck 
et al, 2006).  The location of earthquakes events is in the north of the Netherlands 
and predominantly associated with the Groningen gas field which is the largest of 
the gas fields in the region (see Figure 10). The induced earthquakes have caused 
damage to buildings in the region and are the subject of concern to the population. 

This report describes the results of the earthquake scenario-based risk assessment 
for the Groningen region being undertaken by Arup for NAM. Scenario 
earthquake risk assessments provide an estimate of what could happen in terms of 
building damage and casualties in single possible future earthquakes of a given 
magnitude (e.g. what could happen in a magnitude Mw=5 earthquake located near 
the town of Huizinge). The scenario earthquake risk assessments do not provide 
an estimate of the cumulative damage and casualties that could potentially arise 
from all possible future induced earthquakes during the life of the gas field and 
after. 
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Figure 9 Groningen region location plan. 
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Figure 10 Seismicity of the Groningen region (from Van Eck et al., 2006). 

1.2 Seismic Risk Assessment Methodology 
The seismic risk assessment methodology can be divided into four main 
components: 

 Seismic hazard assessment; 
 Building exposure assessment; 
 Building vulnerability assessment; and 
 Building risk calculation.  

This report provides a summary of the scenario-based methodology that has been 
used for the initial damage assessment only and provides a description of the 
proposed methodology to be undertaken in the future to enhance the risk 
assessment.  

Figure 11 explains the relationship between the basic components of hazard, 
exposure and vulnerability considered in determination of seismic risk. Each of 
these components is discussed in more detail in the following sections of this 
report. 
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Figure 11 Seismic risk calculation. 

1.3  Outline of This Report 
The report is divided into main sections that match the main components of the 
risk assessment methodology followed by presentation of the initial risk 
calculation results and then a summary with recommendations for future work. 

 Seismic hazard; 
 Building exposure; 
 Building vulnerability;  
 Building risk calculation; 
 Risk assessment results; and 
 Conclusions and recommendations.   
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2 Seismic Hazard 

2.1 Introduction 
This section of the report describes the methodologies that have been used to 
determine the ground motion hazard from induced earthquakes in the Groningen 
region. 

The Royal Netherlands Meteorological Institute (KNMI) has monitored the 
induced seismicity in the region since 1986 2 and reports on the induced seismic 
hazard in the region have been published by van Eck et al. (2006) and Dost et al. 
(2012). KNMI is one of the organisations providing an estimate of the induced 
seismic hazard for the Groningen region. 

There are traditionally two principal ways of estimating seismic hazard:  

 Deterministic seismic hazard assessment (DSHA); and 
 Probabilistic seismic hazard assessment (PSHA). 

A full description of these methods is given in Reiter (1990) and McGuire (2004).   

Deterministic seismic hazard methodology determines the seismic hazard from a 
scenario earthquake with assumed magnitude and location. This methodology 
does not allow the likelihood of this event actually occurring to be determined. 
Probabilistic seismic hazard methodology allows the probability of events to be 
determined and is usually applied to the seismic hazard associated with tectonic 
earthquakes with a fundamental assumption of the methodology being that the 
earthquake events are random or time independent. This assumption does not 
apply in the case of induced seismicity. Studies undertaken separately by NAM 
(e.g. van Elk & Doornhof, 2012; Bourne and Oates, 2013) have demonstrated that 
there is a correlation between the induced seismicity in the Groningen region and 
production from the gas field beneath. The distribution of induced seismicity is 
found to be non-random and time dependent.   

An alternative probabilistic methodology has therefore been proposed by Bourne 
and Oates (2013) for NAM to reassess the probabilities of induced earthquakes 
due to gas production from the Groningen field using Monte Carlo methodology 
to generate large statistically representative catalogues of induced earthquake 
simulations (in space and time) for the region and to combine these with published 
earthquake ground motion prediction equations to estimate the probability of 
ground motion shaking at the surface.  

Both deterministic and probabilistic methods are used in earthquake loss 
estimation. For example the California Geological Survey recently published their 
seismic loss estimates for California and both scenario-based deterministic ground 
motions and probabilistic seismic hazard were used (Chen et al. 2013). The 
California Geological Survey used median ground motions in their earthquake 
scenario analyses.  

                                                 
2 Monitoring of induced seismic events by KNMI since 1986. 
http://www.knmi.nl/research/seismology/ind_seism_hazard.html 
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2.2 Deterministic Seismic Hazard Assessment 
The deterministic earthquake scenario-based methodology incorporates the 
following components: 

 Definition of an earthquake scenario in terms of earthquake magnitude, depth 
and distance; and 

 Definition of appropriate ground motion prediction equation(s), GMPE, to 
calculate the ground motion level resulting from the scenario earthquake. The 
ground motions can be modelled either deterministically (e.g. using median 
values only) or probabilistically (e.g. using the standard deviation on the 
GMPE to account for potential variability in the ground motions). 

2.2.1 Earthquake Scenarios  
KNMI has identified the locations of eight induced earthquakes in the Groningen 
region with magnitude greater than Mw=3 (see Table 1 and Figure 12), for 
selection of the locations of the scenario earthquakes.  

Table 1  Location of the past eight earthquakes used as epicentres by KNMI (pers. comm. 
by Dost on 13/06/2013). 
Name Date  Magnitude (Mw)  Lat (ºN) Lon (ºE) 

Hoeksmeer 24/10/2003 3.0 53.295 6.792 

Stedum 10/11/2003 3.0 53.325 6.69 

Westeremden 08/08/2006 3.4 53.325 6.697 

Westeremden 30/10/2008 3.1 53.337 6.72 

Zeerijp 08/05/2009 2.9 53.354 6.762 

Hoeksmeer 27/06/2011 3.4 53.299 6.8 

Huizinge 16/08/2012 3.6 53.345 6.672 

Zandeweer 07/02/2013 3.2 53.389 6.667 

Arup has selected three of the eight earthquake epicentre locations provided by 
KNMI to undertake the deterministic risk assessment scenario-based calculations. 
The three earthquake scenario events that have been undertaken are: 

 A Mw = 5.0 event located at Huizinge at a 3km depth; 
 A Mw = 5.0 event located at Zandeweer; and 
 A Mw = 5.0 event located at Hoeksmeer. 

The ‘Report to the Technical Guidance Committee (TBO) on Production 
Measures; Part 1: Depletion Scenarios and Hazard Analysis’ reports that although 
considerable progress was made in the understanding of the seismic hazard, 
significant uncertainty remains at present. The predictions of the seismic hazard 
range are believed to be conservative and NAM has initiated a further data 
acquisition program to obtain additional field data, and a studies program to 
reduce the uncertainty. An earthquake scenario of Mw≥5 in this report is estimated 
to have a probability of occurring of less than 10% in the next 10 years (Bourne et 
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al., 2013).

 
Figure 12 Location of the eight earthquake epicentres identified by KNMI (blue stars). 
The red circles highlight those events adopted in the scenario-based risk assessment by 
Arup. 

The locations of the epicentres of the three earthquake scenario events are 
highlighted by red circles in Figure 12. The Mw=5 event with an epicentre located 
at Huizinge serves as a basis for comparison with other scenarios for the 
sensitivity analyses. The other two earthquake epicentre locations were chosen in 

Huizinge 

Zandeweer 

Hoeksmeer 
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order to have a good geographical coverage of the central portion of the study 
area.  
The scenario earthquake calculations have been repeated for different magnitudes: 

 A Mw=3.6 event located at Huizinge; 
 A Mw = 4 event located at Huizinge, and 
 A Mw = 4.5 event located at Huizinge. 

2.2.2 Ground Motion Prediction Equations 
Ground-motion prediction equations (GMPEs) allow the calculation of ground 
motion parameters of engineering interest, such as peak ground acceleration 
(PGA), peak ground velocity (PGV), or response spectral values as a function of a 
few independent parameters (magnitude, source-to-site distance, site 
classification, fault mechanism, etc.). The uncertainty in the GMPE is represented 
by the standard deviation (σtot) from the median values.  

The selection and application of the GMPEs for the region is described in a 
separate study by Bommer (2013). The study by Bommer recommends the use of 
the recently published GMPEs by Akkar, Sandikkaya and Bommer (2013). 
Bommer (2013) proposed a modification of the GMPEs at low magnitudes (M<4) 
based on an analysis of residuals from the recorded Dutch earthquakes. This 
modification is not adopted herein since the main scope of the report is scenario 
earthquakes of M = 3.6–5.   

A GMPE can generally be written with the form:  

 eseeses WBPGA  ln      

where: 

 ln PGAes is the natural logarithm of the ground motion parameter observed at 
site s during earthquake e, and μes is the mean of the logarithm of the PGA 
predicted by the GMPE.  

 δBe are the between-event (or inter-event) residuals, which represent the 
average source effect not captured by magnitude, style-of-faulting and source 
depth. The residuals are the amounts by which each individual observation 
differs from the mean model given by μes. They are normally distributed with 
zero mean and standard error : δBe ~ N(0, 

 δWes are the within-event (or intra-event) residuals, normally distributed with 
zero mean and standard error : δWes ~ N(0, They represent azimuthal 
variations in source, path, and site effects that cannot be captured by a distance 
metric and a site-classification based on the average shear-wave velocity. 

The sum of ese WB    represents the total residual, i.e. the misfit between 
observation and the mean prediction. The two components (inter- and intra-
events) are uncorrelated, so that the total standard deviation from the mean 
(sigma) of the ground motion model is 22  tot 

In the earthquake scenario risk assessment calculations presented in this report 
three ground motion levels are considered:  

 50th percentile (median ground motion): )exp( esmedianPGA  ; 
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 84th percentile: )exp()exp(.84 totmediantotesperc PGAPGA   ; and 

 Mean ground motion: )2/exp( 2
totmedianmean PGAPGA  . 

Appendix E provides a short description of the definition of the statistical 
parameter used in this report (e.g. mean, median percentile) in particular in the 
cases of the normal and lognormal distributions. An implicit assumption in these 
three cases is that the ground motion variability is fully correlated and thus the 
same number of standard deviations (σ, “sigma”) is used for all the buildings. 
However, a real earthquake would be expected to lead to some local areas with 
lower than median ground motion, and other areas with higher than median 
ground motion. The ground motion is expected in reality to be spatially correlated. 
Two close areas are expected to experience the same or similar ground motion 
level, while areas far from one another are not correlated and will experience a 
different level of ground motion.  

For a given earthquake, the ground motion inter-event variability () is the same: 
i.e. the same number of , is applied to all the buildings of the dataset – this 
number of standard deviations is expressed as . However, the ground motion 
intra-event variability is dependent on the site and can vary from site to site: i.e. 
the number of  can vary from building to building – this number of standard 
deviations is expressed as . 

In order to investigate this variability and spatial correlation of ground motion in 
the scenario earthquake calculations, analyses have been undertaken for two 
extreme cases: 

 The ground motion variability among the sites is fully correlated (= 1): all 
the sites experience the same number of sigma above/below the mean, and 

 The ground motion variability among the sites is fully uncorrelated (= 0): all 
the sites experience the same number of  above/below the mean and a 
different number of intra-event residual. So that the same  but a different , 
randomly chosen such that N(0,1), is applied to all the buildings. 

Figure 13 below shows the concepts of ground motion variability and spatial 
correlation. The first rows shows the attenuation of the ground motion with 
distance of  the Akkar et al. (2013) GMPEs for the median (50th percentile) in red, 
for the 16th and 84th percentiles in green and for the 5th and 95th percentiles in 
blue. The black squares represent locations at which the PGA values are 
computed. When the median (=0) ground motion is computed, Figure 13 (a), the 
black squares are aligned along the red curves (leftmost plot). The corresponding 
PGA map is shown in the left plot of the bottom row. The two central plots, 
Figure 13 (b), show an example of fully correlated ground motion variability with 
 =1.2. The top central plot shows the black squares aligned along about the 84th 
percentile and the bottom plot shows the corresponding PGA values distribution. 
Finally the two right plots, Figure 13 (c), represent examples of fully uncorrelated 
ground motion PGA values, for which  is 0.25 and  is randomly computed at 
each site. The black squares are no longer aligned with an individual GMPE 
percentile line but each building location is shown to experience a different level 
of sigma above/below the median. The corresponding PGA spatial distribution is 
shown in the right bottom panel. Although the general pattern still shows the 
attenuation with distance, some local areas with higher PGA values and others 
with lower PGA values can be identified.  
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(a) Median PGA 

 

(b) Full correlation 

 

(c) Full uncorrelation 

 

  

 

Figure 13  Comparison of ground motion prediction analyses with fully correlated and 
fully uncorrelated treatment of the ground motion uncertainty.  

A Monte Carlo simulations approach is used to investigate the ground motion 
variability, where the number of simulations Nsim was chosen such that the final 
results are stable (Nsim=50, 100, 1000, 2500, 5000, 10000). 

The steps below are followed: 

1. Computation of the seismic hazard: 

In the fully correlated case:  
 Compute from a standard normal distribution, N(0,1); 
 At all the buildings locations: )exp( totmedianbuilding PGAPGA   ; 
 Count the number of buildings in each damage state through the fragility 

functions. 
In the fully uncorrelated case: 
 Compute from a standard normal distribution N(0,1); 
 Compute one  for each building of the dataset from standard normal 

distribution;  

 At each building location: )exp( ,    buildingmedianbuilding PGAPGA ; 
 Count the number of buildings in each damage state through the fragility 

functions. 
2. Repeat step 1. Nsim times. 
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3. Compute the median number of buildings per damage state Nsim simulations.  

2.3 Probabilistic Seismic Hazard Assessment – 
Poisson Process Methodology 

KNMI has undertaken probabilistic seismic hazard assessments for the induced 
seismicity in the Groningen region assuming a Poisson process for the estimation 
of the earthquake ground motion hazard (Dost et al., 2012).  

A probabilistic seismic hazard assessment combines the elements of seismic 
source zones, earthquake recurrence and the ground motion prediction equations 
to produce hazard curves in terms of level of ground motion with an associated 
annual frequency of being exceeded.  The key elements of a probabilistic seismic 
hazard assessment include: 

 Seismic source zones to define the spatial variation of earthquake activity.  
These source zones are based on the distribution of observed seismic activity 
together with geological and tectonic factors and represent areas where the 
seismicity is assumed to be homogenous; i.e. there is an equal chance that a 
given earthquake will occur at any point in the zone.  

 Earthquake recurrence to define the level of activity within a particular source 
zone. There are, generally, more small (low-magnitude) earthquakes than 
large (higher magnitude) earthquakes. Again observed seismicity is used to 
determine the earthquake recurrence relationships. 

 Ground-motion predictive equations (GMPEs) to define what ground motion 
should be expected at location A due to an earthquake of known magnitude at 
location B.  Generally, ground-motion equations are derived from 
observations from past earthquakes and also provide a measure of the 
variability of the ground motion parameter.  

This methodology is based on that originally proposed by Cornell (1968), 
modified to include variability and uncertainty in the various input parameters.   

It is understood that an updated probabilistic seismic hazard assessment for the 
Groningen region is in preparation by KNMI but the results from the updated 
study by KNMI were not available to Arup at the time of reporting. 

It should be noted that the probabilistic seismic hazard assessment methodology is 
usually applied to the seismic hazard associated with tectonic earthquakes with a 
fundamental assumption of the methodology being that the earthquake events 
occur in a time independent way – e.g. the probability of an earthquake of a 
certain size occurring this year is the same as next year. This fundamental 
assumption does not apply in the case of induced seismicity, in which this 
probability is changing over time. Studies undertaken separately by NAM (e.g. 
van Elk & Doornhof, Nov 2012) have demonstrated that there is a correlation 
between the induced seismicity in the Groningen region and production from the 
gas field beneath. The induced seismicity is found to be non-random and time 
dependent. 
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2.4 Probabilistic Seismic Hazard Assessment - Monte 
Carlo Methodology 

An alternative probabilistic methodology has been proposed by Stephen Bourne 
and Steve Oates of Shell (Bourne and Oates, 2013) to reassess the probabilities of 
induced earthquakes. They describe the correlation between the induced 
seismicity in the Groningen region and the measured strain in the reservoir and 
overburden interpreted to be associated with gas extraction / production from the 
gas field. The induced seismicity is found to be time dependent – i.e. earthquake 
occurrence probability changes with time.   

Monte Carlo methodology is used to generate statistically representative 
catalogues of simulated induced earthquakes (in space and time) for the region 
that represent the seismic moment release predicted to be associated with the 
measured rates of strain in the region. These earthquake catalogues are combined 
with earthquake ground motion prediction equations to estimate the probability of 
ground motion shaking at the surface.   

The seismic hazard findings using the Monte Carlo methodology are described by 
Bourne and Oates (2013). Examples of the PGA hazard maps, prepared using this 
methodology, are provided in Figure 14.  It is understood that considerable 
research and development work is on-going to update this analysis in the future. It 
is proposed that the induced seismic hazard levels determined using this updated 
Monte Carlo methodology along with updated building fragility functions will be 
used in the detailed seismic risk assessment studies to be undertaken for the 
Groningen project in the future.  

 

  

Figure 14  PGA hazard maps for the 10 years from 2013 to 2023 with a 2%, 10% and 
50% chance of exceedance (from Bourne and Oates, 2013).  

2.5 Influence of Ground Conditions on Ground 
Motion Hazard Levels 

Earthquake ground motions are strongly influenced by ground conditions.  One of 
the key inputs in a seismic hazard assessment is the interpretation of the local 
ground conditions and determination of their potential impact on the amplitude of 
the ground shaking.  The interpretation and modelling of the ground conditions is 
important as weak soils can significantly reduce or amplify earthquake ground 
motions depending on the amplitude and characteristics of the incoming ground 
motions. For this reason a parameter providing a simplified classification for the 
ground conditions is normally included in the form of the ground motion 
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prediction equations.  It should be noted that the Dost et al. (2004) GMPEs is 
based on ground motion records measured directly on the local ground conditions 
and therefore implicitly included the effect of local ground conditions. The Akkar 
et al. (2013) GMPEs used in the earthquake scenario risk calculations in this 
report are not based on local Groningen ground conditions but do include a 
ground conditions classification factor to take ground conditions into account. 

TNO has undertaken an initial review of the geotechnical and geological data for 
the Groningen region.  They have derived a map showing the mean shear wave 
velocity over the top 30m, known as VS30, for the Groningen region (see Figure 
15).  This shows that the region broadly has a VS30 of about 200m/s with local 
variations occurring particularly to the southeast of the study area. TNO (2003) 
calculate that the local soil effects can approximately double to quadruple the 
amplitude of the ground motions measured at the surface.  

Anecdotal observations by the public with regard to variation in the amplitude of 
ground motions indicate that the public perception is that local ground conditions 
have a strong influence on earthquake ground shaking. The investigation of these 
issues will require a study of the near surface geological conditions and the 
geotechnical properties of the soils across the entire Groningen region. The 
Netherlands is in the fortunate position that a large amount of ground 
investigation information is available online in pre-existing databases. In this risk 
assessment study, the local site amplification due to ground conditions has been 
taken into consideration using the soil amplification factor within the Akkar et al. 
(2013) GMPE, assuming Vs30=200 m/s across the entire study area.  

A preliminary study is also being undertaken by Arup to investigate the 
characteristics of the local ground conditions and the influence on seismic site 
response and liquefaction potential. The preliminary findings support the early 
results of TNO that the ground conditions are shown to strongly amplify ground 
motions and it is recommended that further work is undertaken to investigate this 
issue on a regional scale. Initial liquefaction analyses indicate that discrete layers 
of sand and silt in the region are potentially susceptible to liquefaction under the 
expected ground motion hazard levels caused by earthquakes with magnitude 
Mw= 5 that could potentially occur in the region. 
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Figure 15 Preliminary ground conditions Vs30 Map for Groningen region (TNO pers. comm. 
2013). 
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3 Building Exposure  

3.1 Introduction 
This section of the report describes the compilation of the initial building 
exposure database for the Groningen region. 

The original scope of work for Arup required the compilation of building data for 
a study region with a 15 km radius around the epicentre of the Huizinge 
earthquake (blue outline on Figure 16).  It was later proposed that the study region 
be expanded to investigate the seismic risk over a wider area related to the extent 
of the Slochteren gas field and the seismic hazard level findings of the Monte 
Carlo methodology probabilistic seismic hazard assessment (Bourne and Oates, 
2013). The new study area, red outline on Figure 16, includes the preliminary area 
and extends 5 km beyond the boundaries of the gas field (dashed black line on the 
figure below).  

 
Figure 16 Extended and initial study area with 15 km  radius around Huizinge. Individual 
building locations in the initial study area are shown by blue points, while the green 
points represent the addresses locations added in the extended database. 
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Expansion of the building database for the extended study area is in progress. A 
preliminary version of the extended database is used in this study to assess the 
number of damaged buildings. Note that the term “preliminary” is herein used 
since the assembling of the database for the extended study is still in progress and 
quality assurance checks have not yet been completed.  

The initial building database (within the 15 km radius) included approximately 
65,000 individual buildings while the extended database includes approximately 
250,000 buildings of which approximately 100,000 do not have addresses and 
associated information. These latter buildings are thought to be mainly barns and 
sheds and therefore unoccupied. However, further work is on-going to 
consistently classify all the buildings. 

The building (exposure) database is compiled in Geographical Information 
System (GIS) software and contains data from a range of different sources. The 
following categories of building data were obtained for compilation into the initial 
building database: location, address, usage, landscape height, occupancy and 
property value. Part of this input has been used to estimate building heights, 
number of floors, building categories (construction material and type), day time 
and night time occupancy. 

3.2 Building Location and Address 
The number and location of the buildings in the study area have been obtained 
from the BAG data, or Basisregistratie Adressen en Gebouwen [Kadaster, July 
2013]. This contains data layers for the building outlines, addresses and other data 
layers. 

Two further separate datasets have been obtained containing data on the building 
addresses within the study area. Population data has been obtained from Bridgis. 
The DataLand dataset provides detailed information on building typology, usage, 
value and the year a building was built for these addresses. Appendix A1 illustrate 
typical examples of the address point analysis, highlighting the main difficulties 
encountered 

3.3 Building Usage 
Buildings are classified by usage to evaluate occupancy at different times of the 
day. Mixed use buildings occur where commercial use occurs at street level with 
residential use above. The usage categories adopted in the database classification 
are displayed in Table A.1 in Appendix A.  

3.4 Building Height and Number of Floors 
The building height data is derived from the Actueel Hoogtebestand Nederland 
(AHN) [Rijkswaterstaat, Het Waterschapshuis, 2013].  The AHN is a digital 
height map for the Netherlands, developed from laser scan data. From the height 
data in this digital map in combination with the building shapes from the 
topographic map, an estimation is made of the number of floors for each building.  
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3.5 Building Type 
A building type classification is assigned to each building. The estimated 
construction material (e.g. unreinforced masonry, reinforced concrete, timber, 
steel) is an important component of this classification, together with the estimated 
number of floors, and building age. The definitions of the building typologies for 
the risk assessment are classified in the Table A.2 in Appendix A for the initial 
and extended database and a summary is shown in Figure 17. The figure shows 
the proportions of the buildings in the two databases (y-axis), and the actual 
numbers as labels for each bar on the histogram.  

Unreinforced masonry is the dominant building type in the region, estimated to 
comprise approximately 90 % of the building stock of the initial building database 
(within 15 km radius) and 75% to 80% of the preliminary extended building 
database. The second largest building material type is reinforced concrete which 
comprises around 5% of the building stock in the initial building database (within 
15 km radius) and 4% in the preliminary extended database. Wood and steel 
frame buildings comprise less than 0.5% of the building stock.  

 
Figure 17 Building typology distribution in study area. 

The geographical distribution of the building types are shown in Figure A.3 in 
Appendix A. 

3.6 Building Database Gap Analysis 
It is emphasised that the checking and quality assurance of the database for the 
initial study area and the extended building database is in progress. An important 
part of developing a database of this type is making sure that the data accurately 
represents the actual situation on the ground.  Spot checks of the database have 
been undertaken by undertaking street surveys by Arup staff and reviews of 
discrete areas using satellite imagery and Google Street View. Checks have also 
been undertaken by comparing data from different independent datasets. 
Discrepancies in the database have been identified and further work is required to 
resolve these issues.  
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4 Building Vulnerability 

4.1 Introduction 
This section of the report describes the compilation of the initial 
vulnerability/fragility functions for the building stock in the Groningen region.  

Vulnerability is defined in this report as the degree of loss to a given element at 
risk (i.e. a building) resulting from a given level of hazard (e.g. amplitude of 
earthquake ground motion shaking). The measure of loss used depends on the 
element at risk and may be measured in terms of a description of the amount of 
damage, the number of people injured or killed, or the cost of repair. In this report, 
only building damage and human casualties are reported. 

The vulnerability terminology used in this report has been subdivided between the 
term “fragility” used to describe the potential damage and the term “loss” to 
describe the potential injuries or fatalities. 

4.2 Fragility Functions 
There are three primary categories of fragility functions:  

 Empirical: based on damage observation statistics collected following 
earthquakes and shake table testing; 

 Analytical: based on structural modelling and analysis using computer models 
of buildings and infrastructure; and  

 Judgement-based: based on the experience and judgement of experts.  

Each of these categories has limitations and benefits. Empirical equations are 
based on real observations. When sufficient data are available, the empirical 
method is often thought to be the most reliable, since it uses real observations of 
damage and therefore has the best chance of capturing the real uncertainty and 
variability.  

In this earthquake scenario-based risk assessment work, empirical fragility 
functions have been used. These empirical functions are based on earthquake 
damage data observed elsewhere in the world and therefore require calibration 
with local earthquake damage observations. It is intended that these functions will 
be calibrated in future with the detailed analytical work undertaken on numerical 
models of buildings that is being carried out by Arup as part of the Structural 
Upgrading work stream for the Groningen project and described in a separate 
report (Arup, 2013).  

Fragility functions are typically specific to a particular building typology 
classification. The classification will include building material and structural 
system as these are the most important parameters for identifying the vulnerability 
/ fragility of a building. If sufficient data and meta-data are available, building 
classifications for fragility functions may also differentiate between other factors 
such as: building age, number of storeys, floor system (rigid or flexible 
diaphragms), and the presence of wall-floor ties (for masonry buildings).  

For this initial study, building typology classifications have been defined based on 
the distribution of observed typologies in the building stock but also based on the 
availability of suitable existing fragility functions in the literature. The 
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representative typology classes that have been selected for analytical modelling in 
the Arup Structural Upgrading work stream have also been taken into 
consideration.  

At this stage the same fragility functions for many of the masonry typology 
classes have been assigned. However, when results are available from the 
analytical modelling being undertaken by the Structural Upgrading work stream, it 
is anticipated that this may allow the fragility functions of different building 
classes to be further distinguished and existing fragility functions modified. 

4.3 Ground Motion Intensity Measure 
Damage assessment requires a consistent measure of the level of ground shaking – 
ideally one that is well-correlated with damages to buildings. Appendix B 
describes in more detail the possible ground motion measures to be used in the 
damage estimation.  

In this initial risk assessment, PGA is adopted as the primary measure of ground 
motion hazard level, although conversions between different macroseismic 
measures and PGA are used to allow a wider pool of fragility relationships to be 
considered. The use of PGA as the ground motion hazard measure is a pragmatic 
choice because the majority of suitable published fragility functions are in terms 
of PGA. However, it is anticipated that other ground motion measures may in fact 
provide improved correlation with damage observations and this requires further 
investigation.  

4.4 Damage Classification 
The damage classifications from the (EMS-98; European Seismological Scale, 
1998) are used. These classifications have the advantage that they are well defined 
for different types of buildings and have been used in many other studies across 
Europe. The classification of damage to masonry buildings and reinforced 
concrete buildings in the EMS-98 are illustrated in Figures B.1 and B.2 in 
Appendix B.  

4.5 Selection of Fragility Functions 

4.5.1 Empirical Fragility Functions 
Empirical fragility functions are typically developed for geographical locations 
and building typologies for which damage data have been collected following 
earthquakes. Generally, multiple earthquake events are considered so that the data 
are not too specific to the unique characteristics of a particular earthquake. There 
are no sets of fragility functions for damage state DS1 to DS5 developed 
specifically for Dutch buildings, as very few earthquakes causing damage have 
been experienced. Where damage data are available (such as from the recent 
earthquakes in the Groningen area), they tend to be for relatively low levels of 
damage (slight damage restricted to cracking of masonry walls or cracking of 
plaster within the interior of buildings) rather than the higher levels of damage 
that is expected in the epicentral area of a future potentially larger sized 
earthquake. 
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To overcome this lack of earthquake damage data, initial selection of fragility 
functions was carried out based on available functions for masonry buildings, as 
this allowed comparison with damage data from Dutch earthquakes. To this end, 
use was made of the Global Earthquake Model (GEM), an international project to 
develop and improve methods and tools for seismic risk assessment (see 
Appendix B3).  

The criteria specified in Appendix B4 were used to reduce the pool of potential 
relationships to a manageable number. In summary, only those equations based on 
a dataset with intensity measures including PGA, PGV, macroseismic intensity or 
PSI and that could reliably be extrapolated to the low ground motion values of 
interest were considered.  

All functions were converted to a consistent ground motion intensity measure, 
PGA, as follows: 

 PSI was converted to PGA using the relationship in Spence et al. (1992): 
log10(PGA) = 2.04 + 0.051×PSI, with PGA in cm/s2 and taking account of the 
error on the regression and the differences in the definitions used for PGA (see 
Appendix B5). 

 Other macroseismic intensity values (EMS/MMI/MCS) were converted to 
PGA using an inversion of the relationship in Wald et al. (1999): 
MMI = 3.66× log10(PGA) – 1.66. 

The latter is a one way regression, which technically should not be inverted. 
However, this conversion could have legitimately been applied directly to 
estimated PGA values to obtain a map of MMI to use with the unconverted 
fragility relationship. Given that this would give identical loss calculations, the 
theoretical objection to inverting regression relationships need not be applied here. 
Arup has considered other equations for conversion between MMI and PGA but 
these have been presented in a separate technical note. 

 Finally the following fragility functions were considered: 
 Rota et al. (2008); 
 Coburn and Spence (2002); and 
 Spence et al. (2011). 

4.5.2 Fragility Functions from Shake Table Testing 
Empirical fragility functions can also be developed on the basis of experimental 
testing, particularly on a shake table. This allows much more control over the 
input characteristics of the earthquake shaking. The characteristics of the physical 
building model can also be well controlled, and therefore an accurate (albeit 
usually reduced scale) representation of local building stock can be built and 
tested. The primary disadvantage is that it is expensive to carry out a large number 
of shake table tests and therefore it is difficult to capture the full spread of 
variability in a particular building class. For this reason, experimental evidence 
may not be sufficient to develop a full set of fragility functions, and will often be 
supplemented by either empirical data (of the type discussed in the previous 
section) and/or analytical modelling. 

Experimental data was used by Pinho (2013) and Pinho and Crowley (2013) in 
their development of fragility functions for Groningen, discussed in Section 4.9. 
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4.6 Calibration of Fragility Functions  
In order to calibrate the three sets of fragility curves short-listed by Arup for the 
risk assessment, empirical damage data from the Roermond earthquake of 
Mw =5.4 (ML=5.8) that occurred on 13 April 1992 (refer to Appendix B6.1) and 
from the Huizinge earthquake of 16 August 2012 (Mw=3.6) (refer to Appendix 
B6.2) was used. 

It is stressed that there is a trade-off here between making use of the existing 
functions that have been developed based on data from a number of events, albeit 
for building stock that may not be representative of the Netherlands, and using 
limited data (limited in both number and in the range of damage and ground 
motion intensity levels) available from Dutch earthquakes. As mentioned earlier, 
in future work it is intended to also use analytical models of Dutch buildings to 
calibrate the empirical fragility functions. 

It should also be noted that the Roermond and Huizinge earthquakes 
predominantly caused damage to masonry buildings. For the levels of ground 
motion under consideration for this project, damage to reinforced concrete, steel 
and timber buildings, may be expected if they are present in the epicentral area 
and subject to ground shaking. Unfortunately, the limited Roermond and Huizinge 
damage data available cannot be used to calibrate the fragility functions for the 
concrete, steel and timber buildings (except to check that the selected functions 
should not predict significant damage under the levels of shaking observed in 
Roermond and Huizinge, as this would contradict observation). It is therefore 
preferred to calibrate “sets” or “families” of fragility functions with available 
functions that cover the full range of adopted building typologies (i.e. a set of 
functions developed by the same authors using the same dataset), which can be 
validated based on the masonry data alone, and trust that the reinforced concrete 
buildings (and those of other materials) will be well-represented.  

Table 2 and Table 3 display the percentages of buildings in each damage state 
according to the Roermond and Huizinge earthquake respectively. It is noted that 
in the case of the Huizinge earthquake, a subset of buildings, for which observed 
values of PGA were available at eight recording stations, was considered in this 
analysis (see Appendix B6.2). This allows a direct and more reliable correlation 
between damage and measured ground motion amplitude (in terms of PGA). 

Table 2  Percentages of buildings suffering damage larger or equal to damage state during the 
Roermond earthquake. 

Age Intensity PGA (g) DS1 DS2 DS3 

URM Pre 1920 VI 0.126 32.60% 1.60% 0.00% 

VII 0.236 35.40% 6.50% 0.30% 

URM 1920 - 1960 VI 0.126 7.00% 0.00% 0.00% 

VII 0.236 11.00% 1.30% 0.00% 

URM after 1960 VI 0.126 3.00% 0.00% 0.00% 

VII 0.236 1.60% 0.30% 0.00% 
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Table 3  Percentages of buildings suffering damage larger or equal to a damage state DS, 
during the Huizinge earthquake. 

Station PGA (g) DS1 DS2 

'HKS' 0.009 8.7% 0.0% 

'WIN' 0.012 5.9% 0.7% 

'STDM' 0.026 4.7% 0.0% 

'KANT' 0.038 0.0% 0.0% 

'WSE' 0.043 8.4% 0.0% 

'GARST' 0.057 10.7% 0.0% 

'MID1' 0.060 5.6% 0.2% 

Figure 18 shows the comparison between shortlisted fragility functions for 
masonry buildings only with damage data from the 1992 Roermond and 2012 
Huizinge earthquakes. 

Damage statistics after the Roermond earthquake are presented for 40 locations by 
Pappin et al. (1994). The locations suffered either macroseismic intensity IMSC= 
VI (corresponding to PGA=0.13 g) or IMCS=VII (PGA=0.24 g). For each location, 
the probabilities of the buildings to be slightly or moderately damaged (DS1 or 
DS2) were computed and are shown with circles in Figure 18.  

The damage statistics for the Huizinge earthquake are compiled from damage 
reports from eight areas surrounding instrument locations where PGA values were 
measured. It has therefore been possible to determine the percentage of buildings 
damaged to different damage states at a range of PGA values. 

Damage statistics were also determined from the surveys of buildings undertaken 
by Arup in May 2013. The damage statistics from these surveys is summarized in 
Table 4. The surveys demonstrated that damage was observed during and after the 
earthquake both for URM buildings Pre 1920 and for URM buildings built during 
the 60s-70s even for very low PGA values. However, only small samples of 
buildings in 3 locations were surveyed. Thus, even though the results are shown 
for reference, the damage levels are not considered reliable for calibration 
purposes. 

Table 4  Damage statistics based on the survey undertaken by Arup in May 2013. 
City URM Repi  

(km) 
PGA 
(m/s2) 

PGA obs 
(m/s2) 

DS1 
(%) 

DS2 
(%) 

Loppersum <1920 6.28 0.51 - 61.5 3.8 

Bedum 1920-1960 7.4 0.45 - 19.1 0.0 

Middelstum >1960 1.29 0.79 0.5 0.0 0.0 
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Figure 18 Comparison between selected vulnerability curves and data from Roermond 
(circle) and Huizinge (squares) earthquakes. Dashed lines refer to Rota et al. (2008) 
fragility functions, solid lines to Coburn and Spence (2002) and thick dashed lines to 
Spence. 

It is clear that none of the plotted relationships perfectly describes damage 
observed in the previous Dutch earthquakes. Furthermore, there is significant 
scatter in the proportions of damage observed, making it difficult for any one 
relationship to fit the data well. The following observations can be drawn: 

 Rota et al. (2008) predict excessively high levels of damage at low PGA 
values and significantly increasing levels of damage are not shown to occur 
with increasing PGA levels. The shape of the functions is strongly influenced 
by the fact that buildings are reported to be already damaged before the 
earthquake. 

 Coburn and Spence (2002) show the expected shape for a fragility function (a 
lognormal distribution against PGA). The original curves are a function of the 
intensity PSI, and conversions provided by the authors were used to plot them 
versus PGA accounting for the uncertainty. See Appendix B6 for more details. 

 Spence et al. (2011) are not analytical distributions and it is difficult to 
“adjust” them to the observed data.  

While the Huizinge data are not consistent with any of the fragility functions, the 
fit of the Roermond data with the Coburn and Spence (2002) functions is 
reasonable. Moreover such functions have the advantage that they can easily be 
modified to better agree with the observed data. For these reasons, the Coburn and 
Spence (2002) fragility functions for masonry buildings have been selected (see 
Appendix B6). A more accurate comparison between the chosen fragility 
functions and the data from the Roermond (circles) and the Huizinge (squares) 
earthquakes for the URM Pre 1920 is presented in Figure 19. To account for the 
uncertainty in the estimation of PGA values at the 40 locations of the Roermond 
earthquake, the comparison is carried out both using the conversion between 
intensity and PGA, as before, and using the PGA values from the USGS 
Shakemaps (USGS, 1992). The latter provide predictions of peak ground motion 
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parameters (including peak accelerations) observed ground motion, fault 
characteristics and ground motion prediction equations. Note that for the 
Roermond earthquake no recordings were available, thus the maps are only based 
on the ground motion prediction equations. It is highlighted that, as stated in the 
Shakemap Manual, for all maps and products the maximum value observed on the 
two horizontal components of motion is provided. Hence the PGA values from the 
Shakemaps are converted to the geometric mean component applying the 
conversion factor by Beyer and Bommer (2006). 

 

 

Figure 19 Comparison between the fragility functions proposed in this study and the data 
from the Roermond (circles) and the Huizinge (squares) earthquakes for the URM Pre 
1920. Left panel: geometric mean PGA values, PGAGM, for the Roermond earthquake are 
computed converting MMI to PGAGM.  Right panel panel: PGAGM for the Roermond 
earthquake are extrapolated from the USGS Shakemaps with (right) conversions to 
geometric mean. 
 
A description of the method adopted to modify the fragility functions for more 
modern buildings is illustrated in Appendix B6. Herein, the comparison of the 
URM 1920-1960 buildings modified fragility functions with the Roermond data is 
shown (Figure 20).  
 

  

Figure 20 Comparison between the fragility functions proposed in this study and the data 
from the Roermond (circles) and the Huizinge (squares) earthquakes for the URM 1920-
1960. Top panel geometric mean PGA values, PGAGM, for the Roermond earthquake are 
computed converting MMI to PGAGM.  Bottom panel: PGAGM for the Roermond 
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earthquake are extrapolated from the USGS Shakemaps with (right) conversions to 
geometric mean. 

4.7 Building Collapse Damage State 
Collapse state fragility functions are typically based on very limited amounts of 
data from past earthquakes because the numbers of collapsed buildings is typically 
a small proportion of the overall numbers of damaged buildings. As with other 
damage states the fraction of the building stock that collapses will vary according 
to the materials and structural types. Typically, it is the older most fragile 
buildings that collapse, such as unreinforced masonry and poorly engineered 
reinforced concrete. However, there are exceptions to this trend such as when the 
frequency of earthquake ground motions coincides with the fundamental period of 
particular buildings leading to resonance in the building and amplification of 
shaking and potentially leading to collapse. This effect on medium rise reinforced 
concrete buildings occurred in the Mexico City earthquake of 1985 (EEFIT, 
1985). 

The loss estimation methodology HAZUS (FEMA, 2013) indicates that the 
proportion of fully collapsed buildings can be estimated as a constant proportion 
of those buildings in the DS4 damage state. This proportion varies for each 
building typology. The building collapse rates shown in Table 5 have also been 
used to determine the number of buildings damaged to DS4 and DS5 damage 
states for consistency with the later use of HAZUS methodology for casualty 
estimation. 

Table 5: Collapse rates to define damage state DS5 collapse fragility functions. 
Building class Collapse rate (%) 

URM 15 

RC1 13 

RC2 10 

W 3 

S1 8 

S2 5 

The original DS4 and DS5 damage state functions are used for the estimation of 
the number of collapsed buildings. However, revised DS4-Hazus and DS5-Hazus 
functions are used for estimation of numbers of damaged buildings when these 
numbers are used only for casualty estimation (i.e. potential injuries and 
fatalities). 

4.8 Fragility Functions for Groningen Region 
This section of the report provides the definition of the fragility functions 
developed for the different building types of Groningen region. For each of the 
main building categories identified in the Groningen area, a table with the median 
PGA and the sigma of the natural logarithm of PGAGM is reported as well as a 
figure that displays the fragility functions for damage states DS1 to DS5. The 
function obtained by applying the collapse rates from HAZUS to the fragility 
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function of DS4 is also shown (dashed red curve) for each category but not 
provided in the tables. 

4.8.1 Fragility Functions for Unreinforced Masonry Buildings 
A discussion on the calibration and modification of the fragility functions from 
Coburn and Spence (2002) for use in the Groningen region is provided in 
Appendix B6. The original functions of Coburn and Spence (2002) did not include 
any distinction for the age of the buildings, thus a shift of the median values of the 
functions to larger values of PGA for modern buildings is applied to account for 
the expected slightly improved buildings performance of more recently 
constructed buildings (see Appendix B6).  

The adopted functions are shown in Figure 21 and parameters of the lognormal 
distribution of PGA are given in Table 6. The proposed revision to the fragility 
functions includes the removal of the step in the damage state DS1 fragility 
function at low PGA values adopted in the initial risk assessment to capture the 
damage statistics from the Huizinge earthquake. A comparison between the 
fragility functions adopted in the initial risk assessment and those used in this 
study is provided in Appendix B7. 

Table 6  Final parameters (means and standard errors) used for the URM fragility 
functions. 
 URM: pre 1920 URM: 1920-1960 URM: Post 1960 
 PGA (g) lnPGA PGA (g) lnPGA PGA (g) lnPGA 

DS1 0.181 0.443 0.254 0.443 0.329 0.443 

DS2 0.254 0.443 0.329 0.443 0.370 0.443 

DS3 0.329 0.443 0.458 0.443 0.532 0.443 

DS4 0.397 0.443 0.583 0.443 0.694 0.443 

DS5 0.484 0.443 0.753 0.443 1.308 0.443 
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Figure 21 Fragility functions for buildings developed by Arup (Arup/CB2002) for the 
five damage states. The curve obtained by applying the collapse rates from HAZUS to the 
fragility function of DS4 is also shown (dashed red curve). 

4.8.2 Fragility Functions for Reinforced Concrete Buildings  
Fragility functions are provided for reinforced concrete (RC) buildings although 
no Netherlands specific earthquake damage data is available to calibrate and 
modify these functions. Fragility functions for reinforced concrete were taken the 
Arup UK seismic risk study (Ove Arup & Partners, 1993). These UK fragility 
functions for reinforced concrete buildings were developed in a consistent format 
with the Coburn and Spence (2002) fragility functions for unreinforced masonry 
and other typologies. Parameters for the reinforced concrete fragility curves are 
shown in Table 7. The curves for the two categories differ only for damage state 
DS5, since the proportions provided by HAZUS (FEMA, 2013) depend on the 
height of the buildings (dashed lines in the two plots). 

It should be noted that the RC fragility curves are predominantly based on damage 
to RC moment frame buildings, whereas most RC buildings in the Groningen area 
are expected to be shear wall buildings. This suggests that the adopted fragility 
curves are likely to be very conservative (i.e. predict higher damage states) for 
Groningen RC buildings. This conservatism is particularly evident comparing the 
median collapse (DS5) PGA from RC buildings, i.e. ~0.5, and that from the 
modern URM buildings, i.e. ~1.3. The set of fragility functions for RC buildings 
should be amended when results from analytical modelling become available. 
However, this conservatism is not expected to significantly affect the risk 
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assessment calculations because the number of reinforced concrete buildings in 
the region is relatively small (~4-5% of the total building stock). 

 
Figure 22 Fragility functions for Reinforced Concrete buildings with less than three 
storeys (RC1, left) and three storeys or more (RC2, right) developed by Arup 
(Arup/CB2002) for the five damage states. The curves obtained by applying the collapse 
rates from HA. 

Table 7: Median PGA (g) and sigma of the natural log of PGAGM for the fragility functions of RC1 
and RC2 buildings. 

 Median PGA (g) Sigma (lnPGA) 

DS1 0.257 0.443 

DS2 0.341 0.443 

DS3 0.383 0.443 

DS4 0.462 0.443 

DS5 0.532 0.443 

4.8.3 Fragility Functions for Steel Frame Buildings 
Steel buildings comprise only 0.2% of the total building stock. Steel buildings are 
generally expected to be less vulnerable to earthquake shaking than masonry and 
reinforced concrete buildings. Steel building fragility functions were taken from 
the Arup UK seismic risk study (Ove Arup & Partners, 1993). These UK fragility 
functions for steel buildings were developed in a consistent format with the 
Coburn and Spence (2002) fragility functions for unreinforced masonry and other 
typologies.   

The fragility functions for steel are shown in Figure 23. The parameters for the 
steel fragility functions are shown in Table 8.  
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Figure 23 Fragility functions for Steel buildings with a height lower than 15 m (S1, left) 
and higher than 15 m (S2, right) developed by Arup (Arup/CB2002) for the five damage 
states. The curve obtained by applying the collapse rates from HAZUS to the fragility. 

Table 8 Median PGA (g) and sigma of the natural log of PGAGM for the fragility functions of S1 
buildings. 

 Median PGA (g) Sigma (lnPGA) 

DS1 0.329 0.528 

DS2 0.468 0.528 

DS3 0.665 0.528 

DS4 0.946 0.528 

DS5 1.197 0.528 

4.8.4 Fragility Functions for Wood Buildings 
Wood buildings comprise only ~1% of the total building stock in the region. 
Wood buildings are primarily old wooden barns that are attached to masonry farm 
houses. Where the barns have masonry walls or have masonry facades they have 
been classified as unreinforced masonry. For the initial risk assessment it has been 
assumed that the fragility of wooden buildings is equivalent to pre-1920 
unreinforced masonry fragility functions. The proposed revision to the fragility 
functions includes the removal of the step in the damage state DS1 fragility 
function at low PGA values.  

The fragility functions are shown in Figure 24. The parameters for the wood 
buildings fragility functions are shown in Table 9. 
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Figure 24 Fragility functions adopted in this study for wooden buildings. 
 
Table 9 Median PGA (g) and sigma of the natural log of PGAGM for the fragility 
functions of timber buildings. 
 Median PGA (g) Sigma (lnPGA) 

DS1 0.181 0.443 

DS2 0.254 0.443 

DS3 0.329 0.443 

DS4 0.397 0.443 

DS5 0.484 0.443 

4.9 Pinho and Crowley (2013) Fragility Functions 
Pinho and Crowley (2013) also proposed fragility functions for unreinforced 
masonry buildings in Groningen. They also observe that limited damage data for 
Dutch building stock are available from past earthquakes, as was also noted in 
Section 4.5.2. They also note that most available empirical fragility functions for 
masonry structures in Europe have been calibrated on damage data from 
Mediterranean construction, and they conclude that they may therefore not be 
applicable to Dutch building stock. 

Pinho and Crowley therefore take as a baseline a set of fragility functions 
developed by Bothara et al. (2010), which are based on experimental testing of 
scale models of masonry buildings in New Zealand, the assumption now being 
that given the fact that New Zealand masonry construction is similar to Dutch 
construction. Bothara et al. obtained the mean value of fragility curves from the 
experimental programme, and the standard deviation of the curves from other 
studies for masonry buildings elsewhere in the world. Pinho and Crowley observe 
that the Bothara functions compare reasonably well with the damage data 
collected for pre-1920s masonry buildings in the Roermond earthquake. They then 
adjust the fragility functions for the other two age categories of masonry buildings 
using the Roermond data, preserving the ratios between the fragility functions, 
using a similar procedure to that described in Section 4.6 and Appendix B6. The 
resulting fragility functions are described as “Pinho/Crowley-original” in the 
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comparisons in Figures 28-30 (green curves) and are compared with the fragility 
functions proposed by Arup (light blue curves). 

Pinho and Crowley (2013) also provide a preliminary estimate of the potential 
effect of shorter ground motion duration on building fragility (see Section 4.10). 
Based on a literature review and nonlinear dynamic analysis results, they conclude 
that the median collapse PGA can be increased by 40% due to the shorter 
expected duration of ground motions in the Groningen area when compared to 
typical damaging earthquakes (for which damage data have been collected, and 
which were used as the input to shake table testing, such as that of Bothara et al.). 
Since this is expected to have more of an effect on collapse than other damage 
states, Pinho and Crowley propose that the increase is 30% on the DS4 median 
PGA, 20% on DS3, 10% on DS2 and no change in DS1. The resulting fragility 
curves are described as “Pinho/Crowley-short” (for “short duration”) in the 
comparisons in Figures 28-30 (dashed violet curves). 

There are no available published fragility curves that satisfy all the requirements 
for the risk assessment of Netherlands and Groningen region specific buildings 
reported here (i.e. based on earthquake damage to local building stock for an 
appropriate range of ground motion acceleration levels) and therefore there 
remains considerable uncertainty on the actual fragility of Groningen building 
stock. Therefore, the risk calculations have also been carried out using the set of 
Arup fragility functions described in Section 4.8 and both the unadjusted Pinho 
and Crowley fragility curves (Pinho and Crowley – original), and those adjusted 
for ground motion duration (Pinho and Crowley-short) (see Section 6).  

 
Figure 25 Comparison between the fragility functions proposed by Arup, those proposed 
by Pinho and Crowley (Pinho/Crowley-original) and those modified by Pinho and 
Crowley to account for the short duration of the ground motion (Pinho/Crowley-short) for 
the URM Pre 1920 buildings. 
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Figure 26 Comparison between the fragility functions proposed by Arup, those proposed 
by Pinho and Crowley (Pinho/Crowley-original) and those modified by Pinho and 
Crowley to account for the short duration of the ground motion (Pinho/Crowley-short) for 
the URM 1920-1960 buildings. 
 

 
Figure 27 Comparison between the fragility functions proposed by Arup and those 
proposed by Pinho and Crowley for the URM Post 1960 buildings. 
Pinho and Crowley (2013) have proposed fragility functions for URM buildings 
only and therefore for all the other buildings (reinforced concrete, steel and wood) 
the Arup fragility functions described in Section 4.8 are used. 

4.10 Fragility Function Uncertainty 
There are several sources of uncertainty and variability in the development and 
use of empirical fragility functions for seismic risk assessment. Some of these 
sources of uncertainty are listed below.  
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1. There is real variation in the performance of individual buildings within a 
building class subjected to the same level of ground motion (this is reflected 
in the standard deviation of the fragility function). 

2. Buildings on which damage data was collected are not representative of 
buildings to which fragility functions are to be applied. 

3. Data collection may introduce bias if damage states are unclear or 
inconsistent, or collection locations are not randomised. 

4. Ground motion values associated with collected damage data may not be 
predicted or measured correctly. Furthermore, if damage data are grouped 
into ranges (e.g. over a whole town or city block) then ground motion may 
vary within that range. 

5. Characteristics of earthquake ground motion (other than the PGA considered 
as the measure of ground motion intensity here, such as ground motion 
duration) may influence the damageability of the earthquake. If damage data 
are taken from earthquakes with different characteristics, then this will 
introduce bias. 

6. Different regression analysis methods used by researchers to fit functions to 
empirical data give different results. Different functional forms fit to the same 
data will also be different. 

Items 1 and partially 4 are taken into account through the fact that the fragility 
function is probabilistic, with a standard deviation that includes both the real 
variability in damage data in the data set and some of the uncertainty when this 
data is combined together. If this variability did not exist, fragility functions 
would be vertical lines, indicated 100% probability of collapse at a particular level 
of PGA. 

Items 2, 3, partially 4, 5 and 6 are mitigated by careful selection of empirical data 
to use, supplemental analytical/experimental studies to understand effects of 
certain variables on damage estimates, and by the inclusion of multiple fragility 
curves in a logic tree approached, as discussed in Section 5.4. This has been 
partially carried out here, by including results for both the Arup fragility functions 
and Pinho and Crowley fragility functions, including duration adjustments (item 5 
above). This does not fully explore the range of uncertainties, however, as both 
studies used data from the Roermond earthquake to calibrate models (which did 
not cause any damage beyond DS3) and the same functional form (log-normal) 
for the relationships. 

Ground motion duration has been identified as a key input into the fragility 
functions (item 5), and, as noted in the previous section, has been taken into 
account in a preliminary study in the fragility functions of Pinho and Crowley. 
Ground motions from the magnitude 5 earthquake scenarios considered here are 
expected to be shorter duration than those from earthquakes from which 
earthquake damage data are typically collected. The collapse performance of 
masonry buildings has been shown to be duration dependent, and therefore typical 
fragility curves in the literature would require adjustment for short durations. A 
preliminary Arup study into the effect of duration is presented in Appendix C, 
which shows a smaller effect of duration than that shown by Pinho and Crowley 
(2013) (around 20% increase in the PGA to cause collapse, compared with 40% 
increase). For both the Arup and Pinho and Crowley duration studies, the 
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numerical model on which these studies were calibrated needs to be verified by 
experimental models, and the studies need to be expanded to a wide range of 
masonry building types in the area, before the effect of duration can be reliably 
estimated. 

Other sources of uncertainty, particularly those relating to the specific 
characteristics of Groningen building stock (item 2), are also being addressed by 
on-going studies. Analytical models that have been developed for masonry 
buildings in the area (presented in the Arup Structural Upgrading study) show a 
wide variation in the behaviour of different typologies of building, whereas the 
masonry fragility functions used in the risk assessment study are classified only 
based on building age. For example, analytical results for terraced and semi-
detached houses show higher vulnerability than other building types, whereas in 
the present risk assessment the same fragility curves have been used for these 
typologies. As noted with regard to item 1 on the list above, the variability in 
fragility for different buildings within a classification is taken into account in the 
standard deviation on the fragility curve, and therefore represents a range of 
possible values for buildings in the overall population. 

The Structural Upgrading study shows a range of results, depending on analysis 
method adopted, but the results using the most detailed structural analysis method 
(time history analysis) indicate PGAs required to cause partial collapse 
(approximately equivalent to DS4) of around 0.45g (terraced house model) and > 
0.5g (villa model). This is not inconsistent with the DS4 fragility functions in 
Figure 24, which are intended to represent the range of URM buildings in the 
Groningen area. 

Going forward, fragility functions will be further refined based on the following: 

 The Cambridge Global Consequences Database will be used to collect further 
international data that is more closely related to the Groningen context; 

 Detailed analytical models from the Structural Upgrading study will be used to 
get a better estimate of the variation in PGAs to reach each damage state for 
specific building typologies, and to further separate sub-typologies of 
buildings that should be identified in the building database and separated in 
the risk calculations; 

 Statistical sensitivity studies on the building stock in the area will used to 
identify the range of potential building geometries to explore the effect of this 
on structural response and building fragility functions. Initial studies on the 
variation in wall opening sizes on a subset of buildings in Loppersum are 
presented in the Structural Upgrading study report. 

4.11 Fragility Functions for Strengthened Buildings 
Analytical modelling work is on-going to develop fragility functions for buildings 
that have been retrofitted by structural engineering measures. It is anticipated that 
the structural engineering measures will very significantly reduce the number of 
buildings that will experience moderate, extensive, complete damage and 
collapse. 
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5 Risk Calculation 

5.1 Introduction 
This section of the report describes the risk calculation methodology for 
estimation of building damage and for estimation of casualties. 

5.2 Building Damage Calculation 
The probability of having damage state, Pr(DS=DSi) with i=1…5, given the 
occurrence of a peak ground acceleration PGA= aj, can be estimated directly from 
the fragility functions as shown in Figure 28.  

Consequently the number of buildings in each damage state is easily computed 
from the number of buildings subject to a certain acceleration and the probability 
that given such an acceleration level the buildings will have suffered a certain 
level of damage. The details and the equations for this calculation are illustrated 
below. 

 
Figure 28 Scheme of the computation of the damage state probability given PGA=aj, and 
a set of fragility functions. 

The probability of having damage state (DSi with i=1…5) given the occurrence of 
a peak ground acceleration PGA= aj, can be estimated directly from the fragility 
functions: 

BCLji

BCLjiBCLji

aPGADSDSP
aPGADSDSPaPGADSDSP
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)|()|(

1 





   

The number of potential buildings of building class BCLk that will experience 
damage state DSi, Nb,(DSi, BCLk), is computed as: 
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where Na is the number of acceleration value for a certain scenario and 
Nb,(aj,BCLk), is the number of buildings of class BCLk subjected to PGA=aj. 

The total number of buildings in DSi is simply the sum over all the building 
classes: 
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,         

where NBCL is the total number of building classes (8 in this risk analysis), and 
Nb(DSi) is the total number of buildings in DSi. 

5.3 Casualty Estimation 
HAZUS (FEMA, 2013) provides the methodology for the estimation of casualties 
based on the assumption that there is a strong correlation between the level of 
damage and the number and severity of the casualties. 

Severity levels (SL) are defined as: 

 SL 1: injuries that require basic medical aid and could be administered by 
paraprofessionals. They would need bandages or observations. 

 SL 2: injuries requiring a greater level of medical care and use of medical 
technology (x-rays or surgery) but not expected to progress to a life 
threatening status. 

 SL 3: injuries posing immediate life threatening conditions if not adequately 
treated. 

 SL 4: instantaneously killed or mortally injured.  

The number of casualties of a severity level n, SL1 to SL4, is the product of:  

 The number of buildings in the damage states for each building class, BCL: 
Nb(DSi, BCLk).  

 The distribution of the population among the building classes and usage type. 
An average number of people per building class and usage is used: 

)( kpeople BCLN . 
 The proportion of people that will be indoor (IN) and outdoor (OUT) during 

the occurrence of the earthquake (Table 10). Indoor and outdoor population 
are estimated as proportions of the total population, depending on the usage of 
the buildings (e.g. residential, commercial, industrial, etc.).  

Hence, for each damage state and building type, the numbers of casualties of 
severity level SL1, 2, 3 and 4 can be computed as: 
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The indoor and outdoor casualty rates, Pr(SL=SLn|DSi), are provided by HAZUS 
(FEMA, 2013) and are shown in Table 11 and Table 12 respectively, as a function 
of building typology and damage state. 

Table 10 Proportions of people expected to be indoor and outdoor during the day and 
during the night (HAZUS, FEMA 2013).  

USAGE 
INDOOR OUTDOOR 

Night Day Night Day 

Residential 100% 70% 0% 30% 

Commercial 100% 99% 0% 1% 

Industrial 100% 90% 0% 10% 

Agricultural 100% 99% 0% 1% 

Religion/Non Profit 0% 99% 0% 1% 

Government 0% 99% 0% 1% 

Education 0% 90% 0% 10% 
 
Table 11 Indoor Casualty rates by Model Building type and damage states (based on 
HAZUS, FEMA 2013). 

Building 
Type 

Severity 
level DS1 DS2 DS3 DS4 DS5 

U
R

M
 

SL1 0.05% 0.35% 2% 10% 40% 

SL2 0% 0.4% 0.2% 2% 20% 

SL3 0% 0.001% 0.002% 0.02% 5% 

SL4 0% 0.001% 0.002% 0.02% 10% 

R
C

1/
R

C
2 

SL1 0.05% 0.25% 1% 5% 40% 

SL2 0% 0.03% 0.1% 1% 20% 

SL3 0% 0% 0.001% 0.01% 5% 

SL4 0% 0% 0.001% 0.01% 10% 

W
oo

d 

SL1 0.05% 0.25% 1% 5% 40% 

SL2 0% 0.025% 0.1% 1% 20% 

SL3 0% 0% 0.001% 0.01% 3% 

SL4 0% 0% 0.001% 0.01% 5% 

St
ee

l: 
S1

/S
2 SL1 0.05% 0.2% 1% 5% 40% 

SL2 0% 0.025% 0.1% 1% 20% 

SL3 0% 0% 0.001% 0.01% 5% 

SL4 0% 0% 0.001% 0.01% 10% 

Note that the casualty rates in Table 11 for collapsed buildings (DS5) are lower 
for SL3 severity than for SL4 severity casualties, for all building types. This is a 
function of the definition of severity levels in HAZUS (FEMA 2013), and 
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indicates that in collapsed buildings, fewer people are expected to suffer 
immediate life threatening injuries than those who are instantaneously killed or 
mortally injured. 

Table 12 Outdoor Casualty rates by Model Building type and damage states (based on 
HAZUS, FEMA 2013). 

Building 
Type 

Severity 
level DS1 DS2 DS3 DS4 DS5 

U
R

M
 

SL1 0% 0.15% 0.6% 5% 5% 

SL2 0% 0.015% 0.06% 2% 2% 

SL3 0% 0.0003% 0.006% 0.4% 0.4% 

SL4 0% 0.0003% 0.0006% 0.6% 0.6% 

R
C

1 

SL1 0% 0.05% 0.1% 2% 2% 

SL2 0% 0.005% 0.001% 0.5% 0.5% 

SL3 0% 0% 0.001% 0.1% 0.1% 

SL4 0% 0% 0.0001% 0.1% 0.1% 

R
C

2 

SL1 0% 0.05% 0.2% 2.2% 2.2% 

SL2 0% 0.005% 0.02% 0.7% 0.7% 

SL3 0% 0% 0.002% 0.2% 0.2% 

SL4 0% 0% 0.0002% 0.2% 0.2% 

W
oo

d 

SL1 0% 0.05% 0.3% 2% 2% 

SL2 0% 0.005% 0.03% 0.5% 0.5% 

SL3 0% 0.0001% 0.003% 0.1% 0.1% 

SL4 0% 0.0001% 0.0003% 0.05% 0.05% 

St
ee

l S
1 

SL1 0% 0.05% 0.1% 2% 2% 

SL2 0% 0.005% 0.01% 0.5% 0.5% 

SL3 0% 0% 0.001% 0.1% 0.1% 

SL4 0% 0% 0.0001% 0.01% 0.01% 

St
ee

l S
2 

SL1 0% 0.05% 0.2% 2.2% 2.2% 

SL2 0% 0.005% 0.02% 0.7% 0.7% 

SL3 0% 0% 0.002% 0.2% 0.2% 

SL4 0% 0% 0.0002% 0.02% 0.2% 
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6 Risk Assessment Calculation Results 

6.1 Introduction 
This section of the report provides a summary of the earthquake scenario-based 
building damage and casualty assessment results. The extended building database 
(see Section 3) is used for the calculation of the number of damaged buildings. 
Information on the distribution of population and usage of the buildings for the 
extended buildings database is incomplete and therefore the preliminary building 
database (i.e. the area within 15 km radius around Huizinge) is used for the 
casualty estimation. It should be emphasised that the compilation of the building 
database for the extended study area is work in progress and therefore subject to 
change. However, it is recommended that the findings of the report are considered 
suitable to provide a basis for prioritising future risk management work. 

The first task in the risk assessment calculation is to calibrate the earthquake 
scenario-based building damage assessment using the observed building damage 
from the earthquake with a magnitude Mw=3.6 which occurred in Huizinge in 
August 2012. The estimated building damage from this earthquake scenario is 
computed for comparison purposes only. For sake of brevity, this scenario is 
presented in Appendix D2. The calibration was followed by an estimation of 
building damage from an  earthquake of magnitude Mw=5 with an epicentre 
location in Huizinge (Section 6.2).  

Sensitivity analyses are carried out to test the influence on the risk results in terms 
of building damage and casualties of the choices made in terms of a number of 
key input assumptions: 

 Earthquake magnitude: the risk results from four earthquake scenarios are 
compared with Mw =3.6, Mw =4, Mw =4.5 and Mw =5, using both the 50th and 
the 84th percentiles (mean +1 sigma in logarithm terms).  

 Earthquake location: three earthquake scenario epicentre locations are 
considered (Huizinge, Zandeweer and Hoeksmeer). 

 Fragility functions: three earthquake scenarios are compared with three sets of 
fragility functions.  

Detailed results for each of these scenarios are presented in Appendix D. The 
sensitivity analyses are provided in this section to highlight the influence of the 
different input parameters (Section 6.3).  

A further set of analyses is undertaken to investigate the effect of ground motion 
variability on the risk estimation. The ground motion spatial variability and its 
influence on the results are investigated through a Monte Carlo approach for the 
Mw =5 earthquake scenario, assuming either the ground motion is spatially 
uncorrelated or fully correlated. The main results are presented in Section 6.4, 
while more details are provided in Appendix D11. 

Table 13 summarizes the scenarios considered in the following sections, as well as 
the corresponding maximum PGA value (PGAmax). 
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Table 13 Earthquake scenarios included in the damage assessment. 
Purpose Case Epicentre Mw GMPE GMPE variability PGAmax (g) Fragility function 

2012 
Huizinge  # 0 a,b Huizinge 3.6 ASB2013 50th perc./84 th perc.  0.082/0.171 Arup 

Magnitude # 1 
a,b,c Huizinge 5 ASB2013 50 th perc/84 th perc 

and mean 
0.234/0.488/ 

0.306 Arup 

Magnitude # 2 a,b Huizinge 4 ASB2013 50th perc./84 th perc.  0.113/0.236 Arup 

Magnitude # 3 a,b Huizinge 4.5 ASB2013 50th perc./84 th perc.  0.165/0.343 Arup 

Epicentre # 4 Zandeweer 5 ASB2013 50th perc. 0.234 Arup 

Epicentre # 5 Hoeksmeer 5 ASB2013 50th perc. 0.234 Arup 

Fragility 
functions # 6 Huizinge 5 ASB2013 50th perc. 0.234 Pinho/Crowley 

original 

Fragility 
functions # 7 Huizinge 5 ASB2013 50th perc. 0.234 Pinho/Crowley 

short duration 

GM 
variability # 8 Huizinge 5 ASB2013 Random fully 

correlated  (*) Arup 

GM 
variability # 9 Huizinge 5 ASB2013 Random fully 

uncorrelated  (*) Arup 

 (*) 2500 scenarios are carried out for these analyses, each having a different PGAmax according to 
the number of standard error included in the GMPE. 

In this report, quantities of damaged buildings and human losses are reported in 
tables and figures to the nearest whole number of buildings and people, 
respectively. This allows small changes between different analysis assumptions to 
be reported. However, due to the probabilistic nature of the calculations, and 
uncertainties in seismic hazard, building fragility and exposure data, the estimated 
loss quantities should be considered accurate to no more than one or two 
significant figures. In text descriptions of results, reported numbers are generally 
rounded to one significant figure. 

6.2 Scenario # 1: Huizinge Earthquake Mw = 5 - 
Median (50th percentile) PGA 

Scenario #1 comprises a Mw = 5 earthquake with an epicentre located at Huizinge 
and with a hypocentral depth of 3 km. The earthquake is assumed to have a point 
source and median ground motion PGA values have been used. 

The distribution of ground motions in terms of median PGA caused by this 
scenario earthquake are shown in Figure 29. 
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Figure 29 Median peak ground acceleration (PGA) estimated for an earthquake of Mw=5 
and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. (2013) is used. 

6.2.1 Number of Buildings Exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA, are summarised in Table 14.  
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Table 14: Number of buildings subjected to ground motion (PGA in g) in scenario #1 - 
Huizinge Mw = 5 earthquake using the 50th percentile of the GMPE. 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 0.1 0.1  ≤ PGA < 0.15 0.15  ≤ PGA < 0.2 0.2 ≤ PGA < 0.25 

URM: Pre 1920 4307 15735 2352 1412 442 

URM: 1920-1960 24395 44534 4411 3132 648 

URM: Post 1960 26545 49134 6552 4501 644 

RC1 1796 4192 473 315 37 

RC2 749 2494 69 62 4 

Wood 253 156 109 50 21 

S1 478 705 132 62 13 

S2 61 121 5 1 2 

6.2.2 Building Damage 
The calculated number of buildings of different typologies damaged in this 
scenario are summarised in Table 15 and Figure 30. The numbers of damaged 
buildings are reported for each damage state: DS1 (slight damage), DS2 
(moderate damage), DS3 (extensive damage), DS4 (complete damage) and DS5 
(collapse).   
 
In this scenario the calculated damage is dominated by slight and moderate 
damage to older unreinforced masonry buildings. However approximately 270 
buildings suffer damage DS3, 100 are completely damaged by the earthquake and 
47 buildings, mainly belonging to URM pre-1920 typology, are estimated to 
collapse.  

 
Figure 30 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 according 
to their building typology class for the Huizinge Mw = 5 earthquake scenario. 
 
Table 15: Number of buildings damaged in Huizinge Mw = 5 earthquake scenario  
Huizinge (#1) DS1 DS2 DS3 DS4 DS5 

50th percentile 2424 1103 268 102 47 
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6.2.3 Casuality Estimation 
The methodology proposed by HAZUS (FEMA, 2013) is followed for the 
estimation of the casualties. To this end, the number of buildings in damage states 
DS4 and DS5 is re-computed following the HAZUS guidelines: the number of 
collapsed buildings is a proportion of the buildings that suffer complete damage. 
This proportion depends on the building typology and is called Collapse Rate (see 
Section 4.7. It is important to highlight that the casualty estimation is performed 
adopting the 15 km radius study area (blue outlines in Figure 29). Figure 31 
presents the numbers of buildings in each damage state for the 15 km radius 
building database area when the 50th percentile PGA values are used. The damage 
states DS4 and DS5 are computed both using the fragility functions and with the 
HAZUS Collapse Rates (DS4 – H and DS5 – H). The HAZUS methodology leads 
to 21 collapsed buildings and 125 completely damaged buildings. These numbers, 
DS4 – H and DS5 – H, are used only for the casualty estimation purposes. 

 
Figure 31: Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 according 
to their building class for the Huizinge Mw = 5 earthquake scenario. DS4 – H and DS5 – 
H represent the number of buildings computed using the HAZUS methodology for loss 
estimation purposes. Labels in the plot present the total number of buildings in each 
damage state. 

The numbers of casualties in terms of the severity of injury are summarised on the 
top panel of Figure 32 for the occurrence of the Huizinge Mw = 5 scenario event 
during the day and on the bottom panel for the occurrence of the event during the 
night. The figure shows the number of people that would suffer injury severity 
levels (SL) 1 to 4 in damage states DS1, DS2, DS3, DS4 (HAZUS) and DS5 
(HAZUS). 113 people are estimated to be slightly-to-seriously injured with 
approximately 6 potential fatalities during the day and 104 injured and 5 potential 
fatalities during the night. This shows that casualty estimates are relatively 
unaffected by when the scenario earthquake occurs.  
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Figure 32 Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the occurrence of 
the Huizinge Mw = 5 earthquake scenario during the day (2 pm), top panel, and during the 
night (2 am), bottom panel. 

6.3 Sensitivity Analyses 
This section describes the sensitivity analyses undertaken to investigate the effect 
of the PGA percentile (Section 6.3.1), of the earthquake magnitude (Section 
6.3.2), earthquake location (Section 6.3.4) and to the selected fragility functions 
(Section 6.3.5) on the risk assessment results. Detailed results are presented in 
Appendix D.  

6.3.1 Comparison between the 50th Percentile, the 84th 
Percentile and the Mean PGA Scenarios Mw = 5 

84th percentile PGA values at the building locations are shown in Figure 33 and 
the mean PGA values are shown in Figure 34.  
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Figure 33 84th percentile peak ground acceleration (PGA) estimated for an earthquake of 
Mw=5 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. (2013) is 
used. 
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Figure 34 Mean peak ground acceleration (PGA) estimated for an earthquake of Mw=5 
and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. (2013) is used. 

A comparison of the estimated number of damaged buildings associated with the 
median (50th percentile), the 84th percentile and the mean PGA values is provided 
in Table 16 and on Figure 35. The median PGA values result in 47 collapsed 
buildings while the mean PGA values result in 201 collapsed buildings. As 
expected the 84th percentile PGA values provide an extreme scenario with 1286 
collapsed buildings.  
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Table 16: Number of buildings damaged in Huizinge Mw = 5 earthquake scenario  
 DS1 DS2 DS3 DS4 DS5 

50th percentile 2424 1103 268 102 47 

84th percentile 11847 9210 3351 1841 1286 

Mean  4366 2738 802 355 201 

 
Figure 35: Comparison of the number of buildings in damage state DS1, DS2, DS3, DS4 
and DS5 for the Huizinge Mw = 5 earthquake scenario using the 50th, the 84th percentiles 
and the mean of the GMPE.  
Figure 36 and Figure 37 show the comparison of the expected number of 
casualties obtained with the 50th, 84th percentiles and the mean PGA values when 
the earthquake occurs during the day and during the night respectively. 
 

 
Figure 36 Comparison of the estimated number of casualties for the Huizinge Mw = 5 
earthquake scenario occurring during the day using 50th, the 84th percentiles and the mean 
of the GMPE.  
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Figure 37 Comparison of the estimated number of casualties for the Huizinge Mw = 5 
earthquake scenario occurring during the night using the 50th, the 84th percentiles and the 
mean of the GMPE.  

The results highlight how sensitive the scenario-based risk assessment is to the 
level of ground motion used for the computation of the seismic hazard. A more in-
depth analysis of the ground motion variability is presented in Section 6.4.  

6.3.2 Comparison of the Results for the Four Earthquake 
Scenarios with Magnitude Mw = 3.6, 4, 4.5 and 5 (50th 
percentile PGA values) 

The detailed analyses for the four earthquake magnitude results are presented in 
Appendix D. The Huizinge Mw=5 earthquake scenario (scenario #1) is taken as 
reference and the risk assessment is carried out for magnitude Mw=4 (scenario #2, 
Appendix D4) and 4.5 (scenario #3, Appendix D5). A comparison of the results 
for the 50th percentile PGA values is presented below. Appendix D10 presents the 
same comparisons for the 84th percentile PGA values among the four earthquake 
magnitude scenarios.  

The results of the four earthquake scenarios in terms of damaged buildings are 
compared in Table 17 and Figure 38. Table 18 and Table 19 show the estimated 
number of casualties for the four earthquake scenarios. The risk results both in 
terms of damage and casualties indicate that expected losses are very sensitive to 
the magnitude, as expected.  
Table 17: Comparison of the four earthquake scenarios with magnitude 3.6, 4, 4.5 and 5 
in terms of number of buildings damaged to damage states DS1 to DS5. The extended 
database is used.  
Scenario Location Magnitude DS1 DS2 DS3 DS4 DS5 

#0 Huizinge 3.6 42 6 1 0 0 

#2 Huizinge 4 173 39 6 2 0 

#3 Huizinge 4.5 753 269 54 18 7 

#1 Huizinge 5 2424 1103 268 102 47 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Seismic Risk Study - Earthquake Scenario-Based Risk Assessment 
 

REP/229746/SR001 | Issue | 29 November 2013  

 

Page 58 
 

 

 
Figure 38  Comparison of the four earthquake scenarios with magnitude Mw=3.6, 4, 4.5 
and 5 in terms of number of buildings damaged to damage states DS1 to DS5.  
 
Table 18 Comparison of the estimated number of casualties for the four earthquake 
scenarios with magnitude Mw=3.6, 4, 4.5 and 5, assuming the occurrence of the 
earthquake during the day.  
Scenario Location Mw SL1 SL2 SL3 SL4 

#0 Huizinge 3.6 0 0 0 0 

#2 Huizinge 4 1.8 0.7 0 0 

#3 Huizinge 4.5 16 6 0 1  

#1 Huizinge 5 81 29 3 6 

 
Table 19  Comparison of the estimated number of casualties for the three earthquake 
scenarios with magnitude Mw=3.6, 4, 4.5 and 5, assuming the occurrence of the 
earthquake during the night.  
Scenario Location Mw SL1 SL2 SL3 SL4 

#0 Huizinge 3.6 0 0 0 0 

#2 Huizinge 4 1.6 0.6 0 0 

#3 Huizinge 4.5 14 6 0 1 

#1 Huizinge 5 74 27 3 5 

Careful review of the damage reports obtained after the 2012 Huizinge earthquake 
has revealed that some of the reports are duplicated, some are related to damage 
from other earthquakes and some are potentially related to pre-existing damage. 
Hence, the number of damaged buildings associated with the Huizinge earthquake 
may be lower than the number of damage reports and a direct comparison with the 
estimated number of damaged buildings obtained with this risk assessment is not 
possible. 
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6.3.3 Comparison of the Results for the Earthquake Scenarios 
with Magnitude Mw=3.6, 4, 4.5 and 5 (84th percentile 
PGA values) 

The results for the four earthquake scenarios in terms of damaged buildings are 
compared in Table 20 and Figure 39. Table 21 and Table 22 show the estimated 
number of casualties for the four earthquake scenarios but using the 84th percentile 
of the ground motion PGA values.  
 
Table 20  Comparison of the four earthquake scenarios with magnitude Mw=3.6, 4, 4.5 
and 5 in terms of number of buildings damaged to damage states DS1 to DS5.  
Scenario Location Magnitude DS1 DS2 DS3 DS4 DS5 

#0 Huizinge 3.6 617 231 49 17 6 

#4 Huizinge 4 1636 830 210 82 39 

#5 Huizinge 4.5 4206 3035 947 440 264 

#1 Huizinge 5 11847 9210 3351 1841 1286 

 

 
Figure 39  Comparison of the four earthquake scenarios with magnitude 3.6, 4, 4.5 and 5 
in terms of number of buildings damaged to damage states DS1 to DS5.  
 
Table 21  Comparison of the estimated number of casualties for the four earthquake 
scenarios with magnitude 3.6, 4, 4.5 and 5, assuming the occurrence of the earthquake 
during the day.  
Scenario Location Mw SL1 SL2 SL3 SL4 

#0 Huizinge 3.6 15 5 1 1 

#2 Huizinge 4 66 23 3 5 

#3 Huizinge 4.5 339 116 15 29 

#1 Huizinge 5 1279 386 50 118 
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Table 22  Comparison of the estimated number of casualties for the four earthquake 
scenarios with magnitude 3.6, 4, 4.5 and 5, assuming the occurrence of the earthquake 
during the night.  

Scenario Location Mw SL1 SL2 SL3 SL4 

#0 Huizinge 3.6 13 5 0 1 

#2 Huizinge 4 60 22 2 4 

#3 Huizinge 4.5 314 111 13 26 

#1 Huizinge 5 1205 407 54 106 

The earthquake scenarios casualty estimates using the 84th percentile PGA values 
as input are found to be conservative with the estimated number of casualties 
interpreted to be higher than expected. The magnitude Mw =3.6 scenario with 84th 
percentile PGA results in 18 slight (SL1) to moderate (SL2) injuries and an 
estimated single potential fatality. This result is higher than the actual casualties 
associated with the August 2012 Huizinge earthquake. However, as noted 
previously, it is recommended that these higher casualty estimates are taken into 
consideration. 

 

6.3.4 Comparison of Results for the Three Earthquake 
Epicentre Locations (50th percentile PGA values) 

This section compares the results the sensitivity analyses undertaken to investigate 
the effect of changes of the earthquake location. To this end, the Huizinge 
scenario (scenario #1, Section 6.2) is taken as the reference and the risk 
assessment is carried out for two more locations: Zandeweer to the north of 
Huzinge (Appendix D6) and Hoeksmeer (Appendix D7) to the south. The 50th 
percentile PGA values are used in the calculations. 

The risk results for the three earthquake scenarios in terms of damaged buildings 
are compared in Table 23 and in Figure 40. Table 24 and Table 25 show the 
number of casualty for the three earthquake scenario locations.  

The damage results for each of the scenarios in terms of damaged buildings are 
similar, indicating that the building stock is relatively evenly distributed across the 
study area. The casualties’ estimates are slightly lower in the case of the 
Hoeksmeer earthquake scenario due to the relative position of the epicentre and 
the preliminary study area used for casualty estimation. 
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Figure 40: Comparison of the three Mw=5 earthquake scenarios in terms of number of 
buildings damaged to damage states DS1 to DS5. The extended database is used. 
 
Table 23: Comparison of the three earthquake scenarios in terms of number of buildings 
damaged to damage states DS1 to DS5. The extended database is used. 
Scenario Epicentre Mw DS1 DS2 DS3 DS4 DS5 

#1 Huizinge 5 2424 1103 268 102 47 

#4 Zandeweer 5 2012 1057 285 114 55 

#5 Hoeksmeer 5 2620 1161 261 94 41 

 
The casualty estimates for the three earthquake scenario locations are also very 
similar indicating that the population is relatively evenly distributed across the 
study area. 
 
Table 24: Comparison of the estimated number of casualties for the three Mw=5 
earthquake scenarios, assuming the occurrence of the earthquake during the day.  
Scenario Epicentre Mw SL1 SL2 SL3 SL4 

#1 Huizinge 5 81 29 3 6 

#4 Zandeweer 5 90 31 4 7 

#5 Hoeksmeer 5 65 23 3 5 

 
Table 25: Comparison of the estimated number of casualties for the three Mw=5 
earthquake scenarios, assuming the occurrence of the earthquake during the night.  
Scenario Epicentre Mw SL1 SL2 SL3 SL4 

#1 Huizinge 5 74 27 3 5 

#4 Zandeweer 5 81 30 3 6 

#5 Hoeksmeer 5 58 22 2 4 
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6.3.5 Comparison of the Results Using the Three Families of 
Fragility Functions (50th percentile PGA values) 

This section describes the sensitivity analyses undertaken to investigate the effect 
of the selection of the fragility functions on the risk assessment results. The Mw=5 
Huizinge earthquake scenario is taken as the reference (Section 6.2). The risk 
assessment is then repeated using the fragility functions by Pinho and Crowley 
(scenario #6, Appendix D8) and the modified fragility functions to account for 
potential effects of ground motion short duration (scenario #7, Appendix D9). The 
median 50th percentile and the 84th percentile PGA values are used in the 
calculations. In this section the comparison is carried out for the median PGA 
values, while Appendix D10.1 present the comparisons using the 84th percentile 
PGA values. 

The risk assessment results in terms of damaged buildings for the earthquake 
scenario computed with the three sets of fragility functions with the 50th percentile 
PGA values are compared in Table 26 and in Figure 41. Table 27 and Table 28 
show the estimated number of casualties. Table 26 Comparison of the earthquake 
scenario of Huizinge M=5 using the three families of fragility functions in terms 
of number of buildings damaged to damage states DS1 to DS5.  
Scenario Location Fragility 

functions 
DS1 DS2 DS3 DS4 DS5 

#1 Huizinge Arup 2424 1103 268 102 47 

#6 Huizinge Pinho/Crowley 
“duration 
unmodified” 3075 363 208 77 53 

#7 Huizinge Pinho/Crowley 
“duration 
modified” 3263 349 124 29 10 

 

 
Figure 41 Comparison of the earthquake scenario of Huizinge Mw =5 using the three 
families of fragility functions in terms of number of buildings damaged to damage states 
DS1 to DS5.  
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The risk results from the Arup and Pinho and Crowley “duration unmodified” 
fragility functions are similar while the estimated number of damaged buildings 
and consequently the estimated number of injured people decreases when the 
effects of duration are accounted for in the fragility functions.  

The estimated number of slightly damaged buildings (DS1) is similar with the 
three sets of fragility functions. The estimated number of moderately damaged 
(DS2) is significantly lower when using the Pinho and Crowley fragility 
functions. The estimated number of extensively damaged buildings is 
approximately 270 when the Arup fragility functions are used, approximately 210 
in the case of the Pinho and Crowley “duration unmodified” fragility functions 
and decreases to 124 when the Pinho and Crowley “duration modified” fragility 
functions are adopted. The estimated number of completely damaged buildings is 
approximately 100 with Arup fragility functions set, approximately 80 in the case 
of the Pinho and Crowley “duration unmodified” fragility functions and decreases 
to approximately 30 when the Pinho and Crowley “duration modified” fragility 
functions are adopted. The number of collapsed buildings estimated with the Arup 
fragility functions is similar to that estimated with the Pinho and Crowley 
“duration unmodified” fragility functions (approximately 50) while only ten 
buildings are estimated to collapse with the Pinho and Crowley “duration 
modified” fragility functions.The estimated number of casualties using the Pinho 
and Crowley “duration modified” fragility functions is approximately one third 
(30%-40%) of the estimated casualties using the Arup fragility functions.  The 
estimated number of casualties using the Pinho and Crowley “duration 
unmodified” fragility functions is approximately two thirds (60%-70%) of the 
estimated casualties using the Arup fragility functions for SL1 and SL2, but the 
number of severe injuries estimated with the Arup and with the Pinho and 
Crowley “duration unmodified” fragility functions is similar.  
 
Table 27 Comparison of the estimated number of casualties for the earthquake scenario of 
Huizinge Mw=5 using the three families of fragility functions, assuming the occurrence of 
the earthquake during the day.  
Scenario Location Fragility functions SL1 SL2 SL3 SL4 

#1 Huizinge Arup 81 29 3 6 

#6 Huizinge Pinho/Crowley “duration 
unmodified” 64 20 3 5 

#7 Huizinge Pinho/Crowley “duration 
modified” 31 9 1 2 

 
Table 28 Comparison of the estimated number of casualties he earthquake scenario of 
Huizinge M=5 using the three families of fragility functions, assuming the occurrence of 
the earthquake during the night.  
Scenario Location Fragility functions SL1 SL2 SL3 SL4 

#1 Huizinge Arup 74 27 3 5 

#6 Huizinge Pinho/Crowley 
“duration unmodified” 56 17 2 4 

#7 Huizinge Pinho/Crowley 
“duration modified” 21 7 1 1 
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6.4 Investigating the Ground Motion Variability 
A further set of analyses is undertaken to better understand the influence of the 
ground motion variability on the risk estimation results. The details of the 
methodology have been described in Section 2.2.2. Examples of PGA maps 
derived with the fully correlated and the fully uncorrelated Monte Carlo cases for 
the Mw=5 Huizinge earthquake scenario and details on the Monte Carlo analyses 
are presented in Appendix D11. The analysis shows that a relatively small number 
of Monte Carlo simulations (2500) is sufficient to obtain a good estimate of the 
numbers of damaged buildings. Hence, a set of 2500 Monte Carlo simulations is 
used to carry out the casualty estimation within the study area (15 km radius) for 
the case of fully uncorrelated and fully correlated ground motion variability.  

It is noted that both hypotheses represent extreme cases and the expected realistic 
ground motion experienced during an earthquake is spatially correlated to an 
extent which will depend on the distance between the buildings: ground motions 
recorded close to one another are expected to be closely correlated, while distant 
recordings are uncorrelated. The two cases herein analysed are two bounding 
cases. Moreover, in this study the ground motion variability distribution is 
sampled in an unbounded way (i.e. very large or very small ground motions are 
sampled from this distribution). In the uncorrelated case, this distribution is 
sampled 10,000s of times per analysis, and therefore this leads to extreme cases 
with PGA values over three standard deviations above the mean. Therefore, the 
result with some amount of spatial correlation taken into account would be 
expected to be closer to the fully correlated case, as it is not as influenced by the 
extreme values of ground motion. Median results (50th percentiles) from the 
Monte Carlo analysis are compared with the median results from the deterministic 
median PGA values as input.  

The results are compared in Figure 42 in terms of median (50th percentile) number 
of damaged buildings obtained in the assumption of full uncorrelation (green bars) 
and full correlation (blue bars).  

 
Figure 42 Comparison of the median (50th percentile) number of damaged buildings 
obtained from the Huizinge Mw=5 scenario with the Monte Carlo simulation for the fully 
correlated case (blue), fully uncorrelated case (green). The numbers of damaged building 
obtained with the median PGA input values are shown for comparison. 
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Figure 43 compares the results obtained in terms of casualty estimation. It is 
highlighted that while in the uncorrelated case about 60 potential fatalities are 
estimated, in the case of the fully correlated PGA variability the estimated median 
number of potential fatalities is about 7. The estimated median (50th percentile) 
number of damaged buildings and potential casualties obtained with the fully 
correlated spatial distribution of PGA values as input to the Monte Carlo 
simulations are consistent with the number of damaged buildings estimated using 
the median (50th percentile) input PGA values of the GMPE.  

 
Figure 43 Comparison of the median (50th percentile) numbers of casualties obtained 
from the Huizinge Mw=5 scenario with the Monte Carlo simulation for the fully correlated 
case (blue), fully uncorrelated case (green). The numbers of casualties obtained with the 
median PGA input values are shown for comparison.  

6.4.1 Sensitivity of the Results to the Fragility Functions 
A sensitivity analysis is undertaken to investigate the influence of the selected 
fragility functions on the mean number of damaged buildings obtained through the 
Monte Carlo simulations. As for the previous section, a set of 2500 Monte Carlo 
simulations and fully uncorrelated ground motion variability are assumed.  

The results are presented in terms of median (50th percentile) numbers of damaged 
buildings (Figure 44) and median number of casualty estimation assuming the 
occurrence of the Mw=5 earthquake scenario during the day (Figure 45). 

The results are sensitive to the fragility functions used in the risk assessment as 
described previously. In particular, the number of estimated collapsed buildings 
and numbers of estimated fatalities is less if the Pinho and Crowley (2013) 
duration modified fragility functions are used compared to the Arup fragility 
functions. At this stage it is unknown which fragility functions best represent the 
likely performance of Groningen building stock under seismic loading and it is 
recommended that the range of results is considered. 
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Figure 44 Comparison of the median (50th percentile) number of damaged buildings 
obtained from the Huizinge Mw=5 scenario using the three sets of fragility functions.  

 
Figure 45 Comparison of the median (50th percentile) number of casualties obtained from 
the Huizinge Mw=5 scenario using the three sets of fragility functions. 

6.5 Summary of the Risk Assessment Results 
Potential building damage estimates (and subsequently the potential casualty 
estimates for the building occupants) are sensitive to the level of ground shaking 
(e.g. measured in PGA) expected at each building location. A given magnitude of 
earthquake that can potentially occur in the future can produce a range of possible 
PGAs at each building location. Therefore, to answer questions like, “how many 
buildings are expected to be damaged in a Mw=5 earthquake?”, a range of possible 
outcomes, some more likely than others, must be considered. The probability 
distribution of these outcomes describes how likely each of them are to occur, 
given the scenario earthquake event.  
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There are many different ways of describing such a probability distribution. The 
‘median’ describes the value which has a 50% chance of being exceeded (and a 
50% chance of not being exceeded) given the occurrence of the scenario 
earthquake event. Other ‘percentile’ values can also be reported. For example, the 
16th percentile is exceeded with 84% probability (100% minus 16%), and is 
therefore likely (although not certain) to be a low estimate of what would occur in 
an earthquake, while the 84th percentile is exceeded with only 16% probability 
(100% minus 84%), and therefore is likely (although not certain) to be a high 
estimate. These particular percentiles (16th and 84th) are often reported, as they 
represent the median minus and plus one standard deviation from the median. 

The ‘mean’ is what would be obtained if a representative number of possible 
scenario earthquake events were observed, and the average calculated. For a 
skewed probability distribution (in which disproportionately large values are 
possible but with a very small probability), the mean is larger than the median, i.e. 
the mean value has less than 50% chance of being exceeded. Estimates of building 
damage in earthquakes have a skewed probability distribution so the mean is 
much larger than the median. Nevertheless, the “median” and the “mean” are 
commonly used measures to represent possible values from a probability 
distribution. By themselves, however, the ‘median’ and the ‘mean’ are not 
adequate to describe what could potentially occur even in a single scenario 
earthquake – and a range of possible results provides the best understanding. 

A summary of the risk results in terms of expected number of damaged buildings 
for a Mw=5 earthquake scenario is provided in Table 29 while the results in terms 
of casualties are summarised in  Table 30. The numbers highlight the large 
uncertainty included in the analysis and in particular the large influence that the 
standard deviation of the GMPE, i.e. the considered percentile, has on the final 
results.  

The results with the 50th percentile PGA values show a number of collapsed 
buildings that ranges from 10 to 55 and a number of potential fatalities that ranges 
from 2 to 6. When the 84th percentile PGA values are instead considered the 
expected number of collapsed buildings varies approximately from 300 to 1290 
while the number of potential fatalities from 40 to 120.   
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Table 29  Number of damaged buildings computed with an earthquake of magnitude 
Mw=5 with different assumptions on epicentre location, percentile of the GMPE and 
fragility function. 
Case Epicentre Mw GMPE 

variability 
Fragility function DS1 DS2 DS3 DS4 DS5 

# 1 a Huizinge 5 50 th perc Arup 2424 1103 268 102 47 

# 1 b Huizinge 5 84 th perc. Arup 11847 9210 3351 1841 1286 

# 1 c Huizinge 5 Mean Arup 4366 2738 802 355 201 

# 4 Zandeweer 5 50th perc. Arup 2012 1057 285 114 55 

# 5 Hoeksmeer 5 50th perc. Arup 2620 1161 261 94 41 

# 6 a Huizinge 5 50th perc. Pinho/Crowley 
unmodified 

3075 363 208 77 53 

# 6 b Huizinge 5 84 th perc. Pinho/Crowley 
unmodified 

15141 2471 1750 867 1038 

# 7 a Huizinge 5 50th perc. Pinho/Crowley 
duration modified 

3263 349 124 29 10 

# 7 b Huizinge 5 84 th perc. Pinho/Crowley 
duration modified 

16373 2714 1362 497 320 

# 8 Huizinge 5 Random =1 
(Nsim=2500, 
50th perc.) 

Arup 2015 1060 267 103 48 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th perc.) 

Arup 4586 3775 1505 982 795 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th perc.) 

Pinho/Crowley 
unmodified 

6177 1084 803 419 656 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th perc.) 

Pinho/Crowley 
duration modified 

6810 1261 684 284 228 
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Table 30  Number of casualties estimated in case of an earthquake of magnitude Mw=5 
with different assumptions on the epicentre location, the on epicentre location, percentile 
of the GMPE and fragility function. 
 
Case Epicentre Mw GMPE 

variability 
Fragility function SL1 SL2 SL3 SL4 

# 1 a Huizinge 5 50 th perc Arup 81 29 3 6 

# 1 b Huizinge 5 84 th perc. Arup 1279 427 60 118 

# 1 c Huizinge 5 Mean Arup 273 94 12 23 

# 4 Zandeweer 5 50th perc. Arup 90 31 4 7 

# 5 Hoeksmeer 5 50th perc. Arup 65 23 3 5 

# 6 a Huizinge 5 50th perc. Pinho/Crowley 
unmodified 64 20 3 5 

# 6 b Huizinge 5 84 th perc. Pinho/Crowley 
unmodified 790 251 39 77 

# 7 a Huizinge 5 50th perc. Pinho/Crowley 
duration modified 31 9 1 2 

# 7 b Huizinge 5 84 th perc. Pinho/Crowley 
duration modified 468 150 22 43 

# 8 Huizinge 5 Random =1 
(Nsim=2500, 
50th perc.) 

Arup 85 30 3 7 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th 
perc.) 

Arup 

789 261 39 77 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th 
perc.) 

Pinho/Crowley 
unmodified 502 162 26 51 

# 9 Huizinge 5 Random =0 
(Nsim=2500, 
=0, 50th 
perc.) 

Pinho/Crowley 
duration modified 319 104 16 31 
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6.6 Comparison with Observations from Other 
Earthquakes 

In order to provide a “sense check” on the initial earthquake scenario-based 
building damage risk results, a brief desk study has been undertaken to compare 
the severity of damage and injuries caused by earthquakes of approximately 
magnitude Mw ~ 5 to 5.5 elsewhere in the world. It should be noted that a number 
of earthquakes in the table below have magnitudes above Mw =5 to 5.8 range and 
it would be beneficial to expand this brief review to include more events and in 
particular induced earthquake events. A brief summary of the findings from 
observations of damage and injuries from these selected earthquakes is provided 
in Table 31.  
Table 31  Comparison of risk results with observations from earthquakes elsewhere in the 
world. 
Location Date M Depth 

(km) 
Damage and Loss Description Reference 

Kentucky, 
USA 

1980 ML 5.2 8 Slight damage to 306 buildings.  USGS(1) 

Liege, 
Belgium 

1983 ML 4.9 4 Slight damage to approximately 13000 
buildings. 25 partially or totally destroyed. 
2 fatalities and a few injuries. 
Repair cost was approximately 
$ 80Million. 

Jongmans and  
Campillo 

(1990) 
 

EEFIT (1985) 

Newcastle, 
Australia 

1989 ML 5.6 15 50,000 buildings damaged.  
Over 160 injuries and 13 fatalities. 

Geoscience 
Australia(2) 

 

Roermond, 
Netherlands 

1992 ML 5.8  
Mw 5.4 

21 Slight damage to 1000s and moderate 
damage to 10s of buildings. €125 Million 
economic damage.  
1 indirect fatality (heart attack) and 45 
injuries. 

Pappin et al. 
(1994) 

Mionica, 
Serbia 

1998 ML 5.5 10 60 schools damaged. 3 houses destroyed.  
1 fatality and 17 injuries. 

NGDC (3) 

Molise, 
Italy 

2002 MW 5.8 10 Over 3600 unsafe buildings (likely to be 
demolished) and  
30 deaths, approximately 100 injured and 
~2300 homeless.  

Mola et al. 
(2003) 

Kraljevo, 
Serbia 

2010 Mw 5.5 10 $150million economic losses. 
Over 100 injuries and 2 fatalities. 

Daniell et al. 
(CATDAT, 

2010) 

Lorca, 
Spain 

2011 Mw 5.1 1 4035 buildings in EMS-98 grade 2, 1328 
buildings in grade 3, 689 in grade 4 and 
329 buildings in grade 5.  
9 fatalities, 3 heavy injuries and ~400 
slight injuries. 

Daniell et al. 
(CATDAT, 

2011) 
Donaire-Avila 
et al. (2012) 

Oklahoma, 
USA 

2011 Mw 5.6 5 Slight to complete damage. 14 houses 
collapsed. 2 slight injuries. USGS(1) 

(1) http://earthquake.usgs.gov/earthquakes/; (2) http://www.ga.gov.au/hazards.html  
(3) http://www.ngdc.noaa.gov/nndc/struts/results?eq_0=5505&t=101650&s=13&d=22,26,13,12&nd=display 

http://earthquake.usgs.gov/earthquakes/
http://www.ga.gov.au/hazards.html
http://www.ngdc.noaa.gov/nndc/struts/results?eq_0=5505&t=101650&s=13&d=22,26,13,12&nd=display
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6.6.1 Liege, Belgium Earthquake 1983 
On the 8th November 1983 the region of Liege in Belgium experienced a 
magnitude ML=4.9 earthquake. The event was strongly felt across the city of 
Liege and caused slight damage to thousands of buildings (approximately 13000) 
and complete damage or collapse to 25 buildings. The principal types of damage 
were failure of chimneys, vertical cracks between façade and cross wall and shear 
cracking in the walls. Modern and well-constructed buildings were generally 
undamaged. Two people were killed and a few people injured (Jongmans and 
Campillo, 1990). Images of the type of damage that occurred during this event are 
shown in Figure 46. 

  

 

 

Figure 46 Observations of extensive damage and partial collapse of buildings caused by 
the Liege, Belgium 1983 earthquake (from EEFIT 1983).   
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6.6.2 Roermond, Netherlands Earthquake 1992 
On the 13th April 1992 the region of Roermond in the Netherlands experienced a 
magnitude ML=5.8 (Mw=5.4) earthquake. This was the strongest earthquake ever 
recorded in the Netherlands and one of the strongest in Northwest Europe. This 
was a tectonic earthquake and not an induced event associated with gas extraction. 
The event was strongly felt across the Netherlands, Germany and Belgium and 
into France and even to the south of England.  

Images of the type of damage that occurred during this event are shown in Figure 
47. 

  

  
Figure 47 Observation of slight to extensive damage to buildings and failure of a canal 
slope as a result of the Roermond, Netherlands 1992 earthquake.   

6.6.3 Lorca, Spain Earthquake 2011 
On the 11th May 2011 the town of Lorca in Spain experienced a magnitude 
Mw=5.1 earthquake. The event is reported to have a hypocentral depth of only 
1km. The maximum recorded PGA was of 0.36 g and the mean significant 
duration of the ground motion (time between the 5% and 95 % of Arias Intensity) 
was about 1 sec over the available recordings. 
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The event was strongly felt in Southern Spain and caused significant damage to 
the town of Lorca where most of the damaged buildings were reinforced concrete 
frame structures and reinforced concrete waffle slab. According to the data 
provided by the Lorca council, 6416 of the 7852 buildings of the city were 
checked, and the observed damage measured with the EMS-98 scale (see 
Appendix B2) was distributed as follows: 4035 buildings in grade 2, 1328 
buildings in grade 3 damage, 689 in grade 4 and 329 buildings in grade 5, which 
collapsed or were demolished after the earthquake (Donaire-Avila et al., 2012). 
The earthquake caused 9 fatalities, 3 heavy injuries and ~400 slight injuries 
(Daniell et al., 2011). 

Images of the type of damage that occurred during this event are shown in Figure 
48. 

 

 
Figure 48 Observations of complete damage and collapse of an old unreinforced masonry 
church building caused by the Lorca, Spain 2011 earthquake.   
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6.6.4 Lessons Learned from Previous Earthquakes 
There have been very few damaging earthquakes in the Netherlands in modern 
times and therefore there is very little information on which to base the expected 
performance of local Netherlands and particularly local Groningen buildings 
under earthquake ground shaking. In particular there is little information on 
damage and casualties related to small to moderate magnitude earthquakes. 
Similarly there is very little information on which to investigate how the 
population in the Groningen region will respond during a more significant 
earthquake event than experienced to date and how many people might be injured. 
It is therefore essential to take advantage of lessons learned from earthquakes 
elsewhere in the world particular regarding lessons for life safety. 

There is unfortunately surprisingly little consistent data on earthquake injuries 
worldwide. For human casualty estimation the key factors are building type, level 
of structural damage, non-structural damage and secondary hazards (Coburn and 
Spence, 1992). A broad range of other factors are also important including 
building height, construction quality, specific non-structural elements and 
contents, location relative to other buildings, as well as local ground conditions 
and potential for secondary ground related hazards. A consistent finding from 
post-earthquake studies is that increasing age of the building occupants is 
associated with higher mortality in earthquakes. Women have also been found to 
be more vulnerable than men. These and other socio-cultural factors associated 
with gender and age are particularly important to take into account during risk 
communication (Petal, 2011).    

So and Pomonis (2012) describe casualty rates for use in loss estimation and it is 
clear that care must be taken in extrapolating casualty rates from a wide range of 
earthquake magnitudes and from different building typologies. So and Pomonis 
provide fatality rates for different types of masonry. They report that European 
masonry building with wooden floors had 9 to 12% fatality rates in collapsed 
buildings. Structural masonry (low rise) is reported to have fatality rates of 6 to 
8% and structural masonry to have fatality rates of 13 to 16%. However, Ferreira 
et al. (2011) report that for masonry buildings the chance of survival in a 
collapsed building is higher than within a collapsed reinforced concrete building.  

Post-earthquake data generally indicates that being inside a building is more 
hazardous than being outside a building. This applies particularly for rural 
environments. However, there is less data from dense urban environments where 
there is higher building density and narrow streets (Petal, 2011). Ferreira et al. 
(2013) provide a correlation between earthquake magnitude and numbers of 
fatalities which emphasises the importance of population density on fatality levels. 
For a magnitude M=5 earthquake the fatalities are shown to vary between less 
than 1 to 2 at low population density to near 100 fatalities at higher population 
density.  

It is recommended that further work is undertaken to compile useful information 
on lessons learned from earthquakes to inform risk management decisions on the 
Groningen project.  
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7 Conclusions and Recommendations  
This section of the report provides a high level summary of the findings of the 
scenario earthquake risk assessment for the Groningen region.  

Recommendations are provided for future work to progress from the earthquake 
scenario-based building damage assessment presented in this report to the 
proposed detailed quantitative risk assessment of induced seismicity risk in the 
Groningen region.  

7.1 Conclusions of Risk Assessment Results 
Earthquake scenario risk assessment calculations have been undertaken for the 
Groningen region for a range of potential earthquake scenarios with magnitudes 
from Mw =3.6 to Mw =5 and earthquake risk estimates are presented in terms of 
potential numbers of damaged buildings and potential numbers of casualties. 
These risk estimates represent what damage and casualties are estimated to occur 
in the event of individual induced earthquakes within the Groningen region. These 
results do not represent the cumulative damage and casualties that could 
potentially result from all possible earthquakes over the life of the gas field.  

The number of buildings that will potentially be damaged and the number of 
associated casualties is expected to increase significantly with increasing 
magnitude of the potential future earthquakes. For a smaller magnitude 
earthquake, such as an Mw =4 earthquake event (using median PGA values as 
input) it is expected that hundreds of buildings will be slightly damaged, tens of 
buildings will be moderately damaged and fewer than 10 buildings will be 
extensively damaged. In the event of an earthquake of magnitude Mw =5 (using 
median PGA values as input) it is expected that thousands of buildings will be 
slightly or moderately damaged, hundreds of buildings extensively to completely 
damaged and approximately 50 buildings will collapse. For the smaller magnitude 
earthquake event it is expected that 2 or 3 people could be injured. In the event of 
an earthquake of magnitude Mw =5, it is expected that hundreds of people will 
potentially be injured with almost ten life threatening injuries or direct fatalities. 

If instead of using uniformly the median (50th percentile) or 84th percentile PGA 
values as input to the risk assessment calculation, the full potential variability in 
the ground motion PGA values is taken into consideration then the risk estimation 
results are significantly larger. The assessment of the full potential variability of 
the ground motion PGA is described in Section 6.4. For example, In the event of 
an earthquake of magnitude Mw =5 (using full variability in PGA values as input) 
it is expected that 8,000 to 9,000 buildings will be slightly or moderately 
damaged, 1,300 to 3,200 buildings extensively to completely damaged and 
approximately 370 to 1200 buildings will collapse. It is estimated that 470 to over 
a 1000 people could be injured with 45 to over 100 life threatening injuries or 
direct fatalities. These significantly higher estimates are believed to be 
conservative but cannot be discounted at this stage. These analyses serve to 
emphasise how sensitive the results are to changes in input values but also serve 
to emphasise the need for urgency. 
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There is considerable uncertainty in all aspects of the risk assessment 
methodology. In particular, the ground motion hazard caused by the induced 
seismicity is uncertain and subject to change. The vulnerability / fragility of the 
buildings in the Groningen region to earthquake ground motion is still under 
investigation and also subject to change.  In order to deal with this high level of 
uncertainty, risk calculations have been prepared using median ground motion 
PGA values and then sensitivity analyses have been undertaken to investigate the 
impact of changing the input values (e.g. increasing the PGA values or using 
alternative fragility functions) on the risk estimation results.  

7.2 Recommendations for Future Risk Assessment 
Research and Development Work  

It is recognised that each aspect of the initial earthquake scenario-based building 
damage assessment can be improved and the methodology made more robust. 
These improvements are necessary to provide a better understanding of the risk, 
its distribution geographically and in time, but also to better understand the level 
of uncertainty in the risk results. This improvement may also lead to an enhanced 
understanding of what is contributing most to the risk results (e.g. which building 
structural types, which locations, which building usage types and perhaps type of 
occupants). These enhancements are essential to provide a better understanding 
with regard to how best to manage the risk. 

7.2.1 Uncertainty Reduction by Research and Development 
A key aspect of on-going risk management work will be uncertainty reduction 
through research and development. Key areas for uncertainty reduction include: 

 Improved understanding of the ground motion hazard including the amplitude, 
frequency content and duration; 

 Improved understanding of the effect of the local geology on the ground 
motions;  

 Improved definition and classification of the building structural typologies in 
the region;  

 Improved understanding of the vulnerability of the building stock to ground 
shaking;  

 Improved estimation of the amount of building damage that can potentially 
occur by better understanding of the response of the buildings to potentially 
higher frequency and shorter duration ground motions; and 

 Improved casualty estimation methodology using building damage and 
casualty statistics from earthquakes elsewhere in the world but that are most 
relevant to the situation in the Groningen region.   

7.2.2 Seismic Hazard 
The risk assessment described in this report presents results for discrete 
earthquake scenarios only. It is proposed that a detailed quantitative risk 
assessment will also be undertaken in the future. It is recommended that both 
scenario earthquake analyses and probabilistic seismic hazard analyses are taken 
forward for the quantitative risk assessment. 

The detailed quantitative risk assessment should include: 
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 Earthquake ground motion hazard levels determined using probabilistic 
seismic hazard analysis methodology and input from the geomechanical model 
for the gas field with expert input from colleagues at KNMI and NAM. 

 In addition to ground motion prediction equations for peak values, the 
selection and implementation of ground motion prediction equations for 
response spectral values should be studied to allow determination of seismic 
hazard response spectra. 

An improved understanding of the local geology and the effect on the earthquake 
ground motions is desirable. Region specific geological maps and geotechnical 
data should be used to derive regional maps showing the distribution of seismic 
site response factors.  

The instrumentation and monitoring programme proposed by NAM would allow 
fundamental data on the characteristics of the earthquake ground motions in the 
region to be collected. It is recommended that the following issues are taken into 
consideration: 

 Seismological instruments would allow improved accuracy of the location, 
depth and characteristics of the induced earthquake events. 

 Free-field strong-motion instruments would provide an increased number of 
earthquake ground motion recordings. It is recommended that the probabilistic 
hazard maps are used to inform the placement of these instruments.  

 It is recommended that borehole arrays are installed at selected locations to 
confirm seismic site response within the ground conditions within the region. 

 Instrument arrays should be installed on typical, critical and historical 
buildings and critical infrastructure to determine the response of these 
structures to seismic ground motions. Other instruments such as tilt and crack 
meters may also be considered for selected buildings. Where buildings are to 
be instrumented it is important that a good understanding of the ground 
conditions and free-field ground motion is also obtained. 

 A data management system with data analytics and automated reporting will 
be required to manage the large volume for interpretation and to inform 
decision making in a timely manner. It is recommended that an organisation 
with experience on seismic strong-motion instrumentation and monitoring, 
and recent experience of monitoring buildings and infrastructure under 
earthquake loading, is consulted to ensure lessons are learned from recent 
earthquakes.   

7.2.3 Building Exposure  
The building database used for the risk assessment is still under development and 
includes data gaps and assumptions related to building structural type, building 
usage, building occupancy and building cost. These gaps have been filled by 
making reasonable, informed decisions using the statistics derived from adjacent 
buildings or the statistics of the entire building database. For example, where the 
building structural type is unknown it is assumed that the building could be a 
range of possible structural types with appropriate weightings based on the 
statistics of all buildings of the same usage type. Building inspections at a number 
of towns in the region have also been undertaken to validate assumptions and fill 
data gaps. 
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For the future detailed risk assessment considerably more effort would be required 
to resolve the data gaps and assumptions to reduce uncertainty where possible. 
This additional work has started and a programme for rapid visual assessment of 
all buildings is being undertaken across the region to validate the key 
characteristics of the buildings in the Groningen region. 

7.2.4 Building Vulnerability 
The fragility functions for the buildings in the Groningen region have been 
calibrated using limited observations of building damage caused by earthquakes 
that have occurred in the region and elsewhere in the Netherlands. Further work is 
recommended to process the statistics of damage observations from other 
earthquakes in the region or neighbouring areas and to calibrate these building 
damage statistics with those compiled by other organisations particularly TNO. 
This aspect of the research would benefit from even closer interaction with TNO. 

Work is also on-going to calibrate the fragility functions with findings from 
detailed analytical models of buildings of region specific building types. The 
analytical models can be used to investigate the effect of the region specific 
earthquake ground motion characteristics including amplitude, frequency and 
duration, as well as the effect of the ground conditions and sub-structure and the 
effect of the particular characteristics of the building materials and forms of 
construction. 

The instrumentation and monitoring of buildings will also provide important data 
on the performance of Groningen buildings in response to future earthquake 
ground motions when and if this information will also be valuable in the 
calibration of fragility functions for the Groningen region buildings.  

7.2.5 Risk Calculation  
Improved methodology for estimation of the amount of building damage that may 
potentially be caused by Groningen region earthquakes is required. Improved 
definition of the hazard from induced seismicity along with an improved 
understanding of the response of the building types to potentially higher frequency 
and shorter duration ground motions is also required. In particular improved 
definition of the collapse rate of buildings is required as this is a critical factor for 
casualty estimation. 

Improved casualty estimation methodology using loss statistics that are most 
relevant to the situation in the Groningen region is also required. This will require 
improved detail on the population and demographics in the region as well as 
improved understanding on the correlation of casualties and building damage that 
are specific to the characteristics of building types in the Groningen region.  

7.2.6 Risk Management by Engineering by Strengthening of 
Buildings 

The work being undertaken with regard to proposed engineering and 
strengthening of buildings is described in a series of separate reports by Arup 
(Arup, 2013): 

 Structural Upgrading Strategy; 
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 Seismic Risk Assessment - Earthquake Scenario-Based Risk Assessment for 
Building Damage (this report); 

 Structural Upgrading Study; and 
 Implementation Study. 

It is recommended that the risk assessment calculations are repeated in the future 
using fragility functions that represent the enhanced building performance 
expected following (based on numerical analysis of typical buildings in the 
Groningen region before and after implementation of building strengthening 
measures). These calculations would show the cost / benefit of implementing the 
building strengthening programme and will be important in identifying when the 
induced seismicity risk is as low as reasonably practical in accordance with 
Netherlands risk acceptance criteria. 
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Table 1  Location of the past eight earthquakes used as epicentres by KNMI (pers. 
comm. by Dost on 13/06/2013). 
Table 2  Percentages of buildings suffering damage larger or equal to damage 
state during the Roermond earthquake. 
Table 3  Percentages of buildings suffering damage larger or equal to a damage 
state DS, during the Huizinge earthquake. 
Table 4  Damage statistics based on the survey undertaken by Arup in May 2013. 
Table 5: Collapse rates to define damage state DS5 collapse fragility functions. 
Table 6  Final parameters (means and standard errors) used for the URM fragility 
functions. 
Table 7: Median PGA (g) and sigma of the natural log of PGAGM for the fragility 
functions of RC1 and RC2 buildings. 
Table 8 Median PGA (g) and sigma of the natural log of PGAGM for the fragility 
functions of S1 buildings. 
Table 9 Median PGA (g) and sigma of the natural log of PGAGM for the fragility 
functions of timber buildings. 
Table 10 Proportions of people expected to be indoor and outdoor during the day 
and during the night (HAZUS, FEMA 2013). 
Table 11 Indoor Casualty rates by Model Building type and damage states (based 
on HAZUS, FEMA 2013). 
Table 12 Outdoor Casualty rates by Model Building type and damage states 
(based on HAZUS, FEMA 2013). 
Table 13 Earthquake scenarios included in the damage assessment. 
Table 14: Number of buildings subjected to ground motion (PGA in g) in scenario 
#1 - Huizinge Mw = 5 earthquake using the 50th percentile of the GMPE. 
Table 15: Number of buildings damaged in Huizinge Mw = 5 earthquake scenario 
Table 16: Number of buildings damaged in Huizinge Mw = 5 earthquake scenario 
Table 17: Comparison of the four earthquake scenarios with magnitude 3.6, 4, 4.5 
and 5 in terms of number of buildings damaged to damage states DS1 to DS5. The 
extended database is used. 
Table 18 Comparison of the estimated number of casualties for the four 
earthquake scenarios with magnitude Mw=3.6, 4, 4.5 and 5, assuming the 
occurrence of the earthquake during the day. 
Table 19  Comparison of the estimated number of casualties for the three 
earthquake scenarios with magnitude Mw=3.6, 4, 4.5 and 5, assuming the 
occurrence of the earthquake during the night. 
Table 20  Comparison of the four earthquake scenarios with magnitude Mw=3.6, 4, 
4.5 and 5 in terms of number of buildings damaged to damage states DS1 to DS5. 
Table 21  Comparison of the estimated number of casualties for the four 
earthquake scenarios with magnitude 3.6, 4, 4.5 and 5, assuming the occurrence of 
the earthquake during the day. 
Table 22  Comparison of the estimated number of casualties for the four 
earthquake scenarios with magnitude 3.6, 4, 4.5 and 5, assuming the occurrence of 
the earthquake during the night. 
Table 23: Comparison of the three earthquake scenarios in terms of number of 
buildings damaged to damage states DS1 to DS5. The extended database is used. 
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Table 24: Comparison of the estimated number of casualties for the three Mw=5 
earthquake scenarios, assuming the occurrence of the earthquake during the day. 
Table 25: Comparison of the estimated number of casualties for the three Mw=5 
earthquake scenarios, assuming the occurrence of the earthquake during the night. 
The risk assessment results in terms of damaged buildings for the earthquake 
scenario computed with the three sets of fragility functions with the 50th percentile 
PGA values are compared in Table 26 and in Figure 41. Table 27 and Table 28 
show the estimated number of casualties. Table 26 Comparison of the earthquake 
scenario of Huizinge M=5 using the three families of fragility functions in terms 
of number of buildings damaged to damage states DS1 to DS5. 
Table 27 Comparison of the estimated number of casualties for the earthquake 
scenario of Huizinge Mw=5 using the three families of fragility functions, 
assuming the occurrence of the earthquake during the day. 
Table 28 Comparison of the estimated number of casualties he earthquake 
scenario of Huizinge M=5 using the three families of fragility functions, assuming 
the occurrence of the earthquake during the night. 
Table 29  Number of damaged buildings computed with an earthquake of 
magnitude Mw=5 with different assumptions on epicentre location, percentile of 
the GMPE and fragility function. 
Table 30  Number of casualties estimated in case of an earthquake of magnitude 
Mw=5 with different assumptions on the epicentre location, the on epicentre 
location, percentile of the GMPE and fragility function. 
Table 31  Comparison of risk results with observations from earthquakes 
elsewhere in the world. 
 
Table A.1 Initial building occupancy categories. 
Table A.2 Building typologies for risk assessment and distribution in the initial 
study area (15 km radius database) and the extended study area. 
 
Table B.1 Mean, PSI, and sigma, PSI, of the fragility functions for unreinforced 
masonry buildings according to Coburn and Spence (2002). 
Table B.2: Percentages of buildings suffering damage larger or equal to a damage 
state 
Table B.3: Percentages of buildings suffering damage larger or equal to a damage 
state DS, during the Huizinge earthquake. 
 
Table C.1 Parameters of the lognormal cumulative distribution function of 
significant duration for different scenarios. 
Table C.2 Definition of damage states and threshold displacements 
Table C.3 Median fragility in PGA (g) for unidirectional input 
Table C.4 Median fragility in PGA (g) approximately accounting for bidirectional 
input. 
 
 
Table D. 1  Number of buildings subjected to median ground motion (PGA in g) 
in scenario #0 – 2012 Huizinge Mw = 3.6 earthquake. 
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Table D. 2  Number of buildings subjected to the 84th pecentile ground motion 
(84-perc. PGA in g) in scenario #0 – 2012 Huizinge Mw = 3.6 earthquake. 
Table D. 3   Number of buildings subjected to ground motion (PGA in g) in the 
Huizinge Mw = 4 earthquake scenario. 
Table D. 4  Number of buildings damaged in Huizinge Mw = 4 earthquake 
scenario. 
Table D. 5  Number of buildings subjected to ground motion (PGA in g) in 
scenario #5 - Huizinge Mw = 4.5 earthquake 
Table D. 6  Number of buildings damaged in the Hoekdmeer Mw = 4.5 earthquake 
scenario. 
Table D. 7   Number of buildings subjected to ground motion (PGA in g) in the 
Zanderweer Mw = 5 earthquake scenario. 
Table D. 8  Number of buildings damaged in Zandeweer Mw = 5 earthquake 
scenario. 
Table D. 9  Number of buildings subjected to ground motion (PGA in g) in 
scenario #2 - Hoeksmeer Mw = 5 earthquake 
Table D. 10  Number of buildings damaged in the Hoeksmeer Mw = 5 earthquake 
scenario. 
Table D. 11  Number of buildings damaged in Huizinge Mw = 5 earthquake 
scenario using the Pinho and Crowley “duration unmodified” fragility functions. 
Table D. 12  Number of buildings damaged in the Huizinge Mw = 5 earthquake 
scenario, computed with the Pinho and Crowley “duration modified” fragility 
functions.. 
Table D. 13  Comparison of the earthquake scenario of Huizinge Mw=5 using the 
three families of fragility functions in terms of number of buildings damaged to 
damage states DS1 to DS5. 
Table D. 14   Comparison of the estimated number of casualties for the earthquake 
scenario of Huizinge Mw =5 using the 84th percentile and the three families of 
fragility functions, assuming the occurrence of the earthquake during the day. 
Table D. 15   Comparison of the estimated number of casualties for the earthquake 
scenario of Huizinge Mw=5 using the 84th percentile and the three families of 
fragility functions, assuming the occurrence of the earthquake during the night. 
 



 

 

Figures 
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Figure 1  Summary of estimated number of buildings damaged to each damage 
state (DS1to DS5) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 
using median (50th percentile) PGA input values. 
Figure 2  Summary of estimated number of casualties to severity of injury (SL1to 
SL4) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using median 
(50th percentile) PGA input values. 
Figure 3  Summary of number of buildings damaged to each damage state (DS1to 
DS5) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84th 
percentile (median +1 sigma) PGA input values. 
Figure 4  Summary of estimated number of casualties to severity of injury (SL1to 
SL4) for earthquake scenarios with magnitude Mw =3.6, 4, 4.5 and 5 using 84th 
percentile (median +1 sigma) PGA input values. 
Figure 5  Summary of estimated number of buildings damaged to each damage 
state (DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using 
median (50th percentile) PGA input values and comparing the results obtained 
using different sets of fragility functions proposed by Arup, Pinho and Crowley 
“unmodified” and Pinho and Crowley “duration modified” for Groningen region 
building stock. 
Figure 6  Summary of estimated number of buildings damaged to each damage 
state (DS1to DS5) for an earthquake scenario with magnitude Mw = 5 using 84th 
percentile PGA input values and comparing the results obtained using different 
sets of fragility functions proposed by Arup, Pinho and Crowley “unmodified” 
and Pinho and Crowley “duration modified” for Groningen region building stock. 
Figure 7  Summary of estimated number of casualties to severity of injury (SL1to 
SL4) for an earthquake scenario with magnitude Mw = 5 using median (50th 
percentile) PGA input values and comparing the results obtained using different 
sets of fragility functions proposed by Arup, Pinho and Crowley “unmodified” 
and Pinho and Crowley “duration modified” for Groningen region building stock. 
Figure 8  Summary of estimated number of casualties to severity of injury (SL1to 
SL4) for an earthquake scenario with magnitude Mw = 5 using 84th percentile PGA 
input values and comparing the results obtained using different sets of fragility 
functions proposed by Arup, Pinho and Crowley “unmodified” and Pinho and 
Crowley “duration modified”for Groningen region building stock. 
Figure 9 Groningen region location plan. 
Figure 10 Seismicity of the Groningen region (from Van Eck et al., 2006). 
Figure 11 Seismic risk calculation. 
Figure 12 Location of the eight earthquake epicentres identified by KNMI (blue 
stars). The red circles highlight those events adopted in the scenario-based risk 
assessment by Arup. 
Figure 13  Comparison of ground motion prediction analyses with fully correlated 
and fully uncorrelated treatment of the ground motion uncertainty. 
Figure 14  PGA hazard maps for the 10 years from 2013 to 2023 with a 2%, 10% 
and 50% chance of exceedance (from Bourne and Oates, 2013). 
Figure 15 Preliminary ground conditions Vs30 Map for Groningen region (TNO 
pers. comm. 2013). 
Figure 16 Extended and initial study area with 15 km  radius around Huizinge. 
Individual building locations in the initial study area are shown by blue points, 
while the green points represent the addresses locations added in the extended 
database. 
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Figure 17 Building typology distribution in study area. 
Figure 18 Comparison between selected vulnerability curves and data from 
Roermond (circle) and Huizinge (squares) earthquakes. Dashed lines refer to Rota 
et al. (2008) fragility functions, solid lines to Coburn and Spence (2002) and thick 
dashed lines to Spence. 
Figure 19 Comparison between the fragility functions proposed in this study and 
the data from the Roermond (circles) and the Huizinge (squares) earthquakes for 
the URM Pre 1920. Left panel: geometric mean PGA values, PGAGM, for the 
Roermond earthquake are computed converting MMI to PGAGM.  Right panel 
panel: PGAGM for the Roermond earthquake are extrapolated from the USGS 
Shakemaps with (right) conversions to geometric mean. 
Figure 20 Comparison between the fragility functions proposed in this study and 
the data from the Roermond (circles) and the Huizinge (squares) earthquakes for 
the URM 1920-1960. Top panel geometric mean PGA values, PGAGM, for the 
Roermond earthquake are computed converting MMI to PGAGM.  Bottom panel: 
PGAGM for the Roermond earthquake are extrapolated from the USGS Shakemaps 
with (right) conversions to geometric mean. 
Figure 21 Fragility functions for buildings developed by Arup (Arup/CB2002) for 
the five damage states. The curve obtained by applying the collapse rates from 
HAZUS to the fragility function of DS4 is also shown (dashed red curve). 
Figure 22 Fragility functions for Reinforced Concrete buildings with less than 
three storeys (RC1, left) and three storeys or more (RC2, right) developed by 
Arup (Arup/CB2002) for the five damage states. The curves obtained by applying 
the collapse rates from HA. 
Figure 23 Fragility functions for Steel buildings with a height lower than 15 m 
(S1, left) and higher than 15 m (S2, right) developed by Arup (Arup/CB2002) for 
the five damage states. The curve obtained by applying the collapse rates from 
HAZUS to the fragility. 
Figure 24 Fragility functions adopted in this study for wooden buildings. 
Figure 25 Comparison between the fragility functions proposed by Arup, those 
proposed by Pinho and Crowley (Pinho/Crowley-original) and those modified by 
Pinho and Crowley to account for the short duration of the ground motion 
(Pinho/Crowley-short) for the URM Pre 1920 buildings. 
Figure 26 Comparison between the fragility functions proposed by Arup, those 
proposed by Pinho and Crowley (Pinho/Crowley-original) and those modified by 
Pinho and Crowley to account for the short duration of the ground motion 
(Pinho/Crowley-short) for the URM 1920-1960 buildings. 
Figure 27 Comparison between the fragility functions proposed by Arup and those 
proposed by Pinho and Crowley for the URM Post 1960 buildings. 
Figure 28 Scheme of the computation of the damage state probability given 
PGA=aj, and a set of fragility functions. 
Figure 29 Median peak ground acceleration (PGA) estimated for an earthquake of 
Mw=5 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. 
(2013) is used. 
Figure 30 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building typology class for the Huizinge Mw = 5 earthquake 
scenario. 
Figure 31: Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario. 
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DS4 – H and DS5 – H represent the number of buildings computed using the 
HAZUS methodology for loss estimation purposes. Labels in the plot present the 
total number of buildings in each damage state. 
Figure 32 Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the 
occurrence of the Huizinge Mw = 5 earthquake scenario during the day (2 pm), top 
panel, and during the night (2 am), bottom panel. 
Figure 33 84th percentile peak ground acceleration (PGA) estimated for an 
earthquake of Mw=5 and depth H=3 km with epicentre in Huizinge. The GMPE by 
Akkar et al. (2013) is used. 
Figure 34 Mean peak ground acceleration (PGA) estimated for an earthquake of 
Mw=5 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. 
(2013) is used. 
Figure 35: Comparison of the number of buildings in damage state DS1, DS2, 
DS3, DS4 and DS5 for the Huizinge Mw = 5 earthquake scenario using the 50th, 
the 84th percentiles and the mean of the GMPE. 
Figure 36 Comparison of the estimated number of casualties for the Huizinge Mw 
= 5 earthquake scenario occurring during the day using 50th, the 84th percentiles 
and the mean of the GMPE. 
Figure 37 Comparison of the estimated number of casualties for the Huizinge Mw 
= 5 earthquake scenario occurring during the night using the 50th, the 84th 
percentiles and the mean of the GMPE. 
Figure 38  Comparison of the four earthquake scenarios with magnitude Mw=3.6, 
4, 4.5 and 5 in terms of number of buildings damaged to damage states DS1 to 
DS5. 
Figure 39  Comparison of the four earthquake scenarios with magnitude 3.6, 4, 4.5 
and 5 in terms of number of buildings damaged to damage states DS1 to DS5. 
Figure 40: Comparison of the three Mw=5 earthquake scenarios in terms of 
number of buildings damaged to damage states DS1 to DS5. The extended 
database is used. 
Figure 41 Comparison of the earthquake scenario of Huizinge Mw =5 using the 
three families of fragility functions in terms of number of buildings damaged to 
damage states DS1 to DS5. 
Figure 42 Comparison of the median (50th percentile) number of damaged 
buildings obtained from the Huizinge Mw=5 scenario with the Monte Carlo 
simulation for the fully correlated case (blue), fully uncorrelated case (green). The 
numbers of damaged building obtained with the median PGA input values are 
shown for comparison. 
Figure 43 Comparison of the median (50th percentile) numbers of casualties 
obtained from the Huizinge Mw=5 scenario with the Monte Carlo simulation for 
the fully correlated case (blue), fully uncorrelated case (green). The numbers of 
casualties obtained with the median PGA input values are shown for comparison. 
Figure 44 Comparison of the median (50th percentile) number of damaged 
buildings obtained from the Huizinge Mw=5 scenario using the three sets of 
fragility functions. 
Figure 45 Comparison of the median (50th percentile) number of casualties 
obtained from the Huizinge Mw=5 scenario using the three sets of fragility 
functions. 
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Figure 46 Observations of extensive damage and partial collapse of buildings 
caused by the Liege, Belgium 1983 earthquake (from EEFIT 1983). 
Figure 47 Observation of slight to extensive damage to buildings and failure of a 
canal slope as a result of the Roermond, Netherlands 1992 earthquake. 
Figure 48 Observations of complete damage and collapse of an old unreinforced 
masonry church building caused by the Lorca, Spain 2011 earthquake. 
Figure 49: Number of buildings in damage states DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huinzinge Mw = 5 earthquake scenario 
computed with the Pinho/Crowley “duration modified” fragility functions. 
 
Figure A. 1 Typical example of Address Points dataset overlain on satellite 
imagery for a portion of study area. Blue dots show Address Points that are 
aligned with buildings. Red dots show Address Points that are not aligned with 
buildings and indicate a gap in the data that requires resolution. 
Figure A. 2 Typical example of Address Points dataset overlain on satellite 
imagery for a portion of study area. Blue dots show Address Points that are 
aligned with buildings. Red polygons show Address Points that are not aligned 
with buildings. In addition, single Address Points can be seen to be associated 
with multiple buildings. 
Figure A. 3 Distribution of building type within extended study area. 
 
Figure B.1 Classification of damage to masonry buildings (EMS-98) (European 
Seismological Commission, 1998). 
Figure B.2 Classification of damage to reinforced concrete buildings (EMS-98) 
(European Seismological Commission, 1998). 
Figure B.3 Fragility curves for unreinforced masonry (URM) buildings by Coburn 
and Spence (2002). 
Figure B.4 Intensity map from the 1992 Roermond earthquake (ML=5.4). The 
epicentre is displayed with a blue star, while the magenta points show the 
locations where the damage level was identified. Other coloured dots are 
individual intensity reports. 
Figure B.5 Intensity map from the 2012 Huizinge earthquake (Mw=3.6). The 
epicentre is displayed with a yellow star. 
Figure B.6 Buildings included in the statistics. 
Figure B.7 Fragility curves proposed by Coburn and Spence (2002) for 
unreinforced masonry buildings. 
Figure B.8 Fragility functions proposed in the study carried out in United 
Kingdom (Ove Arup & Partners, 1993) 
Figure B.9 Fragility functions proposed in this study. 
Figure B.10 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for 
the unreinforced masonry buildings (URM). 
Figure B.11 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for 
the reinforced concrete buildings (RC). 
Figure B.12 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for 
the timber buildings (Wood). 
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Figure B.13 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for 
the steel buildings (S). 
 
Figure C.1 Cumulative distribution function of duration for Short Duration suite. 
Figure C.2 Record spectra compared to Conditional Spectrum for Short Duration 
suite. 
Figure C.3 Cumulative distribution function of duration for Long Duration suite 
Figure C.4 Record spectra compared to Conditional Spectrum for Long Duration 
suite 
Figure C.5 Backbone curve for hysteretic models (Ibarra et al., 2005). 
Figure C.6 Behaviour of LS-DYNA Villa model under prescribed cyclic loading. 
Figure C.7 Comparison of SDOF and LS-DYNA model under a prescribed cyclic 
motion. 
Figure C.8 Comparison of SDOF and LS-DYNA model under single-component 
seismic ground motion input.. 
Figure C.9 Fragility curves from SDOF analyses. Lines show Maximum 
Likelihood fits; data points shown for DS5 only to illustrate fit of fragility curves 
to data. 
 
Figure D. 1 Median peak ground acceleration (PGA) estimated for an earthquake 
of Mw=3.6 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar 
et al. (2013) is used. The observed PGA values at the instrument locations 
(triangles) are shown for comparison. 
Figure D. 2 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario. 
Labels in the plot present the total number of buildings in each damage state. 
Figure D. 3 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario. 
DS4 – H and DS5 – H represent the number of buildings computed using the 
HAZUS methodology for loss estimation purposes. Labels in the plot present the 
total number of buildings in each damage state. 
Figure D. 4  84th percentile peak ground acceleration (PGA) estimated for an 
earthquake of Mw=3.6 and depth H=3 km with epicentre in Huizinge. The GMPE 
by Akkar et al. (2013) is used. The observed PGA values at the instrument 
locations (triangles) are shown for comparison. 
Figure D. 5  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario 
computed with 84th percentile in the GMPE. Labels in the plot present the total 
number of buildings in each damage state. 
Figure D. 6  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario 
computed with the 84th percentile. DS4 – H and DS5 – H represent the number of 
buildings computed using the HAZUS methodology for loss estimation purposes. 
Labels in the plot present the total number of buildings in each damage state. 
Figure D. 7  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the 
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occurrence of the Huizinge Mw = 3.6 earthquake scenario during the day (2 pm), 
top panel, and during the night (2 am), bottom panel. 
Figure D. 8 Median peak ground acceleration (PGA) estimated for an earthquake 
of Mw=4 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et 
al. (2013) is used. 
Figure D. 9  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4 earthquake scenario. 
Figure D. 10  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4 earthquake scenario. 
DS4 – H and DS5 – H represent the number of buildings computed using the 
HAZUS methodology for loss estimation purposes. Labels in the plot present the 
total number of buildings in each damage state. 
Figure D. 11  Median peak ground acceleration (PGA) estimated for an 
earthquake of Mw=4.5 and depth H=3 km with epicentre in Huizinge. The GMPE 
by Akkar et al. (2013) is used. 
Figure D. 12  Number of buildings in damage states DS1, DS2, DS3, DS4 and 
DS5 according to their building class for the Huizinge Mw = 4.5 earthquake 
scenario. 
Figure D. 13  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4.5 earthquake scenario 
computed with the 15 km radius database. DS4 – H and DS5 – H represent the 
number of buildings computed using the HAZUS methodology for loss estimation 
purposes. Labels in the plot present the total number of buildings in each damage 
state. 
Figure D. 14  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the 
occurrence of the Huizinge Mw = 4.5 earthquake scenario during the day (2 pm), 
top panel, and during the night (2 am), bottom panel. 
Figure D. 15  Median peak ground acceleration (PGA) estimated for an 
earthquake of Mw=5 and depth H=3 km with epicentre in Zandeweer. The GMPE 
by Akkar et al. (2013) is used. 
Figure D. 16  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Zandeweer Mw = 5 earthquake scenario. 
Figure D. 17  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Zandeweer Mw = 5 earthquake scenario. 
DS4 – H and DS5 – H represent the number of buildings computed using the 
HAZUS methodology for loss estimation purposes. Labels in the plot present the 
total number of buildings in each damage state. 
Figure D. 18  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the 
occurrence of the Zandeweer Mw = 5 earthquake scenario during the day (2 pm), 
top panel, and during the night (2 am), bottom panel. 
Figure D. 19   Median peak ground acceleration (PGA) estimated for an 
earthquake of Mw=5 and depth H=3 km with epicentre in Hoeksmeer. The GMPE 
by Akkar et al. (2013) is used. 
Figure D. 20  Number of buildings in damage states  DS1, DS2, DS3, DS4 and 
DS5 according to their building class for the Hoeksmeer Mw = 5 earthquake 
scenario. 
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Figure D. 21  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Hoeksmeer Mw = 5 earthquake scenario 
computed with the 15 km radius database. DS4 – H and DS5 – H represent the 
number of buildings computed using the HAZUS methodology for loss estimation 
purposes. Labels in the plot present the total number of buildings in each damage 
state. 
Figure D. 22  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the 
occurrence of the Hoeksmeer Mw = 5 earthquake scenario during the day (2 pm), 
top panel, and during the night (2 am), bottom panel. 
Figure D. 23  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario 
computed with the Pinho and Crowley “duration unmodified” fragility functions. 
Figure D. 24  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario, 
computed with the Pinho and Crowley “duration unmodified” fragility functions. 
DS4 – H and DS5 – H represent the number of buildings computed using the 
HAZUS methodology for loss estimation purposes. Labels in the plot present the 
total number of buildings in each damage state. 
Figure D. 25  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, computed with 
the Pinho/Crowley “original” fragility functions, due to the occurrence of the 
Huizinge Mw = 5 earthquake  during the day (2 pm), top panel, and during the 
night (2 am), bottom panel. 
Figure D. 26  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario 
computed with the Pinho/Crowley “duration modified” fragility functions using 
the preliminary (15 km radius) building database. DS4 – H and DS5 – H represent 
the number of buildings computed using the HAZUS methodology for loss 
estimation purposes. Labels in the plot present the total number of buildings in 
each damage state. 
Figure D. 27  Estimated number of casualties in severity levels SL1, SL2, SL3 and 
SL4 associated with damage states DS1, DS2, DS3, DS4 and DS5, computed with 
the Pinho/Crowley “duration modified” fragility functions  due to the occurrence 
of the Huizinge Mw = 5 earthquake scenario during the day (2 pm), top panel, and 
during the night (2 am), bottom panel. 
Figure D. 28  Comparison of the earthquake scenario of Huizinge M=5 using the 
three families of fragility functions in terms of number of buildings damaged to 
damage states DS1 to DS5. 
Figure D. 29  Fully correlated PGA values estimated for an earthquake of Mw=5 
and depth H=3 km with epicentre in Huizinge with =−1. 
Figure D. 30  Fully uncorrelated PGA values estimated for an earthquake of Mw=5 
and depth H=3 km with epicentre in Huizinge with =−1. 
Figure D. 31  Summary plots of the 50th percentile of the number of buildings in 
each damage state as a function of the number of Monte Carlo simulations 
computed with the fully uncorrelated PGA values (=0, green circles) and with 
the fully correlated PGA values (=1, blue squares). For comparison, the red 
dashed lines represent the number of buildings computed in the Mw=5 Huizinge 
earthquake scenario with the 50th percentile PGA values while the magenta lines 
refer to the 84th percentile PGA input values. 
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Figure D. 32 Summary plots of the 84th percentile of the number of buildings in 
each damage state as a function of the number of Monte Carlo simulations 
computed with the fully uncorrelated PGA values (=0, green circles) and with 
the fully correlated PGA values (=1, blue squares). For comparison, the red 
dashed lines represent the number of buildings computed in the Mw =5 Huizinge 
earthquake scenario with the 50th percentile PGA input values while the magenta 
lines refer to the 84th percentile PGA input values. 
Figure D. 33  Summary plots of the mean and the confidence intervals of the 
number of buildings in each damage state as a function of the number of Monte 
Carlo simulations computed with the fully uncorrelated PGA values (=0, green 
circles) and with the fully correlated PGA values (=1, blue squares). For 
comparison, the red dashed lines represent the number of buildings computed in 
the Mw =5 Huizinge earthquake scenario with the 50th percentile PGA values 
while the magenta lines refer to the 84th percentile PGA input values. 
Figure D. 34  Summary of the numbers of damaged buildings obtained with the 
different approaches for the Huizinge earthquake scenario with Mw =5. Left: 16th, 
50th (median), 84th, and mean number of damaged buildings from the Monte Carlo 
simulations. Right: number of damaged buildings estimated using the 16th 
percentile PGA values, 50th percentile PGA values, the mean PGA values and the 
84th percentile PGA values. 
Figure D. 35  Summary of the numbers of casualties estimated with the different 
approaches for the Huizinge earthquake scenario with Mw=5. Left: 16th, 50th 
(median), 84th, and mean number of casualties from the Monte Carlo simulations. 
Right: number of casualties estimated using the 16th percentile PGA values, 50th 
percentile PGA values, the mean PGA values and the 84th percentile PGA values. 
 
 
Figure E. 1 Sensitivity of the normal and lognormal distribution to the sigma () 
value, top, and to the mean (), bottom. 
Figure E. 2 Definition of the 16th, 50th, 84th percentiles and mean for the normal 
(left) and lognormal (right) distribution. Note that for the normal distribution the 
mean and median values coincide but for the lognormal distribution they are 
separated. 



 

 

Appendix A 

Building Exposure Data & 
Classification 

 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Seismic Risk Study - Earthquake Scenario-Based Risk Assessment 
 

REP/229746/SR001 | Issue | 29 November 2013  

 

Page A1 
 

A1 Building Location and Address 
Typical examples of the address point dataset overlaid on satellite imagery of 
portions of the study region are shown in Figure A. 1 and Figure A. 2 below. The 
single address points are represented by blue dots on these figures. Closer 
inspection reveals that although most of the building address points are coincident 
with a building, there are buildings visible that do not have a building address 
point or there are address points where there is no longer a building. In addition, 
there are single address points for locations where there are a number of buildings. 
This tends to occur for farm address points where a single address is provide for 
the farm house and associated barns and other farm buildings. Similarly, a single 
address point occurs for industrial facilities made up of several buildings. A gap 
analysis was undertaken to identify and resolve these issues.  

A2 Building Usage  
Buildings are classified by usage to evaluate exposed occupancy at different times 
of the day. Mixed use buildings occur where commercial use occurs at street level 
with residential use above. The usage categories adopted in the database 
classification are displayed in table A.1.  

Table A.1 Initial building occupancy categories. 
Occupancy Category 

Residential 

Commercial – retail, banks 

Commercial – medical office, hospital 

Commercial – other 

Industrial – factory, warehouse  

Agriculture - farm 

Religious - church 

Government – offices 

Emergency response – police, fire, etc. 

Education – schools, universities 
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Figure A. 1 Typical example of Address Points dataset overlain on satellite imagery for a 
portion of study area. Blue dots show Address Points that are aligned with buildings. Red 
dots show Address Points that are not aligned with buildings and indicate a gap in the 
data that requires resolution. 

 
Figure A. 2 Typical example of Address Points dataset overlain on satellite imagery for a 
portion of study area. Blue dots show Address Points that are aligned with buildings. Red 
polygons show Address Points that are not aligned with buildings. In addition, single 
Address Points can be seen to be associated with multiple buildings. 
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A3  Building Type 
Each building is assigned a building type classification. A combination of 
datasets, surveys by Arup and others and GIS tools such as Google Street View 
have been used to assign the building typologies. The definition of the building 
typologies are summarised in Table A.2, for the 15 km dataset and for the 
preliminary extended database.   

Figure A. 3 illustrates the geographical distribution of the dominant buildings 
typologies for a 250m x 250m grid square. It can be seen that unreinforced 
masonry buildings are distributed across the entire region with reinforced concrete 
buildings only being the predominant type in discrete locations within Groningen 
city area, Eemshaven industrial area and associated with other urban areas. There 
are very few grid squares within the study area where wood is the dominant 
building type. 

It should be noted that there is no pre-existing dataset on construction material 
type for the region and therefore compilation of this information required the most 
effort and includes the highest level of uncertainty and will therefore be subject to 
change as additional information becomes available. 

It should be emphasised that it is not always possible to accurately determine the 
building construction type from the outside. Entry to buildings is not always 
possible or practical. For buildings where a construction type could not be 
determined, two or more building types have been assigned to the same building 
with a weighting factor assigned where the building type is more likely to be one 
building type than another based on the distribution of building types of the same 
age and usage in adjacent areas. 
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Table A.2 Building typologies for risk assessment and distribution in the initial study 
area (15 km radius database) and the extended study area. 

  
 

  
15 km database Extended database 

Material Building typology Building 
type Age Storeys 

/Height Sub-total 
Total 

Sub-total Total 
(%) 

U
nr

ei
nf

or
ce

d 
m

as
on

ry
 

Detached/villa/semi-
detached, flexible 
diaphragms 
  
  
  
  
  
  
  

URM1 
 

Pre 1920 
 
 
 

1-2 3,299   7,500   
  (5.03%)   (2.40%)   

URM2 ≥3 2,295  
(3.5%)   5,200   (2.10%) 

URM3 
1920-1969 

 1-2 8,062 
(12.4%)   23,000   (9.30%) 

URM4 ≥3 2,551 
(3.9%)   

7,500 
  (3%) 

Detached/villa/semi-
detached, rigid diaphragms 

URM5 
Post 1970 

1-2 7,729 
(11.9%)   23,000   (9.30%) 

URM6 ≥3 2,600  
(5%) 57,628 

6,100 
189,100 

(2.50%) 

Terraced house, flexible 
diaphragms 

URM7 
Pre 1920 

1-2 209 
 (0.3%) (89%) 3200  

(1.3%) (77%) 

URM8 ≥3 404  
(0.6%)   8400  

(3.4%)   

URM9 
1920 - 1969 

1-2 2,569  
(4%)   15,000 

(6.1%)   

URM10 ≥3 6,645 
(10.2%)   31,800 

(13%)   

Terraced house, rigid 
diaphragms 

URM11 
Post 1970 

1-2 9,608 
(14.8%)   27,000 

(11%)   

URM12 ≥3 11,656 
(18%)   31,400 

(12%)   

R
ei

nf
or

ce
d 

co
nc

re
te

 

Concrete bearing wall, rigid 
diaphragms 

RC1 Post 1980 1-3 2,345  
(3.6%) 

  6,800  
(3%) 

  
3,498 10,200 

RC2 Post 1970 ≥4 1,153  
(1.8%) 

(5.40%) 3,400  
(1%) 

(4%) 

W
oo

d Wooden barns of all ages 
(with possible non-bearing 
masonry façade) 

W All All 78  
(0.1%) 

   
600 

(0.2%)  

  
78 600 

(0.1%) (0.2%) 

St
ee

l 

Lightweight steel frame 
structures (e.g. industrial, 
building footprint larger than 
200 m2) 

S1 Post 1960 <15 m 

51 
(0.1%) 

  
  

  
1400  

(0.6%) 
  
  

106 
(1%) 

  

  
111 

(0.20%) 
  Other steel buildings (steel 

offices, residential) S2 Post 1960 >15 m 60 
(0.10%) 

200 
-0.10% 

Unclear Objects with unknown 
functions or under 
construction 

UNCL All All 3,262 3,262 44,600 3,311 

      (5%) (5%) (18%) (18%) 

Other 

To be ignored: 

OTHER All All 353 
(0.5%) 

353 
(0.5%)     (Electricity poles, demolished 

and non-existing buildings, 
caravans, docking bays, 
defence buildings) 

       TOTAL 64,931  246,100   
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 Figure A. 3 Distribution of building type within extended study area. 

 

 

 

  



 

 

Appendix B 
Building Vulnerability 
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B1 Ground Motion Intensity Measure 
There are two main types of intensity measure used: macroseismic intensity 
indices and instrumental measures. The former are discrete scales based on 
observations of felt effects of shaking by humans and observed levels of damage. 
Common scales used are the Modified Mercalli Intensity (MMI), the European 
Macroseismic Scale (EMS) and Parameterless Seismic Intensity (PSI). 
Macroseismic intensity has the advantage that it is well correlated with damage – 
in fact, damage observations are used in assigning values, so the correlation 
should be strong. The trade-off is that ground motion prediction equations 
(GMPEs) are limited for macroseismic measures, and therefore conversions from 
instrumental measures are usually required, which introduces further uncertainty 
in the estimates of damage or loss. 

Instrumental measures are more robust measures of ground shaking based on 
direct measurements – generally either peak ground acceleration (PGA) or peak 
ground velocity (PGV). The latter is generally considered to be better correlated 
with damage, but very few published equations are available which use it as the 
intensity measure (with the exception of Japanese studies). Response spectral 
values for a range of frequencies are generally considered to provide an even 
better correlation with observed damage.  

A common problem with the development of fragility functions in terms of 
instrumental measures is that most earthquakes are not widely measured, and even 
when accelerometers are available, ground motion can vary significantly over a 
kilometre or so, limiting significantly the damage data that can be correlated with 
a measured level of shaking. It is common to instead use “instrumental” levels of 
ground motion based on a GMPE mean or median value prediction (based on the 
magnitude, location and other known characteristics of the event), but this 
introduces significant uncertainty in the correlation between the actual damage 
observations and the “theoretical” rather than measured ground motion. 

B2 Damage Classification 
Fragility and loss functions can differ in the way that damage is classified. 
However, it is important that damage descriptions are consistent and 
systematically applied across the fragility and loss functions (e.g. “moderate” 
damage should mean the same thing from the point of view of estimating damage 
and financial losses). It is however difficult to assure consistency in damage 
classification across different building types (e.g. what is the equivalent of “2 mm 
cracks in masonry walls” to damage of a steel building?); this should either be 
done using a single loss function (and therefore “moderate” damage, for example, 
should always be associated with a consistent level of loss across all building 
types) or by using loss functions applicable to each building class (in which case it 
does not matter that “moderate” does not mean the same thing across classes, as 
losses are calculated separately for each). 

In this project, the damage classifications from the (EMS-98; European 
Seismological Scale, 1998) are used consistently. The damage classes are: 

 Grade 1 – Negligible to slight damage; 
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 Grade 2 – Moderate damage; 
 Grade 3 – Substantial to heavy damage; 
 Grade 4 – Very heavy damage; and  
 Grade 5 – Destruction. 

These classifications have the advantage that they are well defined for different 
types of buildings and have been used in many other studies across Europe. The 
classification of damage to masonry buildings and reinforced concrete buildings 
in the EMS-98 are illustrated in Figure B.1 and Figure B.2.  

The earthquake loss estimation methodology, referred to as HAZUS (FEMA, 
2013), uses an equivalent set of damage classification terms, referred to as 
damage states, for estimation of losses from ground shaking: 

 Damage State 1 – Slight damage; 
 Damage State 2 – Moderate damage;  
 Damage State 3 – Extensive damage; 
 Damage State 4 – Complete damage; and 
 Damage State 5 – Collapse.  

In this initial study the EMS-98 and the HAZUS terms are assumed to be 
equivalent. Further work is required to validate this assumption. 
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Figure B.1 Classification of damage to masonry buildings (EMS-98) (European Seismological 
Commission, 1998). 
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Figure B.2 Classification of damage to reinforced concrete buildings (EMS-98) (European 
Seismological Commission, 1998). 
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B3 Global Earthquake Model Empirical 
Vulnerability Compendium 

The Global Earthquake Model (GEM) is an international project to develop and 
improve methods and tools for seismic risk assessment. They have recently 
produced a compendium of available empirical vulnerability, fragility and loss 
functions from the literature, containing 100s of relationships (Rossetto, Ioannou, 
and Grant, 2012). This is accompanied by a Microsoft Access database of the 
relationships, with extensive meta-data about their applicability. Examples of the 
meta-data are: building material and typology, number of storeys, age of 
buildings, ground motion intensity measure used, regression method and 
functional form used to fit the empirical data, sources of the data (earthquake 
events and geographical spread).  

B4 Criteria for the Selection of Fragility 
Functions 

The criteria for initial selection of fragility curves for unreinforced masonry 
buildings are illustrated below:  

 Fragility functions based on a single earthquake were not used. 
 Only the following intensity measures were considered: PGA, PGV (although 

no relevant relationships were available for the latter), MMI/MSK/MCS/EMS 
(all of which were considered to be numerically equivalent based on the 
recommendations of Musson et al. (2010)), and PSI. 

 Relationships with bespoke or non-standard damage scales were not 
considered as it is difficult to get one-to-one agreement between damage 
scales.  

 Only relationships for masonry (or specifically “brick masonry” where this 
was distinguished) were considered. Much of the data in the relationships that 
were used would come from data that included stone masonry (for example), 
but relationships that were specifically for stone masonry were eliminated, as 
were those for adobe and reinforced masonry. Relationships for EMS 
vulnerability class B (for flexible diaphragms) and C (for rigid diaphragms) 
were also considered. 

 The range of interest (for PGA) was considered to be 0.05g to around 0.5g–
0.9g. There are not many empirical datasets that go up to the top of this range, 
so relationships that could be reasonably extrapolated were preferred. A few 
were eliminated because they were for a minimum macroseismic intensity of 
VII which corresponds approximately to a PGA of 0.23g, and therefore misses 
a large part of the range of interest, including the levels of acceleration that 
were measured in Huizinge. 

 Relationships that took into account number of storeys were assigned to the 
relevant building typologies; others were assigned to all heights.  

 Relationships that took into account rigid versus flexible diaphragms were 
assigned to relevant building typologies; others were assigned to both 
diaphragm types. 

 More general quality assurance criteria were also taken into consideration 
including preference for published equations with appropriate supporting 
information. 
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B5 Modification of the Coburn and Spence 
(2002) Fragility Functions 

B5.1 Coburn and Spence (2002) Fragility Functions 
for URM 

Coburn and Spence (2002) provide fragility functions as a function of the 
intensity measure PSI (Spence et al., 1992). The original functions for 
unreinforced masonry buildings are normal distributions of PSI with the 
parameters shown in Table B.1 and they are displayed in Figure B.3. 

Table B.1 Mean, PSI, and sigma, PSI, of the fragility functions for unreinforced masonry 
buildings according to Coburn and Spence (2002). 
DS PSI PSI 

DS1 4.9 2.5 

DS2 7.8 2.5 

DS3 10.0 2.5 

DS4 11.6 2.5 

DS5 13.3 2.5 

 

 
Figure B.3 Fragility curves for unreinforced masonry (URM) buildings by Coburn and 
Spence (2002).  

B5.2 Conversion from PSI to PGAmax 
Spence et al. (1992) provide a correlation to convert the intensity measure PSI to 
PGA. 
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 where a = 2.04, b = 0.051 and  is the error of the regression that is normally 
distributed with zero mean and sigma = 0.144. The correlation provides 
PGA in cm/s2, in terms of the larger horizontal component (hereinafter 
PGAmax). 

 From eq. (1) it is apparent that PGAmax is log-normally distributed: 
 PSI ~ N(PSI, PSI)   ln(PGAmax) ~ N(lnPGA, lnPGA)   PGAmax ~ LN(lnPGA, 

lnPGA) . 
 where “~ N” means normally distributed with the given mean and standard 

deviation, and “~ LN” means lognormally distributed with the given mean and 
standard deviation of the natural logarithm. The mean and the sigma of the 
natural logarithm of PGA can be easily computed, recalling the definition of 
the first two moments of a linear combination, z. 

][][][
][][][
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B5.3 Conversion from PGAmax to PGAGM 
As mentioned, the correlation of eq. (1) is valid for the larger horizontal 
component of PGA. To convert such a measure to the geometric mean (GM) of 
the two horizontal components we use the relationship from Beyer and Bommer 
(2006). According to the latter, the ratio between the two components is: 

1.1
1.1 maxmax PGAPGA

PGA
PGA
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 (4) 

And the error is normally distributed with zero mean and 05.0
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GMPGA
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Neglecting the error, we can compute the mean and the sigma of PGA in terms of 
geometric mean as follows: 
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Finally, we obtain that PGAGM ~ LN(lnPGAGM, lnPGAGM) . 
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B6 Calibration of Fragility Functions  
Empirical damage data from the Huizinge earthquake of 2012 and the Roermond 
earthquake of 1992 are used to calibrate selected fragility functions.  

B6.1 1992 Roermond earthquake 
On the 13 April 1992 the region of Roermond experienced a magnitude Mw=5.4 
(ML=5.8) earthquake. This was the strongest earthquake ever recorded in the 
Netherlands and one of the strongest in Northwest Europe. It should be noted that 
this was a tectonic earthquake and not an induced event associated with gas 
extraction. An earthquake intensity map for the event is presented in Figure B.4 
and shows that the event was strongly felt across the Netherlands, Germany and 
Belgium and into France and even to the south of England.  

Observations of the damage caused to buildings in the Roermond region by the 
earthquake are described by Pappin et al. (1994). They systematically recorded 
damage to buildings of different ages and building structural types at 40 locations 
within the earthquake epicentral region. The statistics of the building damage 
observations are summarised in Table A.4. Buildings were classified into three 
age ranges: pre-1920, 1920-1960 and post-1960. Unreinforced masonry buildings 
suffered the most damage during the earthquake and the damage statistics in Table 
B.2 refer only the unreinforced masonry buildings. The damaged buildings lie in 
areas with assigned macroseismic intensity of VI and VII.  

 
Figure B.4 Intensity map from the 1992 Roermond earthquake (ML=5.4). The epicentre is 
displayed with a blue star, while the magenta points show the locations where the damage 
level was identified. Other coloured dots are individual intensity reports. 
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Table B.2: Percentages of buildings suffering damage larger or equal to a damage state 

Age Pre 1920 1920 - 1960 After 1960 
Intensity VI VII VI VII VI VII 
PGA (m/s2) 1.24 2.32 1.24 2.32 1.24 2.32 
DS1 32.6 35.4 7.0 11.0 3.0 1.6 
DS2 1.6 6.5 0.0 1.3 0.0 0.3 
DS3 0.0 0.3 0.0 0.0 0.0 0.0 

B6.2 2012 Huizinge earthquake 
On 16th August 2012 the region of Groningen experienced a magnitude Mw=3.6 
earthquake with an epicentre near the town of Huizinge in the Municipality of 
Loppersum (Dost et al., 2013). An earthquake intensity map for the event is 
presented in Figure B.9 and shows that the event was felt across the Groningen 
region. 

 
Figure B.5 Intensity map from the 2012 Huizinge earthquake (Mw=3.6). The epicentre is 
displayed with a yellow star. 

Detailed reports of the damage to buildings caused by the 2012 Huizinge 
earthquake were compiled by NAM. Copies of these reports were provided to 
Arup and an interpretation of the damage statistics undertaken. Systematic 
damage classifications were assigned to each building in the studied area (all 
those within a 15 km radius of the Huizinge epicentre). Damage classifications 
were assigned based on the European Macroseismic Scale damage descriptions. 
All assigned damages were in the DS1 or DS2 damage levels. 

In order to investigate the dependence of the distribution of building damage on 
peak ground acceleration (PGA) subsets of building damage statistics for areas 
within a 1 km radius of accelerometers have been compiled. This allowed an 
estimate of the correlation between the statistics of building damage and the 
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observed PGA values (Figure B.6). No assessment of the uncertainty on the 
estimation of PGA is included at this stage. Statistics are shown in Table B.3. 

 
Figure B.6 Buildings included in the statistics.  
 
Table B.3: Percentages of buildings suffering damage larger or equal to a damage state 
DS, during the Huizinge earthquake. 

Station PGA (g) DS0 DS1 DS2 

MID1 0.060 94.3 5.6 0.2 

KANT 0.038 100 0 0 

WSE 0.043 91.6 8.4 0 

GARST 0.057 89.3 10.7 0 

STDM 0.026 95.3 4.7 0 

WIN 0.012 93.3 5.9 0.7 

HKS 0.009 91.3 8.7 0 

Ground motion recordings were provided by KNMI (pers comm. From Bernard 
Dost in February 2013). 

B6.3 Calibration of Fragility Functions for URM 
buildings 

In the 1992 Roermond earthquake, building damage data were classified by age of 
building. Damage data are compared with Coburn and Spence (2002) relationship 
for unreinforced masonry buildings in Figure B.7. Huizinge damage data are 
shown for the pre-1920 case only, even though a small percentage of damage was 
also observed for buildings built in the 60s-70s.  
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The curves satisfactorily fit Roermond data (circles) from pre-1920 buildings but 
overestimate the damage for buildings after 1920.  

  

 
Figure B.7 Fragility curves proposed by Coburn and Spence (2002) for unreinforced 
masonry buildings.  

In the Arup UK seismic risk study (Ove Arup & Partners, 1993), distinction was 
drawn between buildings in the same age categories used in the Roermond data 
collection. Fragility curves were developed for each age category. The fragility 
relationships are shown in Figure B.8. Again, the pre-1920 data is well-
represented by these functions,  but the later age categories over-estimated the 
Roermond observed damage. 

 
Figure B.8 Fragility functions proposed in the study carried out in United Kingdom (Ove 
Arup & Partners, 1993)  

To better reflect the observed damage data, the curves of Coburn and Spence 
(2002), were adjusted within each building age category (Figure B.9): 

 The Coburn and Spence (2002) curves, which do not include age distinction, 
were considered appropriate for buildings before 1920. No modification was 
made to capture the damage observed during the Huizinge earthquake under 
relatively low PGA values.  

 For buildings built between 1920 and 1960 and for those after 1960, the DS1 
and DS2 curves from Coburn and Spence (2002) were modified such that: the 
standard error of the distribution is kept at 2.5 (measured with respect to PSI 
rather than PGA), while the mean values are shifted to larger values in order to 
fit the data from the Roermond earthquake.  

 The ratios between higher damage states with respect to DS2 (DS3/DS2, 
DS4/DS2 and DS5/DS2) are maintained as in the original ratios. 
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Figure B.9 Fragility functions proposed in this study.  

 

B7 Comparison with the Fragility Functions 
Previously Proposed by Arup (Arup July 
2013) 

Figure B.10-to-Figure B.13 compare the fragility functions adopted in the initial 
Risk Assessment study (Arup, July 2013) and those amended in this study. The 
modifications include: 

 The propagation of the error in the conversion from PSI and PGAmax  
 The conversion between PGAmax and PGAGM.  
 For URM Pre 1920 and URM 1920-1960, the removal of the plateau for DS1 

at low PGA values. 
 The use of the actual DS5 from the fragility functions family instead of the 

DS5 curve obtained applying the HAZUS rates for collapse. Note that the 
latter are instead used in the loss estimation. 
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Figure B.10 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for the 
unreinforced masonry buildings (URM).  

 

Figure B.11 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for the 
reinforced concrete buildings (RC).  
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Figure B.12 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for the 
timber buildings (Wood).  

 

Figure B.13 Comparison between the fragility functions used in the Initial risk 
Assessment (Arup, July 2013), “old”, and those proposed in this report, “new” for the 
steel buildings (S).  



 

 

Appendix C 
Arup Ground Motion Duration 
Study 
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C1 Arup Duration Study 
Arup has conducted an initial study into the effect of duration on the structural 
fragility of masonry houses in the Groningen area. The goal was to compare the 
relative performance of a simple structural model to suites of ground motions 
representing (1) the shorter durations expected in the Groningen field, and (2) 
longer durations that would be typical of ground motions causing damage in 
tectonic earthquakes elsewhere in the world. 

C2 Ground Motion Development 
For time history analyses, ground acceleration histories are required to apply to 
structural analysis models. There is a very large body of literature on ground 
motion selection, scaling and modification (GMSM), and no consensus has yet 
emerged. In any case, the most appropriate GMSM methodology depends on the 
application – the requirement here is not just to estimate the mean response of a 
structure (as may be appropriate in design and assessment codes of practice) but 
also its statistical distribution. This means that a relatively large number of ground 
motions are required and their variability must be appropriate. Here, 30 ground 
motions are considered adequate for this purpose (NIST, 2011) and the concepts 
of Conditional Spectrum (NIST, 2011) and Generalized Conditional Spectrum 
(Bradley, 2010) are used to retain the appropriate statistical variability of the 
input. 

Two suites of ground motions were developed for these studies, to explicitly 
quantify the effect of duration on structural fragility. They are referred to as the 
“short duration” and “long duration” suites. Each suite contains 30 single-
component ground motions.  

The short duration suite assumed a scenario earthquake with the following 
parameters: 

 Moment magnitude = 4.7; hypocentral distance = 3 km – these parameters are 
based on the disaggregation of the P&T seismic hazard study for PGV with 
2% exceedance probability in 10 years, evaluated close to Loppersum. The 
PGV disaggregation (rather than the PGA disaggregation which gave a 
magnitude of 4.2) was selected, as it was expected that the disaggregation of 
spectral ordinate hazard studies (if conducted in the future) would show results 
closer to the PGV disaggregation. Note that this is within the range of 
magnitudes covered in the Arup risk study. 

 Epsilon = 1.5. “Epsilon” is the number of standard deviations above the 
median in the ground motion prediction equation. Since the peak PGA in the 
P&T study (the version available at the time of carrying out this work) was 
0.57g, the epsilon value was back-calculated from the Akkar et al. (2013) 
GMPE. 

 Normal faulting, Vs30 = 200 m/s, depth to top of rupture = 3 km (in common 
with the P&T hazard study). 

From these parameters, the Conditional Spectrum (NIST, 2011), conditioned on 
the PGA value from the P&T study, was developed. The Baker and Jayaram 
(2008) correlation between spectral ordinates was assumed, and (since PGA 
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correlations were not available) the PGA correlation was assumed the same as the 
0.01 second spectral acceleration correlation. The Conditional Spectrum retains 
both the median and variability of the expected response spectra, conditioned on a 
particular value of spectral acceleration (in this case the PGA) and scenario 
parameters.  

The statistical distribution of ground motion duration was developed, using the 
5%-75% significant duration (Bommer et al., 2009) as the duration measure. The 
correlation of Bradley (2011) was used between PGA and duration, taking into 
account that the higher-than-expected PGA values (due to epsilon > 0) are 
negatively-correlated with duration, and therefore significant durations are shorter 
than normal for a M4.7 earthquake measured at 3 km from source. The Bommer 
et al. (2009) prediction equation for significant duration was used, and modified 
by the Bradley (2011) correlation. The parameters (median and standard 
deviation) of the resulting lognormal distributions are shown in Table C.1. 

Table C.1 Parameters of the lognormal cumulative distribution function of significant 
duration for different scenarios. 
 M4.7, d = 3 km, 

ε = 0 
M4.7, d = 3 km, 
ε = 1.5 

M7, d = 10 km, 
ε = 0 

Median(Sig. Dur.) 0.90 sec 0.61 sec 7.6 sec 

Std dev (ln(Sig. Dir)) 0.55 0.49 0.55 

The goal was to develop a suite of 30 ground motions that retained both the 
distribution inherent in the Conditional Spectrum and the distribution of expected 
durations. For this purpose, an initial database of 91 recordings of real 
earthquakes was assembled from: 

  the Japanese accelerometric network K-NET 
(http://www.kyoshin.bosai.go.jp/),  

 from the Italian accelerometric archive ITACA (http://itaca.mi.ingv.it) , and  
 the PEER NGA database 

(http://peer.berkeley.edu/peer_ground_motion_database/)  

The selection was based on three main criteria for consistency with the main 
scenario earthquake used in the risk calculations:  

 Magnitude: 4.5 ≤ Mw≤ 5.5 
 Distance: R≤ 20 km 
 Peak ground acceleration: 0.2 g ≤ PGA ≤ 0.3 g 

It was found that the 182 available ground motions (two horizontal components of 
each of the 91 recordings) generally skewed towards longer durations. Therefore, 
the 30 shortest of these 182 were selected. For a range of periods, the median and 
sample standard deviations of the natural logarithm of the spectra of these 30 
ground motions were calculated, and for each period the number of sample 
standard deviations away from the median was retained. An individual target 
spectrum for each record was then developed, based on the median of the 
conditional spectrum and the number of standard deviations on the conditional 
spectrum equal to the number of sample standard deviations on the record. This 
process automatically retains the correlation between periods for each of these 
target spectra based on the spectra of the records selected.  

http://peer.berkeley.edu/peer_ground_motion_database/
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Finally, records were spectrally matched using the program RspMatch2005 
(Hancock et al., 2006) with a loose tolerance of 25%. This means that there is 
some variation with respect to each target spectrum, but overall the statistics of 
the conditional spectrum are maintained. The cumulative distribution function 
(CDF) of the durations of the resulting records compared with the conditional 
CDF for the assumed scenario is shown in Figure C.1. The records are slightly 
longer in duration than the target values, but overall the correct distribution of 
records is reasonably maintained. The spectra of the resulting records, their 
sample statistics, and the target Conditional Spectrum is shown in Figure C.2. The 
percentiles of the Conditional Spectrum (2.5%, 16%, 50%, 84% and 97.5% are 
plotted) are retained to periods of at least 1 second. 

 
Figure C.1 Cumulative distribution function of duration for Short Duration suite. 

 
Figure C.2 Record spectra compared to Conditional Spectrum for Short Duration suite. 
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The process was repeated for the development of the Long Duration suite, with 
the following target scenario: 

 Moment magnitude = 7; hypocentral distance = 10 km – these parameters are 
based on “typical” damaging earthquakes that may be considered in the 
development of fragility curves. Note however that since this study was 
expressly to study the importance of duration, the target conditional spectrum 
from the Short Duration study was retained, and the scenario was only used 
for the duration statistical distribution. 

 Epsilon = 0.  
 Normal faulting, Vs30 = 200 m/s, depth to top of rupture = 3 km (as before). 

Target duration distribution and target spectra were evaluated as before. 
Parameters for the former are shown in Table C.1. The median significant 
duration is over 10 times that of the short duration suite, and the standard 
deviation is slightly higher, as it is less constrained by an epsilon of 0. 

Records were selected from the PEER database only, from those with moment 
magnitudes between 6.6 and 8, and epicentral distance from 0 to 100 km. This 
was reduced to a subset of 70 records with the best initial fit of the median of the 
target spectrum. From these 70, 30 records were selected to give a best fit of the 
CDF of the expected durations by finding the record with the closest duration to 
the following percentiles of the duration: 1.7%, 5%, 8.3%, … 91.7%, 95%, 
98.3%. Individual target spectra for each record were developed as before, and 
spectral matching was carried out with a tighter tolerance (15%) since the records 
required more modification to match the targets. The resulting duration 
distribution and record spectra are shown in Figure C.3 and Figure C.4. The 
conditional distribution of the duration is matched very well. The conditional 
spectrum is matched well within the period range 0.01 sec to 0.5 sec, and 
reasonably well out to 1 second. 

 
Figure C.3 Cumulative distribution function of duration for Long Duration suite 
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Figure C.4 Record spectra compared to Conditional Spectrum for Long Duration suite 
 

C3 Structural Model 
A single-degree-of-freedom (SDOF) hysteretic model was developed to allow a 
large number of time history analyses to be carried out. The model was calibrated 
on the 3D LS-DYNA villa model, described in the Arup Structural Upgrading 
report (Arup, 2013). The hysteretic model used was a modified Ibarra-Medina- 
Krawinkler (IMK) model, modified to reflect the degradation characteristics 
observed in the LS-DYNA model. 

C3.1 Model description 
The SDOF model that has been developed is a modified version of the hysteretic 
model proposed by Ibarra, Medina and Krawinkler (Ibarra et al., 2005). A brief 
overview of the model is provided and how this model has been modified to 
provide an improved correlation with the Villa model. 

C3.2 Ibarra Medina Krawinkler deterioration model 
The hysteretic model from IMK allows for the modelling of both strength and 
stiffness deterioration. The model was implemented in Mathworks MATLAB. 

Full details of the material can be found in (Ibarra et al., 2005), with some of the 
main features included below. The monotonic curve for the bilinear model is 
defined by the four regions shown in Figure C.5. 
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Figure C.5 Backbone curve for hysteretic models (Ibarra et al., 2005). 

The model is capable of modelling four methods of cyclic deterioration once the 
yield stress is exceeded. These are: 

1. Basic strength deterioration 
2. Post-capping strength deterioration 
3. Unloading stiffness deterioration 
4. Accelerated reloading stiffness deterioration 

When calibrating the SDOF against the Villa monotonic and backbone results, 
only modes 1 and 3 were mobilised. The IMK model calculates the rate of cyclic 
deterioration based on the level of hysteretic energy dissipated, given by the 
expression: 

                
  

where    is the hysteretic energy for the half cycle in question,     is the total 
hysteretic energy dissipated in all previous cycles (both positive and negative), 
and    is a reference energy based on twice the elastic strain energy at yield [2].  

The basic strength deterioration is defined by reducing the yield strength and ratio 
of strain-hardening to yield stiffness to: 

   (      )     and     (      )       

Unloading stiffness deterioration follows the equation: 

     (      )       

where      and        are the deteriorated unloading stiffnesses after and before 
excursion   [2].  

C3.3 Model modifications for fragility study 
The expression for calculating the damage parameter   is dependent on the 
hysteretic energy in excursion  , but is not linked to the change in peak plastic 
displacement. The cyclic results shown in Figure C.6 are for 3 cycles of 
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displacement at four levels of displacement (i.e. 12 complete cycles in total). 
Results show that it is in the first cycle at a displacement level that the main 
strength and stiffness deterioration occurs, and a higher proportion of the strength 
and stiffness degradation occurs in the earlier levels of displacement. At 
displacement level 1, if the IBK method of computing damage were to be used, 
there would be a more even force and stiffness degradation between cycles of the 
same peak displacement. 

 
Figure C.6 Behaviour of LS-DYNA Villa model under prescribed cyclic loading. 

To model the between cycle behaviour more accurately, a revised equation for   
was proposed, whereby the level of damage was a function of the change in peak 
displacement, and given by the following equation: 

   (
|       |

|         |
)
 

  |       |  |         | 

Damage is only computed if the previous absolute peak displacement,          , is 
exceeded, and         is calculated when the change in displacement between 
timesteps changes sign. Initially           is set to the yield displacement, to 
ensure damage is only computed in the inelastic range. This leads to the majority 
of strength and unloading stiffness deterioration occurring in the first cycle, as 
shown in Figure C.7. 
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Figure C.7 Comparison of SDOF and LS-DYNA model under a prescribed cyclic motion. 

C3.4 Model calibration 
The model was calibrated using the following procedure: 

 The monotonic backbone was calibrated on a monotonic pushover of the LS-
DYNA model; 

 The cyclic degradation parameters were then calibrated on the cyclic pushover 
analysis model (see Figure C.7); 

 Mass was calibrated to give a good match of the initial period of the LS-
DYNA model. The resulting mass is between the total mass of the structure, 
and the participating mass in the first mode, since the first mode representation 
is not a perfect representation of the distributed mass of the real structure; 

 A small level of viscous damping was calibrated to give a good match of one 
dynamic analysis in LS-DYNA (with ground motion only applied in one 
direction to remove three-dimensional effects). This calibration is shown in 
Figure C.8, for a fraction of critical damping of 3% (based on the initial 
stiffness, which was found to give a better calibration of dynamic response). 
This is higher than the value of damping assumed in LS-DYNA (which was 
0.5%) as it accounts for small cycle energy dissipation that is explicitly 
accounted for in LS-DYNA but not in the SDOF hysteretic model used. 
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Figure C.8 Comparison of SDOF and LS-DYNA model under single-component seismic 
ground motion input.. 

C3.5 Interpretation of damage states 
To determine fragility curves for the SDOF model, it must be possible to 
determine if a given analysis has exceeded a particular damage state, consistent 
with the damage states adopted in the risk assessment. For this study it was 
assumed that damage states could be established on the basis of peak absolute 
displacement only. DS1 through DS3 were established on the basis of crack 
widths in the LS-DYNA cyclic pushover analyses and dynamic analyses. DS4 
was established based on the displacement that led to partial collapse in one 
dynamic analysis. DS5 was based on the monotonic pushover analyses at the level 
where a large reduction in capacity occurred. The displacement limits for each 
damage state are shown in Table C.2. 

Table C.2 Definition of damage states and threshold displacements 
DS Description Used for SDOF Fragility 

study 
Relative displacement 
at effective height 
[mm] 

1 Hairline cracks 0.1 mm cracks 1.3 

2 Cracks 5–20 mm ~ 5 mm cracks 5.4 

3 Cracks 20 mm or wall 
dislodged 

~ 20 mm cracks 24 

4 Complete collapse of 
individual wall or roof 
support 

Substantial damage to a 
wall/lintel falling out 

57 

5 More than one wall 
collapsed or more than half 
of roof 

Not attained in LS-Dyna 
analysis – maximum relative 
displacement from pushover 
analysis taken forward 

96 
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C4 Incremental Dynamic Analysis Results 
Incremental Dynamic Analysis (IDA) (Vamvatsikos and Cornell, 2001) was 
carried out on the SDOF analysis model, with ground motions scaled to PGA 
values from 0.05g to 4g. Each suite (short and long duration) was considered 
separately. For each PGA value, the proportion of records exceeding each damage 
state, from DS1 to DS5, was calculated. A log-normal fragility curve was fit to the 
data using the maximum likelihood method.  

The resulting fragility curves are shown in Figure C.9. Data points are also shown 
for DS5 only to show the fit of the log-normal fragility curve to the data.  

 
Figure C.9 Fragility curves from SDOF analyses. Lines show Maximum Likelihood fits; 
data points shown for DS5 only to illustrate fit of fragility curves to data. 

Considering the median fragility only (shown in Table C.3), the effect of duration 
is small for DS1 and DS2 and increases from DS3 to DS5. The medians for short 
duration fragility are higher for short duration, meaning that buildings are 
effectively stronger in responding to shorter duration ground motions than longer 
duration ones (except for DS1 where the short duration PGA is negligibly smaller 
than the longer duration PGA). The maximum effect on DS5 damage state is a 
22% increase in collapse PGA going from long duration to short duration. 

Table C.3 Median fragility in PGA (g) for unidirectional input 
DS Short duration Long duration 

1 0.15 0.17 

2 0.36 0.34 

3 0.81 0.75 

4 1.59 1.47 

5 2.77 2.27 
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The median DS4 and DS5 fragilities are significantly higher than the PGA values 
associated with partial and complete collapse in the full LS-DYNA model for the 
villa building. There could be several reasons for this: 

 The SDOF model was mainly calibrated on moderate levels of demand and 
the DS4 and DS5 limit states may not have been correctly identified by the 
displacement limits in Table C.2. 

 The ground motions used in the LS-DYNA model were spectrally matched to 
a Eurocode 8 design spectrum, whereas those used here followed a conditional 
spectrum approach that would tend to be lower than the design spectrum on 
the average, but that explicitly accounts for the variability. 

 The SDOF model is shaken monotonically whereas the LS-DYNA model is 
shaken with 3 components of ground motion (two horizontal, one vertical). 

 Related to the last point, the ground motions used here represent an average 
ground motion whereas the maximum component is more likely to lead to 
exceeding a damage state (for example, if the collapse capacity is exceeded in 
either direction, then collapse would occur). 

To approximately deal with the last point, it could be considered that each 
horizontal direction of the structure is represented by the fragility curves in Figure 
C.9 and that their responses are statistically independent. The accuracy of this 
assumption has not been investigated but it provides a starting point for assessing 
what the effect of multi-component input would be. Under this assumption, the 
probability that any damage state is exceeded under a given PGA is equal to 1 
minus the probability that it is not exceeded in either direction. This can be shown 
to give the median fragilities in Table C.4. Note that the amount this reduces the 
median PGA is dependent on the standard deviation, and since the short duration 
suite has a higher standard deviation for DS5, this has the effect of bringing the 
median values closer together (difference of only 8%). This may be an artificial 
effect, or it may be a real effect if the response to shorter duration ground motions 
is actually more uncertain. 

Table C.4 Median fragility in PGA (g) approximately accounting for bidirectional input. 
DS Short duration Long duration 

1 0.12 0.14 

2 0.30 0.29 

3 0.64 0.63 

4 1.16 1.18 

5 1.99 1.85 

The standard deviations of the fragility curves are not reported, but they are higher 
for the short duration fragility curves (as noted above). This means that the long 
and short duration fragility curves cross over for values of acceleration below the 
median, therefore implying that structures are more likely to collapse (for 
example) for shorter duration ground motions at e.g. 1g PGA. This does not 
appear to be physical, and may be a result of the modelling or regression 
approaches. 

Note that the standard deviations of the curves shown in Figure C.9 will be 
underestimated when applied to diverse building stock, as they only include 
record-to-record variability (i.e. the difference in response for different ground 
motions) and not the fact that different structures have different capacities. 
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C5 Comparison of Results and Methodology 
with Pinho and Crowley (2013) 

As noted in the body of the report, Pinho and Crowley (P&C; 2013) adopted a 
similar methodology, but showed a larger dependence of collapse PGA on 
duration. The main differences between their study and the Arup study are the 
following: 

 P&C used the significant duration from 5% to 95% Arias Intensity as duration 
measure; Arup used 5% to 75% to help to remove the effect of the surface 
wave train. 

 P&C used a longer duration suite from 8 real records with magnitude 5.5 to 
7.4, several of which were also used in the Bothara study from which they 
obtained the baseline fragility curves. The 5-95% significant durations ranged 
from around 13 seconds to 34 seconds, with a mean of 23 seconds. The Arup 
long duration suite comprised 30 records calibrated on the predicted 5-75% 
duration from a M7 earthquake at 10 km, with a target median value of 7.6 
seconds. To make a proper comparison these would need to be translated into 
a consistent duration measure. 

 P&C used a shorter duration suite with recordings from the Huizinge 
earthquake, which was a M3.6 earthquake (smaller than the hazard 
disaggregation and smaller than the maximum M5 considered in the risk 
assessment in this report), but with duration that exceeded the expected value 
from the Bommer et al. (2009) prediction equation. Arup used a short duration 
suite with expected durations for a M4.7 earthquake with epsilon = 1.5, but 
did not consider any Groningen-specific characteristics of the ground motions. 

 P&C used a SDOF model calibrated on experimental response of masonry 
components, scaled to a base shear coefficient of 0.25. The hysteretic model 
includes hysteretic pinching, and in-cycle strength and stiffness degradation. It 
does not appear to include between-cycle strength degradation (i.e. the 
monotonic and cyclic response would be the same). Arup used a SDOF model 
calibrated on a 3D model of a single house representative of building stock in 
the Groningen area. The base shear coefficient was 0.5. 

 P&C considered a strength-degradation based failure criterion for collapse 
(when capacity is reduced to 70% of its capacity. Arup considered a maximum 
displacement-based criterion.  

One key observation is that the LS-DYNA analysis model does not appear to 
show the same level of strength degradation as the experimental tests on which 
P&C based their hysteretic response. This could be due to the fact that crushing of 
bricks is only taken into account in an approximate way in the LS-DYNA model, 
which may mean the degradation is underestimated. Alternatively, it could be 
because the experimental results were based on a failure mechanism (such as 
shear or toe crushing) which degrades more than the rocking/sliding response seen 
in the analysis models for Groningen buildings. As noted by Pinho and Crowley 
(2013), this requires further calibration on experimental testing of typical Dutch 
buildings and/or their components. 
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C6 On-going Research 
Both the Arup and Pinho and Crowley (2013) studies have only been carried out 
for one SDOF building model, and based on limited calibration with local 
building stock. It is recommended that different typical buildings are calibrated 
with SDOF models and the studies repeated. It is also recommended that the 
analytical models are validated on the basis of experimental testing. 

The consistency between the results of the LS-DYNA model and the SDOF model 
are currently under investigation. 

When more detailed calibration is available, it will be possible to use the results of 
this study to complement the fragility curves taken from empirical literature, and 
not just to measure a relative effect of duration. 
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Detailed Results of the Risk 
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D1 Introduction 
This Appendix provides a complete summary of all the risk assessment analyses 
for the earthquake scenarios considered in Section 6. For each earthquake 
scenario, the following results are presented: 

 Distribution of PGA values at each building location; 
 The number of buildings subjected to certain PGA levels; 
 The number of damaged buildings to damage states DS1 (slight) to DS5 

(collapse); and  
 The number of estimated casualties to severity levels SL1 (slight injury) to 

SL4 (fatality).  

The risk assessment analysis results are compared for four different earthquake 
magnitudes and for the range of fragility functions in the cases for which the 84th 
percentile PGA values are adopted to define the seismic hazard. Finally, a 
discussion is presented on the Monte Carlo simulations performed to investigate 
the effect of the spatial ground motion variability on the risk assessment results. 

D2 Scenario #0,a: Huizinge Earthquake 
Mw=3.6 - Median (50th percentile) PGA  

The scenario earthquake building damage assessment calculation is carried out for 
the scenario of the Huizinge earthquake of August 2012 with magnitude Mw=3.6. 
This section discusses the results obtained using the 50th percentile PGA values.  

The median (50th percentile) PGA values at the building locations are plotted in 
Figure D. 1. The observed PGA values at seven recording stations (coloured 
triangles) are also shown in the map for comparison. It is noted that the median 
PGA values from the GMPE slightly over-estimate the observed PGA values at 
three stations in the epicentral area. However, it should be recognised that 
earthquake ground motions could be higher or lower in future earthquakes and 
more data are needed before a good understanding of the characteristics of the 
earthquake ground motion in the Groingen region can be achieved. 
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Figure D. 1 Median peak ground acceleration (PGA) estimated for an earthquake of 
Mw=3.6 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. 
(2013) is used. The observed PGA values at the instrument locations (triangles) are 
shown for comparison. 

D2.1 Number of Building Exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA, are summarised in Table D. 1. 
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Table D. 1  Number of buildings subjected to median ground motion (PGA in g) in 
scenario #0 – 2012 Huizinge Mw = 3.6 earthquake. 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 0.1 

URM: Pre 1920 22745 1502 

URM: 1920-1960 74257 2863 

URM: Post 1960 84019 3357 

RC1 6570 243 

RC2 3337 42 

Wood 531 60 

S1 1335 54 

S2 188 3 

D2.2 Building Damage 
The calculated number of buildings of different typologies damaged in this 
scenario are summarised in Figure D. 2 for the median PGA values.  

 
Figure D. 2 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario. Labels 
in the plot present the total number of buildings in each damage state. 

The numbers of damaged buildings are reported for each damage state: DS1 
(slight damage), DS2 (moderate damage), DS3 (extensive damage), DS4 
(complete damage) and DS5 (collapse). It is clear that given the low levels of 
PGA only a few buildings are expected to suffer damage. A total of 42 buildings 
are calculated to be slightly damaged and only 6 moderately damaged (DS2).  

Approximately 3000 damage reports have been obtained following the Huizinge 
earthquake. In preliminary risk assessment calculations, the DS1 fragility 
functions for the URM Pre 1920 and URM 1920-1960 buildings were modified 
with a minimum threshold at 10% in order to capture the observed damage (see 
Appendix B7). This adjustment led to an estimate of approximately 2600 slightly 
damaged buildings. However this adjustment was not considered to be 
representative of expected building performance. 
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A careful review of the 3000 building damage reports for the Huizinge earthquake 
reveals that a large proportion of the reports actually refer to damage caused by 
other earthquakes or not associated with a defined earthquake. The detailed 
review of these building damage reports and detailed analysis of damage buildings 
are on-going. 

D2.3 Casualty Estimation 
For this scenario no buildings are estimated to suffer DS4 or DS5 (Figure D. 3). 
Hence, no casualties are expected. 

 
Figure D. 3 Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario. DS4 – H 
and DS5 – H represent the number of buildings computed using the HAZUS 
methodology for loss estimation purposes. Labels in the plot present the total number of 
buildings in each damage state. 

D3 Scenario #0,b: Huizinge Earthquake 
Mw=3.6 – 84th percentile PGA  

Figure D. 4 shows the 84th percentile (i.e. in log terms the mean +1 sigma) PGA 
values for the scenario of the Huizinge earthquake of August 2012 with 
magnitude Mw=3.6. The observed PGA values at seven recording stations are also 
shown on this figure for comparison. It should be noted that when the 84th 
percentile is considered, the PGA values appear to have an unrealistically high 
maximum of 0.2 g. This is high in comparison with the observed maximum PGA 
during the 2012 Huizinge earthquake which was approximately 0.08 g at about 1 
km from the epicentre. 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Seismic Risk Study - Earthquake Scenario-Based Risk Assessment 
 

REP/229746/SR001 | Issue | 29 November 2013  

 

Page D5 
 

 
Figure D. 4  84th percentile peak ground acceleration (PGA) estimated for an earthquake 
of Mw=3.6 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. 
(2013) is used. The observed PGA values at the instrument locations (triangles) are 
shown for comparison. 

D3.1 Number of building exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA, are summarised in Table D. 2. 
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Table D. 2  Number of buildings subjected to the 84th pecentile ground motion (84-perc. 
PGA in g) in scenario #0 – 2012 Huizinge Mw = 3.6 earthquake. 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 

0.1 
0.1  ≤ PGA < 
0.15 

0.15  ≤ PGA < 
0.2 

URM: Pre 1920 19637 2883 1382 346 

URM: 1920-1960 68341 5443 2808 528 

URM: Post 1960 70775 12081 3919 601 

RC1 5277 1232 271 33 

RC2 3163 157 56 3 

Wood 380 143 53 14 

S1 1168 158 53 11 

S2 181 6 1 2 

D3.2 Building damage 
The calculated number of buildings of different typologies damaged in this 
scenario are summarised in Figure D. 5. Using the 84th percentile PGA values the 
scenario appears very different from that obtained using the 50th percentile with 
650 buildings slightly damaged, ~240 moderately damaged, 50 buildings suffering 
extensive damage and 17 buildings completely damaged by the earthquake. In this 
case approximately 6 buildings are estimated to collapse. The 84th percentile 
PGA values scenario therefore appears to unrealistically over-predict the damage 
when compared with the damage observed following the August 2012 Huzinge 
earthquake.  

 
Figure D. 5  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario 
computed with 84th percentile in the GMPE. Labels in the plot present the total number 
of buildings in each damage state. 

D3.3 Casualty estimation 
As for the 50th percentile, the casualty estimation is performed adopting the 15 
km radius study area (blue outlines in Figure D. 4). The damage states DS4 and 
DS5 are computed both using the fragility functions and with the HAZUS 
Collapse Rates (DS4 – H and DS5 – H). This leads to a lower proportion of 
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collapsed buildings and more buildings in damage state DS4. These numbers, DS4 
– H and DS5 – H, are used only for the loss estimation purposes. 

Figure D. 6 presents the numbers of buildings in each damage state for the 15 km 
radius database when the 84th percentile PGA values are used. It is highlighted 
that the numbers of buildings in DS1 and DS2 may be slightly different than those 
presented in Figure D. 5, since a few buildings with a non-negligible PGA outside 
the 15 km radius area are now not included in the calculations. 

 
Figure D. 6  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 3.6 earthquake scenario 
computed with the 84th percentile. DS4 – H and DS5 – H represent the number of 
buildings computed using the HAZUS methodology for loss estimation purposes. Labels 
in the plot present the total number of buildings in each damage state. 

The numbers of casualties in terms of the severity of injury are summarised on the 
top panel of Figure D. 7 for the occurrence of the Huizinge scenario event during 
the day and on the bottom panel for the occurrence of the event during the night. 
The casualty estimates for day and night are very similar. The figures show the 
number of people that would suffer injury severity levels (SL) 1 to 4 in damage 
state DS1, DS2, DS3, DS4 (HAZUS) and DS5 (HAZUS). 15 people are estimated 
to be slightly injured,5 moderately injured. One fatality is estimated. It is clear 
that these casualty estimates are larger and more severe than the actual casualties 
related to the Huzuinge earthquake. However, these higher estimates should not 
be dismissed entirely and it is recommended the low likelihood but possible 
occurrence of casualties even from small magnitude earthquakes is considered. 
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Figure D. 7  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the occurrence of 
the Huizinge Mw = 3.6 earthquake scenario during the day (2 pm), top panel, and during 
the night (2 am), bottom panel. 

D4 Scenario # 2: Huizinge Earthquake Mw = 4 
(50th percentile) 

Scenario # 2 comprises a Mw = 4 earthquake with a hypocentral depth of 3km and 
an epicentre located at Huizinge. The earthquake is assumed to have a point 
source and median PGA ground motion values have been used. The distribution of 
PGA values at the building locations is shown in Figure D. 8. Note that the 
maximum PGA value for this scenario is <0.15 g and many houses experience 
very low PGA values (<0.05g).  
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Figure D. 8 Median peak ground acceleration (PGA) estimated for an earthquake of Mw=4 
and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. (2013) is used. 

D4.1 Number of building exposed 
The numbers of buildings that are subjected to different levels of ground motion, 
in terms of PGA, as a result at the Mw=4 earthquake scenario are summarised in 
Table D. 3.  
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Table D. 3   Number of buildings subjected to ground motion (PGA in g) in the Huizinge 
Mw = 4 earthquake scenario. 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 0.1 0.1  ≤ PGA < 0.15 

URM: Pre 1920 20841 3059 348 

URM: 1920-1960 70087 6505 528 

URM: Post 1960 76507 10269 601 

RC1 6055 724 33 

RC2 3256 119 3 

Wood 459 118 14 

S1 1211 168 11 

S2 184 4 2 

D4.2 Building damage 
The calculated numbers of buildings of different typologies damaged in this Mw=4 
scenario are summarised in Table D. 4 and Figure D. 9. Only two buildings suffer 
complete damage while no building is estimated to collapse under a Mw=4 
earthquake. Approximately 170 buildings are estimated to be slightly damaged, 40 
moderately damaged, six extensively damaged and two building are completely 
damaged. No collapse is expected. 

Table D. 4  Number of buildings damaged in Huizinge Mw = 4 earthquake scenario. 
 DS1 DS2 DS3 DS4 DS5 

Huizinge Scenario 173 39 6 2 0 

 

 
Figure D. 9  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4 earthquake scenario. 

D4.3 Casuality Estimation 
Figure D. 10 presents the numbers of buildings in each damage state estimated for 
the Mw=4 earthquake scenario for the casualty estimation. Although the 
preliminary (15 km radius) building database has been used here, the numbers of 
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damaged buildings are not different to the numbers of buildings estimated using 
the extended database (see Figure D. 9).   

 
Figure D. 10  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4 earthquake scenario. DS4 – H 
and DS5 – H represent the number of buildings computed using the HAZUS 
methodology for loss estimation purposes. Labels in the plot present the total number of 
buildings in each damage state. 

One to two slight injuries are estimated with the Mw=4 earthquake scenario both if 
the earthquake occurs during the day or during the night. No fatalities are 
estimated to occur with this magnitude earthquake.     

D5 Scenario # 3: Huizinge Earthquake of Mw = 
4.5 (50th percentile) 

Scenario # 3 comprises a Mw = 4.5 earthquake with a hypocentral depth of 3km 
and with an epicentre located at Huizinge. The distribution of ground motions in 
terms of peak ground acceleration caused by this scenario earthquake are shown 
in Figure D. 11.  
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Figure D. 11  Median peak ground acceleration (PGA) estimated for an earthquake of 
Mw=4.5 and depth H=3 km with epicentre in Huizinge. The GMPE by Akkar et al. (2013) 
is used. 

D5.1 Number of buildings exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA as a result of the Mw=4.5 earthquake scenario, are summarised in 
Table D. 5.  
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Table D. 5  Number of buildings subjected to ground motion (PGA in g) in scenario #5 - 
Huizinge Mw = 4.5 earthquake 
Building Type 0 ≤ PGA < 

0.05 
0.05  ≤ PGA < 
0.1 

0.1  ≤ PGA < 
0.15 

0.15  ≤ PGA < 
0.2 

URM: Pre 1920 18529 3789 1594 336 

URM: 1920-1960 65292 7849 3453 525 

URM: Post 1960 60128 21640 5009 599 

RC1 4353 2074 352 33 

RC2 2877 432 66 3 

Wood 343 172 62 13 

S1 1047 256 75 10 

S2 173 14 1 2 

D5.2 Building damage 
The calculated number of buildings of different structural typologies damaged in 
this Mw=4.5 earthquake scenario are summarised in Table D. 6 and Figure D. 12. 
Approximately 750 buildings are estimated to be slightly damaged, 270 
moderately damaged, 50 extensively damaged, approximately 20 completely 
damaged and 7 buildings are estimated to collapse.  

Table D. 6  Number of buildings damaged in the Hoekdmeer Mw = 4.5 earthquake 
scenario.  
 DS1 DS2 DS3 DS4 DS5 

Hoeksmeer 753 269 54 18 7 

 
Figure D. 12  Number of buildings in damage states DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4.5 earthquake scenario. 

D5.3 Casualty Estimation 
Figure D. 13 presents the numbers of buildings in each damage state estimated for 
the Mw=4.5 earthquake scenario for casualty estimation purposes. In this case, the 
estimated number of collapsed buildings is four. 
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Figure D. 13  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 4.5 earthquake scenario computed 
with the 15 km radius database. DS4 – H and DS5 – H represent the number of buildings 
computed using the HAZUS methodology for loss estimation purposes. Labels in the plot 
present the total number of buildings in each damage state. 

The numbers of casualties in terms of the severity of injury estimated for the 
Mw=4.5 earthquake scenario are summarised on the top panel of Figure D. 14for 
the occurrence of the Huizinge scenario event during the day and on the bottom 
panel for the occurrence of the event during the night.  Approximately 23 people 
are estimated to be slightly-to-seriously injured with 1 potential fatality during the 
day and approximately 20 injured and 1 potential fatality during the night.   
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Figure D. 14  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the occurrence of 
the Huizinge Mw = 4.5 earthquake scenario during the day (2 pm), top panel, and during 
the night (2 am), bottom panel. 

D6 Scenario # 4: Zandeweer Earthquake Mw = 
5 

Scenario # 4 comprises a Mw = 5 earthquake with a hypocentral depth of 3km and 
an epicentre located at Zandeweer in the north of the Groningen region. The 
earthquake is assumed to have a point source and median ground motion values 
have been used. The distribution of ground motions in terms of peak ground 
acceleration caused by this scenario earthquake are shown in Figure D. 15. Note 
that almost all the buildings with significant PGA (>0.05g) fall inside the 15 km 
study area. For PGA< 0.05 g the probability of having slight damage in the 
fragility curves is interpreted to be extremely low.  
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Figure D. 15  Median peak ground acceleration (PGA) estimated for an earthquake of 
Mw=5 and depth H=3 km with epicentre in Zandeweer. The GMPE by Akkar et al. (2013) 
is used. 
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D6.1 Number of building exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA as a result of the Mw=5 Zandeweer earthquake scenario, are 
summarised in Table D. 7.  

Table D. 7   Number of buildings subjected to ground motion (PGA in g) in the 
Zanderweer Mw = 5 earthquake scenario. 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 0.1 0.1  ≤ PGA < 

0.15 
0.15  ≤ PGA < 
0.2 

0.2 ≤ PGA < 0.25 

URM: Pre 1920 11444 9284 1929 927 663 

URM: 1920-
1960 42017 28288 3720 1565 1530 

URM: Post 
1960 42060 36097 5964 1454 1800 

RC1 2956 3253 366 77 161 

RC2 1746 1545 40 12 35 

Wood 293 158 75 39 25 

S1 686 554 81 30 38 

S2 118 68 1 2 2 

D6.2 Building damage 
The calculated number of buildings of different typologies damaged in the Mw=5 
Zandeweer earthquake scenario are summarised in Table D. 8 and Figure D. 16. 
The numbers of damaged buildings are similar to those obtained for the Mw=5 
Huizinge earthquake scenario (#1) with a few more buildings in the higher 
damage states. Over 1700 buildings are estimated  to be slightly damaged, over 
1000 moderately damaged, 280 extensively damaged, 114, completely damaged 
and 55 buildings are estimated to collapse with the Mw=5 Zandeweer earthquake 
scenario. 

 
Figure D. 16  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Zandeweer Mw = 5 earthquake scenario. 
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Table D. 8  Number of buildings damaged in Zandeweer Mw = 5 earthquake scenario. 
 DS1 DS2 DS3 DS4 DS5 

Zandeweer Scenario 2012 1057 285 114 55 

  

D6.3 Casuality estimation 
Figure D. 17 summarises the numbers of buildings in each damage state for the 
preliminary (15 km radius) building database. The numbers of buildings in DS1 
and DS2 are slightly different than those presented for the extended building 
database, but almost all the buildings that suffer damage are included in the 
preliminary (15 km radius) study area.  

 
Figure D. 17  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Zandeweer Mw = 5 earthquake scenario. DS4 – H 
and DS5 – H represent the number of buildings computed using the HAZUS 
methodology for loss estimation purposes. Labels in the plot present the total number of 
buildings in each damage state. 

The numbers of casualties in terms of the severity of injury are summarised on the 
top panel of Figure D. 18 for the occurrence of the Mw=5 Zandeweer earthquake 
scenario during the day and on the bottom panel for the occurrence of the event 
during the night. The figures show the number of people that would suffer injury 
severity levels (SL) 1 to 4 in damage state DS1, DS2, DS3, DS4 (HAZUS) and 
DS5 (HAZUS). 125 people are estimated to be slightly-to-seriously injured with 
approximately 7 potential fatalities during the day and 114 injured and 6 potential 
fatalities during the night.   
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Figure D. 18  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the occurrence of 
the Zandeweer Mw = 5 earthquake scenario during the day (2 pm), top panel, and during 
the night (2 am), bottom panel. 

D7 Scenario # 5: Hoeksmeer Earthquake of 
Mw = 5 

Scenario # 5 comprises a Mw = 5 earthquake with a hypocentral depth of 3km but 
with an epicentre located in the south of the Groningen region at Hoeksmeer. The 
earthquake is assumed to have a point source and median ground motion PGA 
values have been used as previously. The distribution of ground motions in terms 
of PGA caused by this scenario earthquake is shown in Figure D. 19. Note that 
many buildings with a non-negligible PGA value (>0.05 g) are located within the 
extended study area but outside the preliminary study area. This will affect the 
casualty estimation but not the building damage estimation as the extended 
building database is used for damage estimation. 
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Figure D. 19   Median peak ground acceleration (PGA) estimated for an earthquake of 
Mw=5 and depth H=3 km with epicentre in Hoeksmeer. The GMPE by Akkar et al. (2013) 
is used. 

D7.1 Number of buildings exposed 
The number of buildings that are subjected to different levels of ground motion, in 
terms of PGA as a results of the Mw=5 Hoeksmeer earthquake scenario are 
summarised in Table D. 9.  
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Table D. 9  Number of buildings subjected to ground motion (PGA in g) in scenario #2 - 
Hoeksmeer Mw = 5 earthquake 
Building Type 0 ≤ PGA < 0.05 0.05  ≤ PGA < 0.1 0.1  ≤ PGA < 0.15 0.15  ≤ PGA < 0.2 0.2 ≤ PGA < 0.25 

URM: Pre 1920 2392 18274 1699 1599 284 

URM: 1920-1960 10985 55417 6292 4070 356 

URM: Post 1960 11276 61277 8445 6175 203 

RC1 706 5209 507 380 12 

RC2 218 2825 214 120 2 

Wood 131 271 112 57 19 

S1 194 978 127 84 7 

S2 13 149 19 10 0 

D7.2 Building damage 
The calculated number of buildings of different structural typologies damaged in 
the Mw=5 Hoeksmeer earthquake scenario are summarised in Table D. 10 and 
Figure D. 20. The numbers are similar to those obtained in the Huizinge 
earthquake scenario and Zandeweer earthquake scenario. Over 2500 buildings are 
estimated to be slightly damaged, 1150 moderately damaged, 260 extensively 
damaged, 94 buildings completely damaged and 41 to collapse. 

Table D. 10  Number of buildings damaged in the Hoeksmeer Mw = 5 earthquake 
scenario.  
 DS1 DS2 DS3 DS4 DS5 

Hoeksmeer 2620 1161 261 94 41 

 

 
Figure D. 20  Number of buildings in damage states  DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Hoeksmeer Mw = 5 earthquake scenario. 

D7.3 Casualty Estimation 
Figure D. 21 presents the numbers of buildings in each damage state for the 
preliminary (15 km radius) building database. Since the epicentre is close to the 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Seismic Risk Study - Earthquake Scenario-Based Risk Assessment 
 

REP/229746/SR001 | Issue | 29 November 2013  

 

Page D22 
 

boundary of the initial study area the number of buildings that suffer damage is 
lower than that found with the extended database (Figure D. 20). Within the initial 
study area approximately 1600 buildings are estimated to be slightly damaged, 
870 moderately damaged and 214 extensively damaged. For the casualty 
estimation the estimated number of buildings in DS4 is ~100 and in DS5 is 17. 

 
Figure D. 21  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Hoeksmeer Mw = 5 earthquake scenario computed 
with the 15 km radius database. DS4 – H and DS5 – H represent the number of buildings 
computed using the HAZUS methodology for loss estimation purposes. Labels in the plot 
present the total number of buildings in each damage state. 

The numbers of casualties in terms of the severity of injury are summarised on the 
top panel of Figure D. 22 for the occurrence of the Mw=5 Hoeksmeer earthquake 
scenario event during the day and on the bottom panel for the occurrence of the 
event during the night. The figures show the number of people that would suffer 
injury severity levels (SL) 1 to 4 in damage state DS1, DS2, DS3, DS4 (HAZUS) 
and DS5 (HAZUS). 91 people are estimated to be slightly-to-seriously injured 
with approximately 5 potential fatalities during the day and 82 injured and 4 
potential fatalities during the night.   
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Figure D. 22  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, due to the occurrence of 
the Hoeksmeer Mw = 5 earthquake scenario during the day (2 pm), top panel, and during 
the night (2 am), bottom panel. 

D8 Scenario # 6: Huizinge Earthquake Mw = 5 
– Fragility Functions by Pinho and 
Crowley  

D8.1 Building damage 
The calculated numbers of buildings of different typologies damaged during a Mw 
=5 earthquake located in Huizinge but computed with the Pinho and Crowley 
“duration unmodified” fragility functions are summarised in Table D. 11 and 
Figure D. 23. Over 3000 buildings are slightly damaged, 360 moderately 
damaged, 208 extensively damaged, ~80 are completely damaged and 53 
buildings are estimated to collapse.  

Table D. 11  Number of buildings damaged in Huizinge Mw = 5 earthquake scenario using 
the Pinho and Crowley “duration unmodified” fragility functions. 
 DS1 DS2 DS3 DS4 DS5 

Huizinge Scenario 3075 363 208 77 53 
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Figure D. 23  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario computed 
with the Pinho and Crowley “duration unmodified” fragility functions. 

D8.2 Casuality Estimation 
Figure D. 24 presents the numbers of buildings in each damage state for the 
preliminary (15 km radius) building database.  

 
Figure D. 24  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario, computed 
with the Pinho and Crowley “duration unmodified” fragility functions. DS4 – H and DS5 
– H represent the number of buildings computed using the HAZUS methodology for loss 
estimation purposes. Labels in the plot present the total number of buildings in each 
damage state. 

The numbers of casualties in terms of the severity of injury for this Mw=5 
Huizinge earthquake scenario but using the Pinho and Crowley “duration 
unmodified” fragility functions are summarised in Figure D. 25.  
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Figure D. 25  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, computed with the 
Pinho/Crowley “original” fragility functions, due to the occurrence of the Huizinge Mw = 
5 earthquake  during the day (2 pm), top panel, and during the night (2 am), bottom panel. 

D9 Scenario # 7: Huizinge Earthquake Mw = 5 
– Fragility Functions by Pinho and 
Crowley “duration” 

D9.1 Building damage 
The calculated number of buildings of different structural typologies damaged in 
the Mw=5 Huizinge earthquake scenario using the Pinho and Crowley “duration 
modified” fragility functions are summarised in Table D. 12 and Figure D. 26. 30 
buildings are expected to be completely damaged and 10 to collapse.  

Table D. 12  Number of buildings damaged in the Huizinge Mw = 5 earthquake scenario, 
computed with the Pinho and Crowley “duration modified” fragility functions..  
 DS1 DS2 DS3 DS4 DS5 

Pinho/Crowley 
“duration modified” 

3263 349 124 29 10 
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Figure 49: Number of buildings in damage states DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huinzinge Mw = 5 earthquake scenario computed 
with the Pinho/Crowley “duration modified” fragility functions. 

D9.2 Casualty Estimation 
Figure D. 26 presents the numbers of buildings in each damage state for the 
preliminary (15 km radius) building database.  

 
Figure D. 26  Number of buildings in damage state DS1, DS2, DS3, DS4 and DS5 
according to their building class for the Huizinge Mw = 5 earthquake scenario computed 
with the Pinho/Crowley “duration modified” fragility functions using the preliminary (15 
km radius) building database. DS4 – H and DS5 – H represent the number of buildings 
computed using the HAZUS methodology for loss estimation purposes. Labels in the plot 
present the total number of buildings in each damage state. 

The numbers of casualties in terms of the severity of injury for the Mw=5 Huizinge 
earthquake scenario using the Pinho and Crowley “duration modified” fragility 
functions are summarised on the top panel of Figure D. 27 for the occurrence of 
the scenario event during the day and on the bottom panel for the occurrence of 
the event during the night.  41 people are estimated to be slightly-to-seriously 
injured with approximately 2 potential fatalities during the day and 29 injured and 
1 potential fatality during the night.   
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Figure D. 27  Estimated number of casualties in severity levels SL1, SL2, SL3 and SL4 
associated with damage states DS1, DS2, DS3, DS4 and DS5, computed with the 
Pinho/Crowley “duration modified” fragility functions  due to the occurrence of the 
Huizinge Mw = 5 earthquake scenario during the day (2 pm), top panel, and during the 
night (2 am), bottom panel. 

D10 Comparison of the results using the 84th 
percentile PGA values 

D10.1 Comparison of the Results Using the Three 
Families of Fragility Functions (84th percentile 
PGA values) 

The risk results in terms of damaged buildings for the earthquake scenario 
computed with the three sets of fragility functions but using the 84th percentile 
PGA values are compared Table D. 13 and in Figure D. 28. Table D. 14 and Table 
D. 15 show the number of casualties.  
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Table D. 13  Comparison of the earthquake scenario of Huizinge Mw=5 using the three 
families of fragility functions in terms of number of buildings damaged to damage states 
DS1 to DS5. 
Scenario Location Fragility functions DS1 DS2 DS3 DS4 DS5 

#1 Huizinge Arup 11847 9210 3351 1841 1286 

#6 Huizinge Pinho/Crowley “duration 
unmodified” 15141 2471 1750 867 1038 

#7 Huizinge Pinho/Crowley “duration 
modified” 16373 2714 1362 497 320 

 

 
Figure D. 28  Comparison of the earthquake scenario of Huizinge M=5 using the three 
families of fragility functions in terms of number of buildings damaged to damage states 
DS1 to DS5.  
 

The risk results between the Arup and Pinho and Crowley “duration unmodified” 
fragility functions are similar for the damage states DS1, DS2 and DS3 while for 
DS4 the duration adjustment leads to lower estimates. As a consequence the 
numbers of injured people drastically decrease when the Pinho and Crowley 
“duration modified” fragility functions are used.  

The results highlight the large epistemic uncertainty involved in the loss 
estimation due to the selection of the set of fragility functions.  

The estimated number of casualties using the Pinho and Crowley “duration 
modified” fragility functions is approximately one third (30%-40%) of the 
estimated casualties using the Arup fragility functions.  The estimated number of 
casualties using the Pinho and Crowley “duration unmodified” fragility functions 
is approximately two thirds (60%-70%) of the estimated casualties using the Arup 
fragility functions.  
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Table D. 14   Comparison of the estimated number of casualties for the earthquake 
scenario of Huizinge Mw =5 using the 84th percentile and the three families of fragility 
functions, assuming the occurrence of the earthquake during the day.  
Scenario Location Fragility functions SL1 SL2 SL3 SL4 

#1 Huizinge Arup 1279 427 60 118 

#6 Huizinge Pinho/Crowley “duration 
unmodified” 790 251 39 77 

#7 Huizinge Pinho/Crowley “duration 
modified” 468 150 22 43 

 
Table D. 15   Comparison of the estimated number of casualties for the earthquake 
scenario of Huizinge Mw=5 using the 84th percentile and the three families of fragility 
functions, assuming the occurrence of the earthquake during the night.  
Scenario Location Fragility functions SL1 SL2 SL3 SL4 

#1 Huizinge Arup 1205 407 54 106 

#6 Huizinge Pinho/Crowley “duration 
unmodified” 641 202 30 59 

#7 Huizinge Pinho/Crowley “duration 
modified” 290 93 12 23 

 

D11 Investigating the Ground Motion 
Variability 

This Section presents details of the analysis undertaken to better understand the 
influence of the ground motion variability on the risk estimation results illustrated 
in Section 6.4.  

Figure D. 29 shows an example of one of the fully correlated Monte Carlo case 
for the Mw=5 Huizinge earthquake scenario but where the number of total 
standard deviations, is taken to be = −1, while Figure D. 30 is a second 
example which illustrates the same scenario but where the ground motion is fully 
uncorrelated cases and the number of inter-event standard deviations, , is taken 
to be  = −1.  
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Figure D. 29  Fully correlated PGA values estimated for an earthquake of Mw=5 and 
depth H=3 km with epicentre in Huizinge with =−1. 
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Figure D. 30  Fully uncorrelated PGA values estimated for an earthquake of Mw=5 and 
depth H=3 km with epicentre in Huizinge with =−1. 
 

As a first check on the number of sets of Monte Carlo simulations needed to have 
robust estimates for the risk estimations, the analysis is carried out using a number 
of sets of Monte Carlo simulations Nsim=50, 100, 1000, 2500, 5000 and 10000. 
The analysis is performed for the Huizinge earthquake scenario with Mw=5.  
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Figure D. 31 and Figure D. 32 show the median (50th percentile) and the 84th 
percentile) of the number of buildings in each damage state. Figure D. 33 shows 
for the mean and confidence intervals (16th and 84th percentiles interval is 
considered). Spatial correlation is taken into account by a parameter, between 
zero and one, where zero means no spatial correlation and one means full spatial 
correlation. All results are plotted as a function of the number of Monte Carlo 
simulations, Nsim, computed with the fully uncorrelated PGA values (=0, green 
circles) and with the fully correlated PGA values (=1, blue squares). For 
comparison, the red dashed lines represent the number of buildings computed in 
scenario #1 with the 50th percentile input PGA values while the magenta lines 
refer to the 84th percentile input PGA values. Note that care is needed to interpret 
these figures as the terms 50th and 84th percentiles are used to describe both the 
input PGA values and the output number of damaged buildings. A brief 
description of the statistical terms is provided in Appendix E.  

Figure D. 31 shows that the estimated median (50th percentile) number of 
damaged buildings obtained with the fully correlated spatial distribution of PGA 
values as input to the Monte Carlo simulations (blue squares) are consistent with 
the number of damaged buildings estimated using the median (50th percentile) 
input PGA values of the GMPE (red dashed curves) as reported in Section 6.2. 
This result may be interpreted as a check on the reliability of the Monte Carlo 
simulations.  

 
Figure D. 31  Summary plots of the 50th percentile of the number of buildings in each 
damage state as a function of the number of Monte Carlo simulations computed with the 
fully uncorrelated PGA values (=0, green circles) and with the fully correlated PGA 
values (=1, blue squares). For comparison, the red dashed lines represent the number of 
buildings computed in the Mw=5 Huizinge earthquake scenario with the 50th percentile 
PGA values while the magenta lines refer to the 84th percentile PGA input values.  
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Equivalently Figure D. 32 shows that the estimated 84th percentiles of the number 
of damaged buildings obtained with the fully correlated spatial distribution of 
PGA values as input of the Monte Carlo simulations (blue squares). The results 
are consistent with the numbers of damaged buildings estimated using the 84th 
percentile input PGA values of the GMPE (magenta dashed curves), as described 
in Section 6.3.1. 

 
Figure D. 32 Summary plots of the 84th percentile of the number of buildings in each 
damage state as a function of the number of Monte Carlo simulations computed with the 
fully uncorrelated PGA values (=0, green circles) and with the fully correlated PGA 
values (=1, blue squares). For comparison, the red dashed lines represent the number of 
buildings computed in the Mw =5 Huizinge earthquake scenario with the 50th percentile 
PGA input values while the magenta lines refer to the 84th percentile PGA input values. 

Figure D. 33 provides the summary of the results displaying the mean of the 
estimated numbers of damaged buildings and the confidence intervals of the 
estimated number of damaged buildings. The following observations can be made: 

 The final results in terms of number of damaged buildings do not change for 
Nsim≥2500, and therefore calculations based on 2500 simulations may be 
considered to give a stable result. 

 The mean numbers of buildings over the Nsim simulations obtained through the 
fully correlated and the fully uncorrelated spatial distribution cases are very 
similar.  

 The mean results of the Monte Carlo simulations show that approximately 
5100 buildings in DS1, 4500 in DS2, 2000 in DS3, 1400 in DS4 and 1250 
collapsed buildings. The estimates for DS1 to DS4 are between the 50th and 
the 84th percentiles, whereas the DS5 mean number of buildings from the 
Monte Carlo simulations is close to the 84th percentile of the completely 
deterministic approach. This finding is consistent with the reporting of the risk 
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assessment results for both the 50th and the 84th percentiles input PGA values 
as presented in Section 6.2 of this report. 

 The variability associated with these estimates shown as the confidence 
intervals between the 16th and 84th percentiles of the Monte Carlo simulations 
(error bars in the figure) is large, in particular when the fully correlated ground 
motion variability is used, as expected, since in this case all the buildings in 
the database may experience either a very large or a very low number of 
standard deviations above or below the median. The confidence intervals for 
10th and 90th percentiles would of course be even larger if shown. 
 

 
Figure D. 33  Summary plots of the mean and the confidence intervals of the number of 
buildings in each damage state as a function of the number of Monte Carlo simulations 
computed with the fully uncorrelated PGA values (=0, green circles) and with the fully 
correlated PGA values (=1, blue squares). For comparison, the red dashed lines 
represent the number of buildings computed in the Mw =5 Huizinge earthquake scenario 
with the 50th percentile PGA values while the magenta lines refer to the 84th percentile 
PGA input values. 

The analysis shows that a relatively small number of Monte Carlo simulations 
(2500) is sufficient to obtain a good estimate of the numbers of damaged 
buildings. Hence, a set of 2500 Monte Carlo simulations is used to carry out the 
casualty estimation with the study area (15 km radius), for the case of fully 
uncorrelated ground motion variability.  

Figure D. 34 compares the 16th percentile, 50th percentile (median), 84th 
percentile, and mean number of damaged buildings from the Monte Carlo 
simulations (left panel) with the number of damaged buildings estimated using the 
16th percentile PGA values, 50th percentile PGA values, the mean PGA values and 
the 84th percentile PGA values (right). Figure D. 35 shows the same comparison 
but in terms of estimated number of casualties. It is noted that the results obtained 
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using the 16th percentile PGA values as input are unconservative and are expected 
to be exceeded 84% of the time.  

 
Figure D. 34  Summary of the numbers of damaged buildings obtained with the different 
approaches for the Huizinge earthquake scenario with Mw =5. Left: 16th, 50th (median), 
84th, and mean number of damaged buildings from the Monte Carlo simulations. Right: 
number of damaged buildings estimated using the 16th percentile PGA values, 50th 
percentile PGA values, the mean PGA values and the 84th percentile PGA values. 

 
Figure D. 35  Summary of the numbers of casualties estimated with the different 
approaches for the Huizinge earthquake scenario with Mw=5. Left: 16th, 50th (median), 
84th, and mean number of casualties from the Monte Carlo simulations. Right: number of 
casualties estimated using the 16th percentile PGA values, 50th percentile PGA values, the 
mean PGA values and the 84th percentile PGA values. 
 



 

 

Appendix E 
Statistical Definitions 
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E1 Mean, median and standard deviation of a 
distribution 

In statistics the mean of a probability distribution is the expected value, i.e. the 
weighted average of all the possible values (xi) that a random variable can assume. 
These weights are the probabilities (pi) associated with each of these values, so 
that:  
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The standard deviation, also called sigma, , is a measure of the dispersion and 
shows how much the data are spread with respect to the mean. A low sigma 
means that the data are very close while a high value indicates that the data are 
very disperse. The standard deviation is the square root of the variance, var, that is 
defined as: 
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A percentile of a distribution is the value below which a certain percentage of 
observations falls. For example the 30th percentile is the value below which 30% 
of the observations can be found.  

The median is the value that separates the higher half of a data sample from the 
lower half. Thus, given an ordered one-dimensional vector of data the median is 
the central value of the vector. The median is thus the 50th percentile of a 
distribution. 

E2 Normal and Lognormal Distributions 
The normal (or Gaussian) distribution is a continuous probability distribution. The 
probability distribution function is: 

2

2

2
)(

2
1)( 









x

exf  

where x is the real variable,  is the mean of the distribution and the standard 
deviation. In the normal distribution mean and median coincide because the 
distribution is symmetric. 

The lognormal distribution is a continuous distribution for which the logarithm of 
the random variable (Y) is normally distributed. Hence, if Y is lognormally 
distributed, X=log(Y) is normally distributed. Given  and  the mean and 
standard deviation of the associated normal distribution (X): 
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 The median (50th percentile) is XeYMedian 
)( ; and 

 The mean is 2/2

)( XXeYMean  
 . 

A graphical description of the probability density functions of the two 
distributions is provided in Figure E. 1. The top panels show the changes in the 
distributions (normal on the left and corresponding lognormal on the right) for 
different sigma value while the bottom panels show the change due to different 
mean values. A larger sigma leads to a broader bell of the normal distribution and 
a shift toward left of the lognormal distribution. The change of the mean value 
instead does not change the shape of the normal distribution which is only shifted 
so that the peak of the bell coincides with the mean value. In the lognormal 
distribution these changes lead to a variation in the amplitude of the density 
function.  

 
Figure E. 1 Sensitivity of the normal and lognormal distribution to the sigma () value, 
top, and to the mean (), bottom. 
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Figure E. 2 shows the probability density functions (top) of the normal (left) and 
the lognormal (right) distribution and the corresponding cumulative density 
functions (bottom). The figure highlights the location of  the mean and the median 
as well as 16th and 84th percentiles of the distributions. As said the mean and 
median in the normal distribution coincide while in the lognormal distribution 
they are different and the separation between the two values depend on the 
skewness of the distribution (i.e. on the sigma of the corresponding normal 
distribution).  

 
Figure E. 2 Definition of the 16th, 50th, 84th percentiles and mean for the normal (left) and 
lognormal (right) distribution. Note that for the normal distribution the mean and median 
values coincide but for the lognormal distribution they are separated. 

 

 



 

 

Appendix F 
Glossary 
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F1 General 
Accelerogram: A record of acceleration versus time during an 

earthquake obtained from an accelerometer. 
Accelerometer: An instrument used to measure ground accelerations 

caused by an earthquake. 
Aleatory Variability: This is the natural randomness in a process. For discrete 

variables, the randomness is parameterised by the 
probability of each possible value. For continuous 
variables, the randomness is parameterised by the 
probability density function. 

Attenuation: Decrease in seismic motions with respect to distance 
from the epicentre, depending on both geometric 
spreading and the damping characteristics of the ground. 

Capacity: The amount of force or deformation an element or 
component is capable of sustaining. 

Casualty classification: Severity levels (SL) are defined as: 
SL 1: injuries that require basic medical aid and could be 
administered by paraprofessionals. They would need 
bandages or observations; 
SL 2: injuries requiring a greater level of medical care 
and use of medical technology (x-rays or surgery) but 
not expected to progress to a life threatening status; 
SL 3: injuries posing immediate life threatening 
conditions if not adequately treated; and 
SL 4: instantaneously killed or mortally injured. 

Collapse: For a given structure type, more than one failure 
mechanism can be identified as leading to collapse of 
different extents or parts of the total building envelope. 
Earthquake induced collapse of a masonry building is 
defined as failure of one or more exterior walls resulting 
in partial or complete failure of the roof and/or one or 
more floors. For an in-situ concrete building collapse is 
defined as failure of one or more floors or complete 
failure of part of the framed structure. For a steel frame 
building collapse refers to failure of the roof or one or 
more floors due to instability of the frame. For a multi-
storey building, collapse refers to more than 50% 
volume reduction resulting from failure of the roof and 
one or more floors of the building. 

Damage: Non-rehabilitating structural or aesthetic change 
following a seismic event. 

Damage state classification: DS0: no damage; 
DS1: negligible to slight damage (no structural damage, 
slight non-structural damage); 
DS 2: moderate damage (slight structural damage, 
moderate non-structural damage); 
DS 3: substantial to heavy damage (moderate structural 
damage, heavy non-structural damage); 
DS 4: very heavy damage (heavy structural damage, 
very heavy non-structural damage); and 
DS 5: destruction (very heavy structural damage). 
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Damping: A measure of energy dissipation. Damping in a structure 
is typically defined in terms of percent of critical 
damping. 

Deformation: The amount by which an element or component changes 
from its initial shape. 
 

Design Earthquake: A theoretical earthquake against which the building will 
be assessed. 

Design Life: The period of time during which a facility or component 
is expected to perform according to the technical 
specifications to which it was produced. 

Eurocode (EC): Standard suite of structural design guidance adopted 
across the European Union. 

Focal Depth: The conceptual "depth" of an earthquake. If determined 
from high-frequency arrival-time data, this represents 
the depth of rupture initiation (the "hypocentre" depth). 

Focus: See Hypocentre. 
Free Field Ground Motion: The motion that would occur at a given point on the 

ground owing to an earthquake if vibratory 
characteristics were not affected by structures and 
facilities. 

Frequency of Exceedance: The frequency at which a specified level of seismic 
hazard will be exceeded at a site or in a region within a 
specified time interval. 

Geometric Mean: This is a type of mean or average, which indicates the 
central tendency or typical value of a set of numbers. 
The geometric mean of two numbers is given by the root 
square of the product of the numbers. Many GMPEs are 
derived for the Geometric Mean. 

Ground Motion Prediction Equation 
(GMPE): 

Also known as “attenuation relationships”, these 
correlations estimate the ground motion due to an 
earthquake of a given magnitude at a specific distance. It 
can also consider the tectonic regime, fault 
characteristics, focal depth and soil conditions. 

Hypocentre: Point in the earth where the seismic disturbance 
(earthquake) originates. Also known as focus. 

In-Plane: In the direction parallel to the plane created by the 
element's largest dimensions. 

 KNMI: Koninklijk Nederlands Meteorologisch Instituut. 
Large Seismic Event: A seismic event of M5.5 or greater. 

Longitudinal Direction: Direction which is parallel to the plane created by the 
largest two dimensions of an element. 

Magnitude: A logarithmic scale of earthquake size, based on 
seismograph records. A number of different magnitude 
scales exist, including Richter or local (ML), surface 
wave (MS), body wave (mb) and duration (Md) 
magnitudes. The most common magnitude scale now 
used is moment magnitude (MW), which measures the 
size of earthquakes in terms of the energy released. 

Masonry Pier: Vertical element between openings in a masonry wall. 
Modal Response: An analytical tool for assessing the dynamic response of 

a structure's response to vibration (typically taking into 
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account the structures mass and stiffness). 
Mode: The specific behaviour of a structure under a defined 

frequency. 
NPR: Nationale Praktijkrichtlijn (Dutch national codes of 

practice). 
 NEN: Nederlands Normalisatie-Instituut 

 NAM: Nederlandse Aardolie Maatschappij 
Non-Linear Analysis : Analysis which accounts for deformations in an element 

or yielding of the material. 
Out-of-Plane: In the direction perpendicular to the plane created by the 

element's largest dimensions. 
Peak Ground Acceleration (PGA): The maximum absolute value of ground acceleration 

displayed on an accelerogram; the greatest ground 
acceleration produced by an earthquake at a site. 

Probabilistic Seismic Hazard 
Analysis (PSHA): 

An assessment of the seismic hazard at a given site, 
taking into account in a probabilistic framework the 
seismic sources in the area, how often earthquakes of 
different magnitudes are produced by those sources, 
what the expected shaking at the site would be under 
different magnitudes (see “attenuation”) and all the 
uncertainties in each of these aspects. 

Reference Period: A period of time over which a probability calculation is 
made; for example a reference period for seismic hazard 
may be the design life of the structure. 

Response Spectrum: The plot of structural period against peak response 
(absolute acceleration, relative velocity or relative 
displacement) of an elastic, single degree of freedom 
system, for a specified earthquake ground motion and 
percentage of critical damping. Relative motions are 
measured with respect to the ground. 

Return Period: The inverse of the annual frequency of occurrence. For 
example, the ground motion which has a 1% chance of 
being exceeded at a given point each year has a return 
period of (1/0.01) or 100 years. 

Seismic Action: See Base Shear. 
Seismic Hazard: The frequency with which a specified level of ground 

motion (for instance 20% of ground acceleration) is 
exceeded during a specified period of time. 

Seismic Response: The behaviour of the structure with regards to the base 
shear and modal response. 

Seismicity: The frequency and size of earthquake activity of an area. 
Serviceability Limit State (SLS): The combination of loads which relate to the assessment 

of the building for the functioning or appearance of the 
structure or comfort of people. 

Site Response: The behaviour of a rock or soil column at a site under a 
prescribed ground motion. 

 TNO: Nederlandse Organisatie voor Toegepast 
Natuurwetenschappelijk Onderzoek (Dutch organisation 
for applied scientific research). 

Transverse Direction: Direction which is perpendicular to the plane created by 
the largest two dimensions of the element. 
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Ultimate Limit State (ULS): The combination of loads which relate to the assessment 
of the building for the safety of people, structure or 
contents. 

Uniform Hazard Response 
Spectrum (UHRS): 

This is a multi-parameter description of ground motion 
that can be generated from a probabilistic seismic hazard 
assessment. It is composed of a number of points which 
each have an equal likelihood of being exceeded in a 
given time period. 

Unreinforced Masonry (URM): Masonry which does not contain any additional element 
to strengthen the masonry beyond masonry units and 
mortar. 

Unusable: A damage state whereby a building cannot be used for 
its primary function – e.g. for residences, the building is 
not safe to occupy and for hospitals the facilities cannot 
be used for post-earthquake treatment. 

Viscous Damping: Dissipation of seismic energy considered to be 
proportional to velocities in the structure. Commonly 
used as a mathematical model to represent sources of 
energy dissipation that are not explicitly accounted for in 
the modelling of structural elements, such as cracking in 
partitions or radiation energy into the soil. 

Wall Ties: Objects which connect one leaf of masonry to another 
object (typically the internal masonry leaf). 

F2 Eurocode 8 
Capacity Assessment Method: Design method in which elements of the structural 

system are chosen and suitably designed and detailed for 
energy dissipation under severe deformations while all 
other structural elements are provided with sufficient 
strength so that the chosen means of energy dissipation 
can be maintained. 

Damage Limitation (DL): Structure is only lightly damaged, with structural 
elements prevented from significant yielding and 
retaining their strength and stiffness properties. Non-
structural components, such as partitions and infills, may 
show distributed cracking, but the damage could be 
economically repaired. Permanent drifts are negligible. 
The structure does not need any repair measures. 

Elastic Response: Behaviour of the structure when subject to the design 
spectrum for elastic analysis. 

Lateral Force Method: A simplified linear-elastic analysis method which 
applies a horizontal load to each storey. This method is 
only applicable to buildings which are regular in 
elevation and is within a limiting fundamental period. 

Modal Response Spectrum Analysis: A linear-elastic analysis method which applies lateral 
load depending on the combined modal responses of the 
specific structure. This method is applicable to buildings 
which do not meet the Lateral Force Method criteria. 

Near Collapse (NC): Structure is heavily damaged, with low residual lateral 
strength and stiffness, although vertical elements are still 
capable of sustaining vertical loads. Most non-structural 
components have collapsed. Large permanent drifts are 
present. The structure is near collapse and would 
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probably not survive another earthquake, even of 
moderate intensity. 

Non-structural Element: Architectural, mechanical or electrical element, system 
and component which, whether due to lack of strength or 
to the way it is connected to the structure, is not 
considered in the seismic design as load carrying 
element. 

Significant Damage (SD): Structure is significantly damaged, with some residual 
lateral strength and stiffness, and vertical elements are 
capable of sustaining vertical loads. Non-structural 
components are damaged, although partitions and infills 
have not failed out-of-plane. Moderate permanent drifts 
are present. The structure can sustain after-shocks of 
moderate intensity. The structure is likely to be 
uneconomic to repair. 

F3 ASCE 41-13 
Acceptance criteria: Limiting values of properties such as drift, strength 

demand and inelastic deformation used to determine the 
acceptability of a component at a given performance level 
(See also performance levels). 

Collapse Prevention  
(S-5): 

Post-earthquake damage state in which the building is on 
the verge of partial or total collapse. Substantial damage to 
the structure has occurred, potentially including 
significant degradation in the stiffness and strength of the 
lateral-force-resisting system, large permanent lateral 
deformation of the structure, and - to a more limited extent 
- degradation in vertical-load-carrying capacity. However, 
all significant components of the gravity-load-resisting 
system must continue to carry their gravity loads. 
Significant risk of injury due to falling hazards from 
structural debris might exist. The structure might not be 
technically practical to repair and is not safe for re-
occupancy, as aftershock activity could induce collapse. 

Damage Control (S-2): Midway point between Life Safety and Immediate 
Occupancy. It is intended to provide a structure with a 
greater reliability of resisting collapse and being less 
damaged than a typical structure, but not to the extent 
required of facility structure designed to meet the 
Immediate Occupancy performance level. 

Demand: The amount of force or deformation imposed on an 
element or component. 

Diaphragm: A horizontal (or nearly horizontal) structural element used 
to transfer inertial lateral forces to vertical elements of the 
lateral-force-resisting system. 

Drift: Horizontal deflection at the top of the storey relative to the 
bottom of the storey. 

Flexible Diaphragm: A diaphragm with horizontal deformation along its length 
twice or more than twice the average storey drift. 

Fundamental Period: The natural period of the building in the direction under 
consideration which has the greatest mass participation. 

Immediate Occupancy (S-1): Post-earthquake damage state in which only very limited 
structural damage has occurred. The basic vertical- and 
lateral-force-resisting systems of the building retain nearly 
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all of their pre-earthquake strength and stiffness. The risk 
of life-threatening injury as a result of structural damage is 
very low, and although some minor structural repairs 
might be appropriate, these would generally not be 
required prior to re-occupancy. Continued use of the 
building will not be limited by its structural condition, but 
might be limited by damage or disruption to non-structural 
elements of the building, furnishings, or equipment and 
availability of external utility services. 

Life Safety (S-3): Post-earthquake damage state in which significant damage 
to the structure has occurred but some margin against 
either partial or total structural collapse remains. Some 
structural elements and components are severely damaged 
but this has not resulted in large falling debris hazards, 
either inside or outside the building. Injuries might occur 
during the earthquake; however, the overall risk of life-
threatening injury as a result of structural damage is 
expected to be low. It should be possible to repair the 
structure; however, for economic reasons this might not be 
practical. Although the damaged structure is not an 
imminent collapse risk, it would be prudent to implement 
structural repairs or install temporary bracing prior to re-
occupancy. 

Limited Safety (S-4): Midway point between Life Safety and Collapse 
Prevention. It is intended to provide a structure with a 
greater reliability of resisting collapse than a structure that 
only meets the collapse prevention performance, but not to 
the full level of safety that the life safety performance 
level would imply. 

Load Duration: The period of continuous application of a given load, or 
the cumulative period of intermittent applications of load. 

Probability of Exceedance: The probability that a specified level of ground motion or 
specified social or economic consequences of earthquakes 
will be exceeded at a site or in a region during a specified 
period of time. 

Rigid Diaphragm: A diaphragm with horizontal deformation along its length 
less than half the average storey drift. 

Shear Wall: A wall that resists lateral forces applied parallel with its 
plane. Also known as an in-plane wall. 

Stiff Diaphragm: A diaphragm that is neither flexible nor rigid. 
Target Displacement: An estimate of the maximum expected displacement of the 

roof of a building calculated for the design earthquake. 
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Executive Summary 

Introduction 

This report provides a summary of the structural upgrading strategy for existing 
buildings in the Groningen area. This report is one of the required studies outlined 
in the letter of Minister Kamp to the Dutch Parliament of 11 February 2013. This 
report is issued - as requested by NAM - as input for the Winningsplan, which is 
to be submitted on 1st December 2013 by NAM. 

An undesirable effect of gas extraction is induced earthquakes, causing damage to 
buildings. As these induced earthquakes are increasing in number and size, the 
possible risk to life safety is a growing concern. NAM commissioned Arup to 
develop a structural upgrading strategy, underpinned by extensive studies. The 
objective of this strategy is to reduce risk to life safety by implementing structural 
upgrading measures to buildings. 

The Netherlands has a history in managing risks such as flooding. Over the past 
centuries, the Dutch have developed strategies to cope with such risks, many of 
which have found their way into (building) legislation. However, the possible risk 
to life safety caused by induced earthquakes is new to the Dutch. Unlike in other 
EU-countries, the Netherlands has limited experience with seismic hazard and 
associated risk to life safety and no legislation enforcing seismic design 
requirements has been put in place to cope with this risk. Consequently, the 
buildings in the Groningen area are not specifically designed to resist earthquakes. 

Seismic risk to life safety is a function of the seismic hazard, the exposure to the 
hazard, and the vulnerability of buildings in the region to seismic ground motion. 
Structural upgrading measures are proposed to reduce the vulnerability of the 
buildings to seismic ground motion. The proposed structural upgrading measures 
have different levels of complexity depending on the expected amplitude of the 
seismic ground motion and the particular building structure. The measures 
therefore range from mitigating unstable chimneys to structurally strengthening 
entire walls and building foundations. In case structural upgrading is practically or 
economically unfeasible, demolition may be the ultimate measure. 

Over the last year much research and many investigations have been undertaken 
to better understand the seismic risk in the region. These studies have identified 
important influencing variables for the seismic hazard and building vulnerability. 
For these variables limited information is available at this stage and the influences 
of some of these variables are still not fully understood. Consequently, the 
prediction of seismic hazard, building vulnerability and the overall seismic risk 
are done under high uncertainties. Because of these uncertainties it is too early to 
roll out a definitive upgrading program and a phased approach is proposed. 

 

Seismic Risk 

A first indication of the risk to life safety can be gained from the earthquake 
scenario-based risk assessment study which has been undertaken for the 
Groningen region. This risk assessment provides an estimate of the potential 
building damage and casualties that could occur in earthquake scenario events 
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with magnitudes between Mw=3.6 and Mw=5, which potentially could occur in the 
region in the future.   

An earthquake scenario of Mw≥5 is estimated to have a probability of occurring of 
less than 10% in the next 10 years1. The smaller magnitude earthquakes have 
higher probabilities of occurring in the Groningen area. 

A Mw=5 earthquake scenario event is currently estimated to cause between 5 (50th 
percentile) and 100 (84th percentile) fatalities. The mean estimate of the number of 
fatalities is between these two values.  

The Seismic Risk study also considered a potential Mw=3.6 earthquake scenario 
event, the same magnitude as the August 2012 Huizinge event. The 50th and 84th 
percentile fatality estimates for Mw=3.6 were 0 and 1, respectively, and the 
estimated total number of injuries were 0, and less than 25, respectively. It can be 
seen that the numbers of injuries estimated using the 84th percentile PGA values 
appear to be high, compared with no reported injuries in the Huizinge earthquake. 
Similarly, damage estimates for the 84th percentile give significantly higher 
numbers of extensively damaged and collapsed buildings than were actually 
observed in the Huizinge earthquake (in which there were no extensively damaged 
or collapsed buildings). The 84th percentile results overestimate what was 
observed in the case of one earthquake, which puts into context the 84th percentile 
fatality estimates for the Mw=5 earthquake scenario, reported above. On the other 
hand, the possibility of such levels of fatalities cannot be discounted in case a 
Mw=5 would occur in the future. 

Upgrading Strategy 

Arup developed an upgrading strategy that meets the following criteria: 

1. The ability to cope with the current uncertainties by (a) gathering relevant 
data to reduce uncertainties and (b) adopting a flexible approach to adjust 
to new developments. 

2. A realistic contribution to lowering risk to life safety as quickly as possible 
by using the proposed strategy as further explained below. 

 

The most important elements of the proposed strategy are: 

                                                 
1 NAM indicates: “The ‘Report to the Technical Guidance Committee (TBO) on Production 
Measures; Part 1: Depletion Scenarios and Hazard Analysis’ reports that although considerable 
progress was made in the understanding of the seismic hazard, significant uncertainty remains at 
present. The predictions of the seismic hazard range are believed to be conservative and NAM has 
initiated a further data acquisition program to obtain additional field data, and a studies program 
to reduce the uncertainty. A Mw≥5 earthquake scenario in this report is estimated to have a 
probability of occurring of less than 10% in the next 10 years.   
Further data gathering and further studies in the next years will be executed in order to reduce the 
uncertainty range and may well in the future further reduce the hazard. For example, it is expected 
that geomechanical studies, explicitly modelling faults, can demonstrate a physical upper bound to 
the maximum magnitude.” 
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1. A stepped implementation starting with (1) strengthening or removing 
higher risk building elements (falling hazard), (2) improving the integrity 
of buildings and (3) improving strength and/or ductility of buildings. By 
implementing the upgrading interventions in steps a balance is sought 
between the cumulative risk reduction, the impact of the interventions on 
the buildings and environment, the speed of implementation and the 
capacity of resources needed for implementation. 

2. Prioritisation based on minimising risk to life safety. Not all buildings 
can be screened and addressed at the same time. It is therefore proposed to 
start with the buildings that are likely to cause most casualties in case of a 
heavy earthquake, using the following considerations: 

a. Seismic hazard: priority is given to areas of highest seismic hazard 
working from the central area of the gas field where the seismic 
hazard is highest to the outside where the seismic hazard is lowest. 

b. Building vulnerability: rapid visual screenings/assessments are 
being undertaken to assess the vulnerability of all buildings with 
assessments starting in the highest seismic hazard areas. The 
relative vulnerability of buildings is then used to set priorities for 
further assessment and implementation of structural upgrading 
measures.  Rapid visual assessments are also used to identify and 
prioritise buildings with elements that pose immediate life safety 
risk. 

c. Building exposure: building importance class defined in 
accordance with current Eurocodes is also used to prioritise work 
on higher importance buildings (e.g. hospitals, first responder 
buildings, schools, elderly homes) by addressing these via a 
separate work stream. 

3. Constant monitoring and continuing research and investigations to 
reduce uncertainties in the level of seismic hazard in the region, improve 
the understanding of the vulnerability of the buildings in the region, 
further develop structural upgrading measures and help to define an 
acceptable level of seismic risk to life safety. The results of the research 
and investigations are expected to contribute to the development of the 
NPR (Nationale Praktijk Richtlijn). 

4. Starting with pilot projects (pilot 1 and 2), having two benefits: 

a. An increase in the research pace needed to reduce uncertainties 
quickly and to prevent future disruptions in execution. 

b. An immediate positive/mitigating effect on the risk to life safety 
for the people participating in the pilot. 

 
The proposed structural upgrading strategy is subject to progressive insights and 
will be updated periodically. It forms the basis for current thinking and 
discussions and is aimed to form a framework for work that has already 
commenced and for the large scale implementation of the structural upgrading 
strategy and management of the risk from induced seismicity in the Groningen 
region. 
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Implementation 

In addition to an extended research program it is proposed to NAM to continue 
with the pilot projects (Pilot 1 and 2), which consist of: 

 

1. Screening 1700 buildings in Pilot 2 on vulnerability and exposure; 

2. Implementing temporary measures for those buildings identified during 
surveys in Pilot 2, needing urgent actions due to severely impaired 
integrity; 

3. Consider implementing temporary measures for those buildings identified 
during surveys in Pilot 2, based on their typology; 

4. Implementing step 1 measures for those building elements identified 
during surveys in Pilot 2; 

5. Implementing step 2 measures for at least 5 houses before the end of 2014 
(Pilot 1) and investigating the effect of these measures on building 
vulnerability; 

6. Implementing step 1 and 2 measures for all buildings in Pilot 2 before the 
end of 2016 (scope of Pilot 2 depends on progressive insights, results of 
inspections, and findings from Pilot 1); and 

7. A regular evaluation of the pilot projects (Pilot 1 and 2) before the roll-out 
of the complete program after 2016.  
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1 Introduction  

This report provides a summary of the proposed structural upgrading strategy for 
existing buildings in the Groningen region. It is one of the studies for building 
damage reduction as outlined in the letter of Minister Kamp to the Dutch 
Parliament of 11 February 2013.  

Arup has been appointed by Nederlandse Aardolie Maatschappij B.V. (NAM) to 
carry out consultancy services in relation to induced seismicity hazard and risk 
assessment, and the design of structural upgrading measures for buildings in the 
Groningen region of the Netherlands.  

Arup is a global firm of professional consultants. This report has been 
commissioned by NAM, and produced using information, instructions and 
directions from NAM. However the findings reached are the product of our 
independent professional judgement, on the basis of our scientific knowledge at 
the date of writing this report. 

This report forms part of a wider scope of services related to the structural 
upgrading strategy for buildings in the Groningen region, described in a series of 
reports by Arup (2013). The strategy is supported by three studies:  

 Structural Upgrading Study [1];  

 Seismic Risk Study [2]; and 

 Implementation Study [3].  

The location and extent of the study area is shown in Figure 1. 

Preventive structural upgrading for existing buildings is applied in several seismic 
regions around the world, mostly on the initiative of building owners, but also 
backed up with local or national legislation. 

The Groningen situation is unique as (and for this reason examples from other 
regions cannot simply be copied):  

 The earthquakes are caused by gas extraction, known as induced 
earthquakes;  

 There is very limited knowledge and experience in the Dutch building 
industry in the design and construction of earthquake resistant buildings 
and the structural upgrading of existing buildings; and  

 Most of the building stock in Groningen consists of unreinforced masonry 
(URM) including specific details common in Dutch building practice (i.e. 
cavity walls), which in general, without special design features, has a 
relative poor response to earthquakes. 

The strategy has been developed in consultation with NAM over the last months 
and incorporates feedback from the Technische Begeleidingscommissie 
Bovengrond (TBB).  

This strategy is based on current available data and should be considered 
preliminary. It will also be updated on a regular basis when more information and 
knowledge becomes available.  
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Figure 1 Groningen region location plan. 
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2 Strategy 

2.1 Elements of the Strategy 

The strategy has the following elements, as illustrated in Figure 2: 

 Stepped implementation approach for risk reduction with 
screening/assessments and steps of interventions; 

 Prioritisation by seismic risk; 

 (extended) Studies to reduce uncertainties; and 

 Implementation pilots to test technical feasibility (Pilot 1) and 
operational implementation (Pilot 2). 

The elements of Figure 2 will be further explained in the following sections. The 
stepped approach (step 1, 2, 3) is further explained in section 7. 

 

 
Figure 2 Elements of the strategy and their relations (numbers are indicative) 

2.1.1 Study Seismic Risk 

The Seismic Risk Study aims to quantify potential building damage and casualties 
for a specific area caused by the seismic hazard resulting from induced 
earthquakes. 

In the context of the upgrading strategy, seismic risk is an important parameter to 
prioritise the implementation of studies, implementation of pilots and large scale 
implementation. 

The summary of results for the study seismic risk is outlined in section 4 of this 
report. 
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2.1.2 Study Structural Upgrading 

The Structural Upgrading Study aims to develop design guidance for structural 
upgrading of the Groningen region building stock within the context of Dutch 
building practice and the available regulatory framework. This design guidance 
takes the format of design rules and protocols for so-called ‘typical’ buildings 
(e.g. terraced houses), representative of a large proportion of buildings, and design 
procedures for unique buildings (e.g. office buildings) or those of special 
importance (e.g. hospitals or schools). 

The design guidance to be developed is aimed at life safety. This protection of life 
is incorporated by performance requirements in the design codes. 

The focus of the study has been on buildings constructed from unreinforced 
masonry (URM) which were not originally designed for seismic resistance and are 
particularly susceptible to seismic action, as is indicated by the fragility curves of 
URM buildings when compared with buildings of other materials. 

The summary of the structural upgrading study is outlined in Section 5 of this 
report. 

 

2.1.3 Study Implementation 

The Implementation Study aims to develop a methodology for large scale 
implementation. An initial large scale implementation scenario (‘N’) has been 
selected and has been the basis for management, scoping, programming, planning, 
information management and prioritisation. 

The summary of results for the study implementation is outlined in Section 6 of 
this report. 

2.1.4 Prioritisation  

Given the extent of the area and the number of buildings in this area, a 
prioritisation approach has been developed. The process has three basic steps:  
 

 Identification: to identify the buildings with the highest potential seismic 
risk, based on the seismic hazard, exposure, structural vulnerability and/or 
the consequences of failure in an earthquake (based on desk top studies 
and field survey’s). These methods of identification are pre- and post-
earthquake inspections (FEMA 154 and ASCE 41-13) using different 
screening and assessment standards. 

 Performance evaluation: to quantify the gap between the current and the 
required structural performance; and  

 Structural upgrading: to achieve the required performance in an 
effective way using conventional and innovative upgrading measures.  

Summary of results for the prioritisation are outlined in Section 6.3 of this report. 
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2.1.5  Implementation 

Before large scale implementation is undertaken, two implementation pilots are 
intended to validate the design & execution impact on the proposed risk reduction 
and structural upgrading measures.  

 Pilot 1: small scale testing: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design);  

 Pilot 2: large scale testing: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design). 

 Large Scale Implementation: full scale structural upgrading works: 

o Phase 1: screening/assessments;  

o Phase 2: preliminary design;  

o Phase 3: execution (incl. detailed design). 
 

Pilot 1 is intended to validate the technical feasibility of the proposed design 
procedure and structural upgrading measures. Pilot 2 is intended to validate the 
operational implementation. Thereafter, large scale implementation is the full 
scale roll-out of the structural upgrading works. 

 

2.2 Relationship of the Different Elements and other 
Studies/activities 

The relationships between the different elements of the strategy are shown in 
Figure 2. Studies will overlap in time, but basic progression is from left to right, 
starting with the seismic risk study and finishing with the implementation study. 
The implementation pilots tie in with this sequence.  

There are several relationships with other studies and activities not undertaken by 
Arup. These parallel studies provide important input to this study:  

 Definition of seismic hazard by KNMI and subsurface experts (incl. 
NAM): the seismic hazard input used by Arup is provided by NAM. 

 Definition of the safety level by NEN. NEN is to propose the safety level 
to the government. For now, Arup uses internationally accepted safety 
levels for existing buildings. 
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 Development of national design guidance (NPR and National Annex to 
Eurocode 8) on the structural upgrading of existing buildings by NEN. 

 

2.3 Knowledge Management and Learning 

The studies and implementation pilots are to learn how to undertake large scale 
implementation in an effective and timely manner. 

As the context is unique it is assumed that the implementation process is not a 
linear process, but cyclic, with defined feedback loops. 

There are multiple ways of learning: 

Feedback loops: The process builds up in small steps with a cyclic character. 
New learning and insights resulting from the different steps in the studies and 
implementation pilots give feedback to assumptions of previous steps; 

Scaling: The implementation pilot process builds up to deal with an increasing 
scale. The first implementation pilot will focus on 10’s of buildings; followed by 
the second implementation pilot which will possibly focus on 100’s of buildings.  

Extended research and investigations: see section 5.4.3. 

Market consultation: During Pilot 1 various market parties will be actively 
consulted.  

Results from all pilots will be documented and used to update the Structural 
Upgrading Strategy and plan. 

This process will lead to a refinement of the knowledge base starting with an 
approximate approach, than leading to more refinement with associated 
verification and validation. 
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3 Seismic Risk Assessment  

3.1 Introduction 

This section of the report provides a summary of the earthquake scenario-based 
seismic risk assessment undertaken to investigate the risk to buildings and the 
building occupants in the Groningen region. A full description of the seismic risk 
study is provided in a separate report titled, ‘Seismic Risk Study – Earthquake 
Scenario-Based Risk Assessment’. 

Potential building damage estimates (and subsequently the potential casualty 
estimates for the building occupants) are sensitive to the level of ground shaking 
(e.g. measured in PGA) expected at each building location. A given magnitude of 
earthquake that can potentially occur in the future can produce a range of possible 
PGAs at each building location. Therefore, to answer questions like, “how many 
buildings are expected to be damaged in a Mw=5 earthquake?”, a range of possible 
outcomes, some more likely than others, must be considered. The probability 
distribution of these outcomes describes how likely each of them are to occur, 
given the scenario earthquake event.  

There are many different ways of describing such a probability distribution. The 
‘median’ describes the value which has a 50% chance of being exceeded (and a 
50% chance of not being exceeded) given the occurrence of the scenario 
earthquake event. Other ‘percentile’ values can also be reported. For example, the 
16th percentile is exceeded with 84% probability (100% minus 16%), and is 
therefore likely (although not certain) to be a low estimate of what would occur in 
an earthquake, while the 84th percentile is exceeded with only 16% probability 
(100% minus 84%), and therefore is likely (although not certain) to be a high 
estimate. These particular percentiles (16th and 84th) are often reported, as they 
represent the median minus and plus one standard deviation from the median. 

The ‘mean’ is what would be obtained if a representative number of possible 
scenario earthquake events were observed, and the average calculated. For a 
skewed probability distribution (in which disproportionately large values are 
possible but with a very small probability), the mean is larger than the median, i.e. 
the mean value has less than 50% chance of being exceeded. Estimates of building 
damage in earthquakes have a skewed probability distribution so the mean is 
much larger than the median. Nevertheless, the “median” and the “mean” are 
commonly used measures to represent possible values from a probability 
distribution. By themselves, however, the ‘median’ and the ‘mean’ are not 
adequate to describe what could potentially occur even in a single scenario 
earthquake – and a range of possible results provides the best understanding. 

 

3.2 Seismic Hazard 

For the earthquake scenario based risk assessment, four earthquake scenarios have 
been considered: 

 A magnitude Mw=3.6 earthquake; 

 A magnitude Mw=4 earthquake; 
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 A magnitude Mw=4.5 earthquake; and 

 A magnitude Mw=5 earthquake.  

An earthquake scenario of Mw≥5 is estimated to have a probability of occurring of 
less than 10% in the next 10 years2. 

The earthquake scenario risk assessment results presented in this report provide an 
estimate of what could happen in single possible future earthquakes of a given 
magnitude. The scenario assessments do not provide an estimate of the cumulative 
damage that could potentially arise from all possible future induced earthquakes 
during the life of the gas field and after. 

3.3 Building Exposure 

For this risk assessment, a study area has been defined that extends over a region 
covering the full extent of the Groningen gas field. A database has been compiled 
for all buildings in this study area along with the simplified engineering 
characteristics for each building including their potential vulnerability to 
earthquake damage (referred to as fragility functions), the use of the building, and 
the number of occupants (during the day and the night). There are approximately 
275,000 buildings in the study area with a total population of approximately 
500,000 of which approximately 200,000 people in the city of Groningen. 

3.4 Building Vulnerability 

For each of the earthquake scenarios the distribution of ground shaking hazard in 
terms of peak horizontal ground acceleration (PGA) has been determined. The 
distribution and amplitude of the ground shaking is then used to estimate the 
amount of potential damage to buildings using fragility functions that are assigned 
to each of the buildings in the study area. Building damage is then classified into 
five damage states: slight (DS1), moderate (DS2), extensive (or substantial to 
heavy) (DS3), complete (or very heavy) (DS4) and collapse (or destruction) 
(DS5). The distribution and numbers of buildings damaged (to each damage state) 
is estimated. 

Appropriate fragility functions were initially selected from a literature review of 
functions for similar typologies of buildings, based on empirical damage statistics 
from international earthquakes, and were calibrated for Dutch building stock 
based on data collected in the 1992 Roermond earthquake. Multiple sets of 

                                                 
2 NAM indicates: “The ‘Report to the Technical Guidance Committee (TBO) on Production 
Measures; Part 1: Depletion Scenarios and Hazard Analysis’ reports that although considerable 
progress was made in the understanding of the seismic hazard, significant uncertainty remains at 
present. The predictions of the seismic hazard range are believed to be conservative and NAM has 
initiated a further data acquisition program to obtain additional field data, and a studies program 
to reduce the uncertainty. A Mw≥5 earthquake scenario in this report is estimated to have a 
probability of occurring of less than 10% in the next 10 years.   
Further data gathering and further studies in the next years will be executed in order to reduce the 
uncertainty range and may well in the future further reduce the hazard. For example, it is expected 
that geomechanical studies, explicitly modelling faults, can demonstrate a physical upper bound to 
the maximum magnitude.” 
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fragility functions were used to assess the sensitivity of the analysis results to the 
assumed functions. 

3.5 Discussion of Results 

3.5.1 Building Damage Estimates 

The numbers of buildings estimated to be damaged to different damage states 
(DS1 to DS5) in each of the four main earthquake scenarios (Mw=3.6, 4, 4.5 and 
5) using median PGA earthquake ground motion input values are summarised in 
Figure 3. 

 
Figure 3 Number of damaged buildings for different damage states and earthquake magnitude 
using median (50th percentile) PGA values. 

The number of buildings that will potentially be damaged is expected to increase 
significantly with increasing magnitude of the earthquake. For a Mw=4 earthquake 
scenario, it is expected that more than a hundred buildings will be slightly 
damaged, tens of buildings will be moderately damaged and less than 10 buildings 
will be extensively damaged. In the event of a larger magnitude earthquake, such 
as the Mw=5 earthquake scenario, it is expected that more than a thousand 
buildings will be slightly or moderately damaged, hundreds of buildings 
extensively to completely damaged and approximately 50 buildings estimated to 
collapse. 

3.5.2 Casualty Estimation 

There is a strong correlation between the level of building damage and the 
expected number and severity of injuries. Therefore the number of buildings in 
each damage state and the population in each of the buildings can be used to 
estimate the potential number and severity of casualties in an earthquake scenario.  
Casualties are classified into four levels: SL1 injuries require basic medical aid; 
SL2 injuries require greater medical care but are not life threatening; SL3 injuries 
are life threatening if not treated; and SL4 injuries in which an individual is 
mortally injured or instantaneously killed.   
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The number of potential casualties that are estimated to be caused by each of these 
scenario earthquakes is also expected to increase significantly with increasing 
magnitude. The numbers of casualties estimated to occur in each of the four main 
earthquake scenarios (Mw=3.6, 4, 4.5 and 5) are summarised below in Figure 4. 
For a Mw=4 earthquake scenario, it is expected that 2 or 3 people will be injured. 
In the event of a larger magnitude earthquake, such as the Mw=5 earthquake 
scenario, it is expected that more than a hundred people will potentially be injured 
with almost ten life threatening injuries or direct fatalities. 

 
Figure 4 Number of injured people for different severity levels and earthquake magnitude using 
median (50th percentile) PGA values. 

3.5.3  Risk Assessment Sensitivity Analyses 

It is emphasised that these risk assessment results are preliminary and work is still 
in progress. There are very significant uncertainties in the input parameters to the 
risk assessment calculations.  There are significant uncertainties in the seismic 
hazard ground motion PGA values, the fragility functions assigned to the 
buildings and therefore the estimation of the amount of potential building damage 
and also uncertainty in the estimation of casualties given the expected levels of 
building damage. Considerable effort is on-going through research and 
development tasks to reduce the uncertainty in all these areas. 

In order to investigate the potential impact of these large uncertainties on the risk 
assessment calculation results a series of sensitivity analyses have been 
undertaken and the findings from these sensitivity analyses are summarised in this 
report. The sensitivity analyses include investigation of the effect of the 
uncertainty and spatial variability of the seismic hazard ground motion PGA 
values. Sensitivity analyses have also been undertaken to investigate the effect of 
assigning different fragility functions to account for the uncertainty in the 
performance of the Groningen region building stock under seismic ground 
shaking.  In particular, the effect of use of alternative fragility functions to account 
for the potential effect of smaller magnitude earthquakes and shorter duration 
ground shaking on the expected level of building damage has been investigated.  
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The number of buildings that will potentially be damaged is expected to increase 
significantly with increasing seismic hazard ground motion PGA value.  The 
numbers of buildings estimated to be damaged to different damage states (DS1 to 
DS5) in each of the four main earthquake scenarios (Mw=3.6, 4, 4.5 and 5) using 
uniformly higher 84th percentile PGA ground motion input values (rather than the 
median or 50th percentile PGA values) are summarised below in Figure 5. The 
estimated numbers of damaged buildings using this uniformly higher level of 
PGA is significantly higher as expected but cannot be considered unrealistically 
high and discounted at this stage. These analyses do serve to emphasise how 
sensitive the results are to changes in input values. The “mean” of the number of 
collapsed buildings and fatalities is in between the 50th percentile and 84th 
percentile values, due to the skewed nature of the probability distribution (high-
consequence low-probability events skew the mean estimates above the median).  

 
Figure 5 Number of damaged buildings for different damage states and earthquake magnitude 
using 84th percentile PGA values. 

The numbers of potential casualties that are estimated to be caused by each of the 
scenario earthquakes but using the uniformly higher 84th percentile PGA ground 
motion input values (rather than the median or 50th percentile PGA values) are 
summarised below in Figure 6. It can be seen that the numbers of damaged 
buildings and numbers of injuries estimated using the 84th percentile PGA values 
appear to be high. The number of damaged buildings and numbers of injuries 
estimated for a Mw=3.6 earthquake scenario can be compared with the numbers of 
damaged buildings observed following the Huizinge earthquake of August 2012. 
For example the Mw=3.6 scenario earthquake building damage estimate includes 
approximately 50 extensively damaged building and even 6 collapsed buildings. 
In the actual event there were no extensively damaged or collapsed buildings. The 
Mw=3.6 scenario earthquake injury estimate includes over 20 injuries including a 
potential fatality. Again, in the actual event these injuries did not occur, but it 
cannot be discounted that they would occur in a future event. 
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Figure 6 Number of injured people for different severity levels magnitude (84th percentile PGA 
values). 

It is emphasised throughout this summary report that there is considerable 
uncertainty in the analyses and therefore it can be expected that there will be 
significant uncertainty in the estimated numbers of potentially damaged buildings 
and numbers of potential casualties presented for different earthquake scenarios. It 
is therefore recommended that the range of results be considered as providing a 
good indication of the possible levels of damage and numbers of casualties that 
could occur in future earthquakes in the Groningen region. 

The scenario earthquake risk assessment using the median PGA values as input 
are considered to provide a reasonable estimate of the potential building damage 
and number of casualties. These median results appear to be consistent with the 
levels of damage and casualties resulting from similar magnitude tectonic 
earthquakes elsewhere in the world. However, median PGA values by their very 
nature mean that the ground shaking could be higher or lower in future 
earthquakes and therefore it is important to look at a more conservative estimate 
of the potential building damage and number of casualties. 

If the variability of the input ground motion is used (i.e. possible higher or lower 
PGA values are considered) and the range of possible fragility functions are used 
then the estimated levels of damage and casualties are significantly higher. These 
building damage and casualty estimates represent a possible outcome from a 
Mw=5 earthquake scenario.  It is likely that the values will be less than these 
values but on the other hand they cannot be discounted at this stage. 

3.5.4 Risk Management 

The findings from this risk assessment study can be used for informing risk 
management decisions. Unreinforced masonry buildings constitute 75% to 85% of 
the building stock in the Groningen region but it is not only the older unreinforced 
masonry buildings but also the newer unreinforced masonry buildings that 
contribute most to the risk. Severe injury and potential loss of life is 
predominantly associated with building collapse and therefore structural 
upgrading of buildings particularly the unreinforced masonry buildings for 
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collapse prevention should form a key component of the risk management 
strategy.  

The risk assessment results can also be used to inform the prioritisation of risk 
management activities. Priority should be given to buildings in highest risk areas 
(high hazard x high exposure x high vulnerability) along with buildings of high 
importance (e.g. hospitals), high occupancy (e.g. schools), and high cultural value 
(e.g. churches and museums) as well as facilities where there may be secondary 
hazards (e.g. chemicals storage facilities) and facilities where systems failure 
might have adverse cascading impacts (e.g. failure of electrical distribution or 
water supply).  

The Arup earthquake scenario based risk assessment only provides an estimate of 
damage to buildings and associated casualties due to earthquake ground shaking. 
Other hazards and risks, for example those associated with earthquake induced 
failure of dykes and subsequent flooding or fire following damage to gas utilities, 
have not been considered as part of this study and it is recommended that the 
wider risk management strategy for the Groningen region covers these issues.   
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4 Structural Upgrading 

4.1 Introduction 

To reduce risk to life safety in a seismic event to as low a level as reasonably 
practical, the structural upgrading study focusses on developing design guidance 
for structural upgrading of the Groningen region buildings stock within the 
context of Dutch building practice and the available regulatory framework.  

The objective of the Structural Upgrading Study is to develop design guidance for 
structural upgrading of the Groningen region building stock within the context of 
Dutch building practice and the available regulatory framework. This design 
guidance takes the format of design rules and protocols for so-called ‘typical’ 
buildings (e.g. terraced houses), representative of a large proportion of buildings, 
and design procedures for unique buildings (e.g. office buildings) or those of 
special importance (e.g. hospitals or schools). 

The design guidance to be developed is aimed at life safety. This protection of life 
is incorporated by performance requirements in the design codes. 

The focus of the study has been on buildings constructed from unreinforced 
masonry (URM) which were not originally designed for seismic resistance and are 
particularly susceptible to seismic action, as is indicated by the fragility curves of 
URM buildings when compared with buildings of other materials. 

4.2 Study Approach 

At present, structural upgrading measures for the protection of life safety have 
been studied and developed to concept design level for buildings, on the basis of a 
seismic hazard generating peak ground acceleration at surface (PGA) of up to 
0.5g.  It should be noted that field instrumentation equipment is being installed 
and additional research and investigations are being performed to improve the 
reliability of the seismic design data.  

This study assesses the performance of selected buildings representing typical, 
damaged, historical, and other buildings. To date, 16 buildings have been 
assessed: 

 Eight typical buildings of six sub-typologies: 
o terraced house 
o semi-detached house 
o detached house 
o labourer’s cottage 
o mansion 
o villa 

 Four damaged buildings; 
 One historic church; and 
 Three other buildings: 

o one school 
o two utility buildings 
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Modal response spectrum analyses have been used for all selected buildings as 
this is the default analysis method recommended by the seismic design codes.  For 
the church a non-linear mechanism-based approach has been used, as this 
approach shows good prediction of failure mechanisms in historic buildings. For 
two typical sub-typologies – the detached house and the terraced house - further 
analysis methods have been used to investigate the sensitivity of the outcomes to 
the analysis methodology.  These include the lateral force analysis, the equivalent 
frame method, the non-linear macro element method and the non-linear time- 
history analysis. The detached house and the terraced house are representative of 
respectively the less vulnerable and more vulnerable sub-typologies in typical 
buildings.  

For all buildings studied ties between walls, floors and the roof, and floor 
stiffening were assumed.  This takes into account upgrading levels 2 and 3 (as 
defined on page v) as a significant number of buildings may not have these ties 
and have flexible floors. Whether these two upgrading levels are needed in all 
buildings will be the subject of additional investigations.  

 

4.3 Discussion of Results 

4.3.1 Seismic building performance 

Relative performance 

Although the number of typical buildings studied is limited, the following factors 
are seen to influence building performance: 

 Wall openness (e.g. windows and doors); 
 Wall type; and  
 Building mass (which is a function of mass of floor construction and 

number of storeys). 
Based on the Modal response spectrum analyses, two groups are distinguished: 

 The more vulnerable typical building sub-typologies, comprising terraced 
houses and semi-detached houses; and 

 The less vulnerable typical building sub-typologies, comprising detached 
houses, labourer’s cottages, mansions and villas. 

The more vulnerable typical building sub-typologies are directional in their 
structural configuration and performance and are particularly vulnerable in the 
direction parallel to the front and rear façades. These façades are relatively open. 

This wall openness originates from a design methodology commonly used to 
design these buildings for resistance to wind load on the gables, which resulted in 
relatively narrow masonry piers per terraced house to resist lateral loads in that 
direction. In this group all the buildings are three storey buildings and all walls are 
cavity walls. Buildings with relatively light floors perform better compared to 
buildings with relatively heavy floors. 

The less vulnerable typical building sub-typologies are non-directional.  In this 
group most buildings are two-storey buildings and most buildings have solid 
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walls. Again, buildings with relatively light floors perform better compared to 
buildings with relatively heavy floors. 

Buildings with shop fronts, though not explicitly studied, are expected to perform 
similarly to more vulnerable typical building sub-typologies based on similar 
structural arrangements of load-bearing members. 

Note that the differentiation in more and less vulnerable buildings has not yet 
been made in the fragility curves used in the Seismic Risk Study. At present, the 
fragility curves represent a statistical representative estimate for all buildings with 
a differentiation only according to age. When more information becomes available 
about relative vulnerability this will be taken into account in the Seismic Risk 
Study. 

 

Life safety performance 

When upgrading measures 2 and 3 are assumed to be implemented on the 
buildings studied, the threshold for partial collapse (Damage State 4 = DS4), such 
as wall failure, is used to assess life safety performance (probability of casualties 
from DS4 is relatively low).  

The Modal response spectrum analyses show partial collapse (DS4) at PGA’s 
smaller than 0.1g. This is not consistent with the experience at the Huizinge 
earthquake where maximum observed component PGA’s of 0.08g were measured 
and the only damage observed was cracks in walls (DS1 and DS2).   

Non-linear analyses show partial collapse (DS4) for PGA’s between 0.15g to 0.5g 
dependent on building sub-typology and non-linear analysis method. For the sub-
typologies studied – terraced houses and detached houses - partial collapse was 
observed at PGA’s of respectively 0.3g and 0.5g on the basis of sophisticated non-
linear time history analyses. Using more simple non-linear pushover analysis, 
partial collapse was observed between 0.16g and 0.24g on the detached house 
sub-typology. 

Definite conclusions about structural upgrading beyond level 3 is difficult, 
although these preliminary results show that the threshold where upgrading 
beyond level 3 is needed is tentatively between 0.15g and 0.5g.  To be more 
confident the non-linear analyses need calibration with physical laboratory tests.  

 

4.3.2 Design methodology 

In the absence of a regulatory framework for seismic design in the Netherlands, 
international guidance/codes have been reviewed and a methodology has been 
developed that combines the applicable Eurocode 8 and the American Society of 
Civil Engineering (ASCE) approaches. ASCE 41-13 Seismic Evaluation and 
Retrofit of Existing Buildings is currently in draft form and expected to be 
released early in 2014. It represents the state-of-the-art of engineering knowledge 
in the assessment of URM structures under seismic action. This is an area in 
which the Eurocode 8 does not incorporate the most up to date guidance. 
Earthquakes in the Groningen area are induced and of much smaller magnitude 
and duration than the large tectonic earthquakes on which the guidance in ASCE 
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41-13 has been based. Consequently, research into the background data and test 
results of ASCE 41-13 has been undertaken to test the applicability to the Dutch 
building stock and additional research has been identified (i.e. rocking 
mechanisms and out-of-plane stability of slender walls) to develop specific 
guidance to be applicable in the Groningen region. 

4.3.3 Analysis methodology 

Several analysis methodologies have been investigated as part of the study to test 
their validity and accuracy to different building typologies. The aim in each case 
has been to strike an appropriate balance between accuracy and speed of 
assessment. From the study it is concluded that different methodologies may be 
used for different building typologies.  

For low levels of PGA or when performance requirements are linked to no or 
negligible damage (DS0 and DS1) a linear-elastic analysis can be used in an 
accurate way. 

For larger PGA’s and with the acceptance of significant damage (DS4) for 
performance requirements associated with life safety, a non-linear analysis can 
take into account the non-linear more ductile response of the building and is 
required in order to achieve more accurate results and hence better insight in 
required upgrading measures. This is especially the case when the analysis is for a 
special building or is representative for a typology or sub-typology, representing a 
larger proportion of buildings. 

For larger PGA’s an alternative approach is to use a linear-elastic analysis, 
together with ductility factors based on material, (sub) typology or failure mode.  
These ductility factors are not available for the Groningen building stock, while 
currently codified ductility factors give limited ductility for URM buildings or 
building parts. After calibration through physical and numerical non-linear 
testing, a linear analysis methodology that takes into account the representative 
ductility of the Groningen building stock may provide a more efficient overall 
procedure.  This methodology may be more appropriate for general, large-scale 
deployment within the engineering community. Development of such simplified 
method may take one to three years. 

4.3.4 Structural upgrading measures 

The results from the analyses and assessments determine the requirement for 
upgrading measures. Feasible preliminary structural upgrading measures and 
options suitable for local implementation have been developed for each building 
investigated. These measures have been proposed as being appropriate to prevent 
life-threatening damage and are developed taking due consideration of local 
capabilities, social disturbance and aesthetic sensitivity. Seven levels of 
permanent upgrading measures have been characterised within the study. 
Commencing at level 1, the upgrading levels have been set out in order of the 
most effective solutions that can be deployed most rapidly to reduce risk most 
quickly whilst minimising impact for inhabitants. Complexity, duration and 
impact on inhabitants increase with increasing intervention level. 

When intervention is required this will be a mix of different permanent and 
temporary upgrading measures. 
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Permanent upgrading measures – intervention levels: 

 Level 1: Mitigation measures for higher risk building elements (potential 
falling hazards); 

 Level 2: Tying of floors and walls; 
 Level 3: Stiffening of flexible diaphragms; 
 Level 4: Strengthening of existing walls; 
 Level 5: Replacement and addition of walls; 
 Level 6: Foundation strengthening; and 
 Level 7: Demolition. 

Temporary upgrading measures have also been identified for specific building 
types for rapid risk reduction, for example terraced houses, semi-detached houses 
and shop front buildings which have been identified as being more vulnerable.  
Temporary upgrading measures are exterior to the building and provide lateral 
support to the building (e.g. steel “bookend” frames). Temporary upgrading is to 
be considered for these buildings to mitigate short-term risk until permanent 
solutions are available. 

A key consideration under investigation is the seismic hazard threshold below 
which no intervention is required.  The determination of this threshold is under 
development and will be investigated based on analyses and physical testing.  The 
current expectations are that this threshold will be for PGA’s of 0.1g to 0.2g, 
based on observation in other countries with comparable URM building stock.     
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5 Uncertainty Reduction  

5.1 Sources of model Uncertainty 

In a traditional approach, there are three main sources of uncertainty in estimating 
the number of buildings that may need structural upgrading and assessing the 
extent of structural upgrading required: 

1. The model for seismic action contains uncertainties relating to: 

 Amplitude of the peak earthquake ground motions and its 
geographical distribution; 

 Characteristics of expected earthquake ground motions, including 
their frequency content and durations; 

 Local ground conditions and their effects on seismic accelerations 
and characteristics of the earthquake ground motions; and 

 Treatment of transient nature of induced seismic hazard, its 
correlation with gas production, and its interpretation with respect 
to code requirements; 

2. The model for seismic resistance contains uncertainties relating to: 

 Structural analysis methodology; 

 Information/knowledge on the buildings and material properties; 

 Allowable ductility that may be taken into account for Dutch 
building stock; 

 The effect of ground motion duration on seismic performance; 

 Vulnerability – a lower-bound threshold of acceleration for which 
no seismic upgrading is required; 

 Vulnerability – differences between individual buildings within 
each typology and the representativeness of individual analysis 
models for assessing the total population; and 

 Quantitative effect of structural upgrading measures. 

3. The target safety level depends on: 

 A balanced view on the probability of occurrence of different 
levels of earthquake ground motion, and the expected 
consequences of their occurrence for new and existing buildings; 
and 

 Tolerance of the local community to risk from induced earthquake 
ground motion. 

The variables in Figures 7 and 8 have been identified as the most important, from 
the point of view of reducing uncertainty and therefore make the biggest impact 
on the level of intervention required. 
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5.2 Approach to Uncertainty in Respect to new and 
existing Buildings 

For the design of new to build buildings the current uncertainty can be integrated 
into the models and specific seismic design criteria can be adopted which 
minimize the impact of the uncertainties. Consequently, specific design for 
seismic action might add a maximum of 5–10% of the new build value. For 
existing buildings the structural upgrading measures might cost more than 50% of 
the current building value, and indirect impacts associated with implementing 
structural upgrading may add to this. Consequently, the reduction of uncertainty is 
more important for existing buildings, than buildings that will be built in the 
future. 

5.3 Implications of Model Uncertainties 

Depending on the selected value of the variables, the measures needed for a 
specific building might vary from no measures to all measures up to levels 6 (see 
section 3.4). Taking conservative (pessimistic) assumptions may result in too 
many interventions with intervention levels that are higher than needed. Taking 
optimistic assumptions may result in not enough interventions at the right 
intervention levels to assure the safety level that is assumed. Selected values to 
date have been based on conservative assumptions and available information. 

The influence of the uncertainty on the total number of buildings requiring 
upgrading is illustrated in Figures 7 and 8. The number of buildings requiring 
each level of structural upgrading depends on a number of variables as shown in 
the figures. The figures show the influence of various variables on the number of 
required lighter interventions (level 1-3, see Figure 7) respectively on the number 
of required stronger interventions (level 4-7, see Figure 8). 

The values in Figures 7 and 8 at the ‘100%’ position indicate the baseline value; 
any change in this value will result in an increase or decrease in the relative 
number of structural interventions required in the area. For example: if all houses 
have a threshold vulnerability level of 0.1g, intervention levels 1to 3 may be 
required for the baseline number of buildings. If the vulnerability level is 0.2g, 
intervention levels 1-3 may be required for approximately 60% of the baseline. 

Each bar on Figures 7 and 8 should be interpreted as a reasonable range of 
possible values for each parameter following further study, current knowledge or 
preliminary studies that have already been conducted. Each of these values should 
be interpreted as possible lower and upper bound values that will be explored 
further in uncertainty reduction studies. The figures should not be interpreted as 
meaning that the lower values on each plot will necessarily be obtained.  

It should also be noted that each variable is varied in isolation; the effect of 
varying multiple parameters (e.g. reducing the seismic hazard and increasing the 
vulnerability) is not considered in the figures. 
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Figure 7  Influence of factors on the number of light interventions. 

 

 
 Figure 8  Influence of various factors on the number of heavy interventions. 

For several variables limited information is available at this stage and the 
influences of some of these variables are still not fully understood. Consequently, 
the predictions of seismic hazard, building vulnerability and the overall seismic 
risk are done under high uncertainties. Because of these uncertainties it is too 
early to roll out a definitive upgrading program and a phased approach is therefore 
proposed. 

 

5.4 Reduction of Model Uncertainties 

The reduction of model uncertainties by an extension of existing seismic risk and 
structural upgrading studies is proposed to be undertaken in three different ways: 

 Increasing representativeness of analytical models of local situation;  
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 Calibration of models with physical laboratory tests and/or field 
measurements; and   

 Increasing basic knowledge on specific influencing factors. 

 

5.4.1 Increasing Representativeness within Analytical Models 

of Local Situation  

The reduction of the uncertainties in the analytical seismic action and building 
resistance/fragility models will increase with more accurate local seismic action, 
local building stock and local soil representations. 

 

5.4.2 Calibration of Models with Physical Laboratory Tests 

and/or Field Measurements   

The modeling methodologies and model assumptions need to be verified by 
physical calibration of the models and their assumptions. This can be done by 
physical laboratory test and/or field measurements.  

Laboratory test that are suggested, include: 

 Shaking table tests to achieve knowledge about the total building response; 

 Dynamic tests on building elements; and 

 Material testing. 

 

Field measurements that are suggested, include: 

 Earthquake motion; 

 Soil settlement; and  

 Damage measurements to the houses. 

 

5.4.3 Increasing Basic Knowledge on Specific Influencing 

Factors 

The following studies by Arup to reduce model uncertainty are currently 
underway: 

 Duration:  Non-linear finite element calculations on 3-D models of 
total buildings, non-linear single degree of freedom models and non-
linear cavity wall models; 
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 Structural analysis methodologies: comparison between dynamic 
linear and dynamic non-linear methodologies; 

 Building soil-structural interaction; and 

 Structural building element studies, such as cavity walls. 

 

To reduce model uncertainties in seismic action, seismic resistance and target 
safety level is it recommended to undertake additional research and investigations. 
For the seismic resistance/vulnerability, the aim of this research and investigations 
is to better understand the influencing factors and the influence of different levels 
of structural upgrading and specifically the different types of upgrading.   

In the short term the following research / investigations are proposed: 

 Improve structural analysis and model methodologies: extended 
comparisons to find a feasible methodology with the right balance of 
time/knowledge requirements and accuracy for assessment of forces 
and/or damage; 

 Calibration of models by laboratory testing using scale or full scale 
physical models for total buildings, building parts and material testing. 
These studies aim to calibrate the analysis methodologies and model 
assumptions; 

 Calibration of models using field measurements of ground motion, 
related building damage and ground settlement on real buildings in 
Groningen; 

 Improve fragility curves for local building stock:  production of a 
methodology to produce fragility curves using analytical non-linear 
models in combination with laboratory testing; 

 Building / soil structural interaction;  
 Duration: Extension of non-linear finite element calculations on 3-D 

models of total buildings, non-linear single degree of freedom models; 
 Testing of specific building elements or structural upgrading 

measures by using non-linear dynamic and static model approaches in 
combination with physical laboratory tests; 

 Building stock variability study to improve understanding in-plan and 
elevation geometry, material properties and detailing; and 

 Ground motion characteristics and local ground conditions. 
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6 Implementation  

6.1 Introduction 

The main objectives for this implementation study are to develop: 

 a methodology to reduce risk to an acceptable level within an acceptable 
time frame; 

 a programme that is supported by authorities; 

 a programme that is generally socially acceptable; and 

 a programme that is flexible. 
 

The assessments of seismic hazard, building vulnerability and the overall seismic 
risk have been done under high uncertainties. Because of these uncertainties, it is 
too early to implement a definitive upgrading program and a phased approach 
with periodic reviews is therefore proposed. 

A prioritised approach has been developed as outlined in the structural upgrading 
strategy. Prioritisation is predominantly conducted on the basis of seismic risk, 
followed by pragmatic considerations. Seismic risk is composed of seismic 
hazard, building vulnerability and exposure. Pragmatic considerations include; 
commencing implementation per town, starting within their centres, owner 
consent, and permitting process.    
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6.2 Key Elements of the Implementation Study 

Key elements of the proposed implementation methodology have been 
summarized below. 

1. Building inspection process 

 Importance class I and II buildings (Eurocode 8), are proposed to be 
inspected in parallel in two different work streams; 

 Rapid Visual Screenings (RVS) are proposed for class II buildings 
starting in the core of the hazard area and then moving outwardly. The 
RVS is an external inspection method in accordance with the FEMA 
154 (International) method, which has been modified for the local 
situation; and 

 ASCE 41-13 surveys are proposed to be performed for class III and IV 
buildings and for selected class II buildings. This international survey 
method consists of a desk study, a detailed in-house inspection 
followed by potential detailed design and engineering of structural 
upgrading measures. 

 

2. Mitigating risks in a prioritized manner, based on different 

implementation steps 

 Step 1 focusses on designing and executing intervention measures to 
mitigate urgent risks as well as intervention measures to mitigate high 
risk building elements (such as damaged chimneys or parapets); 

 Step 2 focusses on improving the structural integrity of buildings (i.e. 
tying floors and walls and stiffening diaphragms); 

 Step 3 focusses on potential further intervention levels to improve 
strength  and / or ductility of buildings; 

 

3. Permit and tender process: 

 To develop an effective planning permission process, consultation with 
planning permission agencies of relevant municipalities is proposed. 
Consultations are currently underway with the planning agency of 
Loppersum; and 

 The tendering process is to be further developed in the implementation 
plan. Within the overall procurement strategy a focus on local firms is 
proposed (architects, engineers, suppliers, contractors and other third 
parties). 
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4. Program, cost and resources: 

 As part of the implementation study, a preliminary program has been 
developed focusing on the coming 3 years; and 

 Due to commercial and market sensitivities all information pertaining 
to costs and resources has been removed from this report. This 
information has been provided to NAM directly. 

 

5. Scope for implementation study 

 Currently the seismic hazard levels for the Groningen region have been 
determined by Shell P&T and the expected threshold level below 
which no interventions are required have been determined by Arup. 

 Both the PGA distribution (hazard) and the threshold level currently 
have high uncertainties. The exact scope of the implementation works 
can therefore not be defined at this stage and will require further 
studies to help reduce these uncertainties. 

 To get an understanding for ‘order of magnitude’ of the scope of large 
scale implementation, an initial scenario ‘N’ was adopted as the basis 
for this study. 

 Given the current uncertainties, the scenario ‘N’ scope described in 
this report is not a prediction of the future and can be expected to 
change as uncertainty reduction studies progress. 

 Parameter uncertainties are illustrated in Figures 4 and 5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  Large scale implementation scenarios 
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6. Proposed next steps: 

In addition to an extended uncertainty reduction program it is proposed to NAM 
to continue with the pilot projects (Pilot 1 and 2), which consist of: 

1. Screening 1700 buildings in Pilot 2 on vulnerability and exposure; 

2. Implementing temporary measures for those buildings identified 
during surveys in Pilot 2, needing urgent actions due to severely 
impaired integrity; 

3. Consider implementing temporary measures for those buildings 
identified during surveys in Pilot 2, based on their typology; 

4. Implementing step 1 measures for those building elements identified 
during surveys in Pilot 2; 

5. Implementing step 2 measures for at least 5 houses before the end of 
2014 (Pilot 1 and investigating the effect of these measures on building 
vulnerability; 

6. Implementing step 1 and 2 measures for all buildings in Pilot 2 before 
the end of 2016 (scope of Pilot 2 depends on progressive insights, 
results of inspections, and findings from Pilot 1); and 

7. A periodical evaluation of the pilot projects (Pilot 1 and 2) before the 
roll-out of the complete program in 2016. 

 

6.3 Prioritisation 

Given the aforementioned objectives and the extent of the relevant area, it is not 
considered feasible to immediately carry out full scale structural upgrading 
measures to all buildings in this area. Moreover, the prediction of seismic hazard, 
building vulnerability and the overall seismic risk are done under high 
uncertainties. Because of these uncertainties it is too early to unroll a definitive 
upgrading program and a phased approach is therefore proposed. 

A prioritised approach has therefore been developed in the implementation study. 
Prioritisation is predominantly conducted on the basis of seismic risk, followed by 
pragmatic considerations such as the accessibility of buildings and grouping 
buildings geographically to allow more efficient assessment.  

Prioritisation has been based on minimising risk to life safety. Not all buildings 
can be screened and addressed at the same time. It is therefore proposed to start 
with the buildings that are likely to cause most casualties in case of a heavy 
earthquake, using the following considerations: 

1. Seismic hazard: priority is given to areas of highest seismic hazard 
working from the central area of the gas field where the seismic hazard is 
highest to the outside where the seismic hazard is lowest. 
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2. Building vulnerability: rapid visual screenings/assessments are 
undertaken to assess the vulnerabilities of all buildings with assessments 
starting in the highest seismic hazard areas. The relative vulnerability of 
buildings is then used to set priorities for further assessment and 
implementation of structural upgrading measures. Rapid visual 
assessments are also used to identify and prioritise buildings with elements 
that pose urgent life safety risk. 

3. Building exposure: building importance class defined in accordance with 
current Eurocodes is also used to prioritise work on higher importance 
buildings (e.g. hospitals, first responder buildings, schools, elderly homes). 
The classification has been modified to the local situation in Groningen, as 
outlined in Appendix B. Table 2 describes the different importance classes 
which have been defined for this study. 

 

6.4 Implementation Methodology  

6.4.1 Implementation Steps 

Based on the assessments to date, the recommendation is to start with the 
following structural upgrading measures as soon as possible in the area of highest 
seismic hazard initially: 

1. Strengthening or removing higher risk building elements (falling hazard); 

2. Improving the integrity of buildings; and  

3. Improving strength and/or ductility of buildings. 

 

6.4.2 Work Streams, Screenings and Assessments 

Two separate work streams have been defined as part of the proposed 
implementation methodology, one for normal buildings (importance class II per 
Eurocode 8) and one for important buildings (importance class III and IV as per 
Eurocode 8, see figure 10). 

For the initial area, external Rapid Visual Screenings (RVS) will be performed to 
all class II buildings in accordance with the FEMA 154, which has been modified 
to allow for the local situation. This screening method will not be applied to class 
III and IV buildings as it is aimed at quickly identifying high risks and the 
prioritisation process within the largest group of buildings (class II). 

ASCE 41-13 assessments are proposed to be performed on all Pilot 2 and class III 
and IV buildings, which will consist of an in-house survey (tier I) followed by a 
potential risk mitigation and then a structural upgrading proposal as required. For 
similar houses (e.g. terraced houses) the assessment can become less extensive. 

Since there are uncertainties about the hazard and vulnerability of buildings it is 
proposed to temporarily limit the screenings and assessments to the area in which 
permanent measures are estimated to be needed in any credible scenarios. As 
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uncertainties are still high, the area definition is not fixed and will be adjusted as 
and when new knowledge becomes available. 

 

 
Figure 10 Work streams, screenings, assessment and prioritisation 

 

The initial area to be considered for screening and assessments has been based on 
the ‘contour maps’ received from NAM (Shell P&T) and has been defined 
differently for different classes of buildings: 

 Class I buildings (barns and sheds) will not be considered due to their 
relative low importance (except for large buildings with live stock); 

 Class II buildings (approx. 47,500 buildings); 

 Class III buildings (approx. 500 buildings); and 

 Class IV buildings (less than 100 buildings). 

The above-mentioned area and total numbers will be reviewed regularly and may 
increase or decrease. 

To reduce the risk level quickly, work stream 1 will be executed in three steps for 
different interventions levels. Step 1 focusses on designing and executing 
intervention measures to mitigate urgent risks as well as intervention measures to 
mitigate high risk building elements (such as damaged chimneys or parapets). 
Step 2 focusses on designing and executing intervention measures to improve 
structural integrity within buildings (i.e. tying floors and walls and stiffening 
diaphragms). Step 3 focusses on potential further intervention levels to 
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structurally upgrade buildings. Each step will start with a pilot phase (during pilot 
2) to test the feasibility of execution of measures. 

Since the variation of buildings in work stream 2 is higher and the repetition is 
lower, an individual approach will be used to execute the proposed risk mitigation 
or structural upgrading measures to these buildings (or group of buildings). 

6.4.3 Permit Application 

The process of permit application and granting is a critical element within the 
program. Permit application will be based on the drawings and calculations that 
are developed in the detailed design phase. Execution cannot start before a permit 
is granted (if required). It is therefore recommended to start consultations with the 
affected municipalities as soon as possible, to make agreements on the permit 
application process such as the instalment of a central permit agency for the 
Groningen 2013 program. Consultation with the relevant permitting agencies has 
started on this subject within the core hazard area (Loppersum). 

 

6.4.4 Building Owner Consultation  

Building owner consent is an essential part of the execution phase. Without this 
any proposed risk mitigation or structural upgrading works cannot be undertaken. 
It is therefore suggested to liaise with building owners on the proposed 
interventions as early as possible in the design process (after concept design).  
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6.5 Time schedule and Organisation  

6.5.1 Time Schedule 

A preliminary and indicative ‘master planning’ has been drawn up for 
implementing the ‘Groningen 2013 Programme’. Indicative turnaround times and 
milestones of the main activities are provided below in Table 1. 

 
Table 1  Time line activities start. 

Activity Milestone 
start 

Description 

Continued studies started  

Pilot 1 

- houses (class II) 

- historic and other buildings (class III and IV) 

 
started 
started 

 
Design started 
Design started 

Initial design guideline (intervention levels 1 and 
2) 

started Q1 2014 

Pilot 2 

- rapid visual screening 

- ASCE 41-13 surveys 

- level 0 measures (temporary) 

- level 1 measures (mitigation HRBE) 

- level 2/3 measures 

 
started 
started 
Q2 2014 
Q1 2014 
2015 

 
 
 
 

Large scale implementation 2015 / 2016  

 

The above-mentioned time line is indicative and has been developed by 
calculating resources needed. 

6.5.2 Organisation 

It is recommended to develop a standalone project organisation for the 
implementation of the entire program, whereby the structure and functioning of 
the organisation stems from the proposed implementation methodology described 
in this implementation study. Consideration for this new project organisation are: 

 Focus total organisation on programme scope 

 A dedicated organisation for the programme scope within the NAM 
organisation; 

 Local presence, visibility in the area; and 

 Fine tuning of organisation, systems, procedures, resourcing, etc., to the 
specific requirements of the Implementation works. 

It is recommended to consider options integrally, including legal and financial 
(tax) issues. 

 



 

 

References 

 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Structural Upgrading Strategy 
 

 

REP/229746/ST001 | Issue | 29 November 2013  

 

 
 

[1] REP/229746/SU003 Structural Upgrading Study, Arup, Amsterdam 
(29-11-2013). 

[2] REP/229746/SR001 Seismic Risk Study – Earth quake Scenario-
Based Risk Assessment, Arup, Amsterdam (29-11-2013). 

[3] REP/229746/IS001  Implementation Study, Arup, Amsterdam (29-11-
2013). 

 

 



 

 

 
 
 
 
 

Client: Nederlandse Aardolie 
Maatschappij 
Arup Project Title: Groningen 
2013 
Structural Upgrading Study 

 REP/229746/SU003 

Issue  |  29 November 2013 
 

 
 
 

This report was prepared by Arup in November 2013  
on the basis of a scope of services agreed with our client. 
It is not intended for and should not be relied upon by  
any third party and no responsibility or liability is  
undertaken to any third party. 
 
Job number    229746 

This document is scientific work and is based on information 
available at the time of writing. Work is still in progress and 
the contents may be revised during this process, or to take 
account of further information or changing needs.  This 
report is in the public domain only for the purpose of 
allowing thorough scientific discussion and further scientific 
review.  The findings are only estimated outcomes based 
upon the available information and certain assumptions. We 
cannot accept any responsibility for actual outcomes, as 
events and circumstances frequently do not occur as 
expected. 

 

External Ref  EP201311204036 

Arup bv 
PO Box 57145 
1040 BA 
Amsterdam 
The Netherlands 
www.arup.com 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Structural Upgrading Study 
 

 REP/229746/SU003 | Issue | 29 November 2013  

 

 
 

 Contents 
 
 Page 

Executive Summary i 

1 Introduction 1 

1.1 Background 1 
1.2 Structural Upgrading Strategy 2 
1.3 Structural Upgrading Study and Pilot 1 3 
1.4 Report Outline 4 

2 Design Methodology 5 

2.1 Development of Design Methodology 5 
2.2 Performance Requirements 13 
2.3 Seismic Evaluation 17 
2.4 Components of Seismic Evaluation 21 
2.5 Analysis Methodology 27 
2.6 Development of Legal and Regulatory Framework 34 

3 Scope of Study 36 

3.1 Building Typologies 36 
3.2 Selected Buildings: Pilot 1 Phase 1 42 
3.3 Building Element Studies 44 

4 Results 45 

4.1 Seismic Performance – Building Level 45 
4.2 Seismic Performance – Building Element Level 54 
4.3 Seismic Performance – Influence of Analysis Method 57 
4.4 Structural Upgrading Measures 66 
4.5 Duration Studies 79 

5 Uncertainties and Uncertainty Reduction 80 

5.1 Uncertainties 80 
5.2 Reduction of Uncertainties 90 

6 Conclusions 94 

6.1 Design Methodology 94 
6.2 Analysis Methodology 94 
6.3 Seismic Performance - Building Level 95 
6.4 Seismic Performance - Building Element Level 98 
6.5 Structural Upgrading Measures 99 
6.6 Research and Investigations 100 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

Structural Upgrading Study 
 

 REP/229746/SU003 | Issue | 29 November 2013  

 

 
 

7 Recommendations 101 

7.1 Design Methodology and Development of Design Guidance101 
7.2 Analysis Methodology 101 
7.3 Structural Upgrading Measures 102 
7.4 Research and Investigations 102 

 
 

Appendix A 

Seismic-Resistant Design 

Appendix B 

Strategies to Improve Structural Performance 

Appendix C 

Typical Building Typology Photographs 

Appendix D 

Glossary 
 

 

  



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

  Structural Upgrading Study 
 

 REP/229746/SU003 | Issue | 29 November 2013  

 

Page i 
 

Executive Summary 

1. Introduction 
The report provides a summary of the Structural Upgrading Study for existing 
buildings in the Groningen region. This report forms part of a wider scope of 
services and supports the Structural Upgrading Strategy[1] for buildings in the 
Groningen region. It is one of the studies for building damage reduction as 
outlined in the letter of Minister Kamp to the Dutch Parliament of 11 February 
2013. The Structural Upgrading Strategy is supported by three studies:  

 Structural Upgrading Study; 
 Seismic Risk Study [2]; and 
 Implementation Study [3].  

2. Objectives 
The objective of the Structural Upgrading Study is to develop design guidance for 
structural upgrading of the Groningen region building stock within the context of 
Dutch building practice and the available regulatory framework. This design 
guidance takes the format of design rules and protocols for so-called ‘typical’ 
buildings (e.g. terraced houses), representative of a large proportion of buildings, 
and design procedures for unique buildings (e.g. office buildings) or those of 
special importance (e.g. hospitals or schools). 

The design guidance to be developed is aimed at life safety.  This protection of 
life is incorporated by performance requirements in the design codes. 

The focus of the study has been on buildings constructed from unreinforced 
masonry (URM) which were not originally designed for seismic resistance and are 
particularly susceptible to seismic action, as is indicated by the fragility curves of 
URM buildings when compared with buildings of other materials. 

3. Study Approach 
At present, structural upgrading measures for the protection of life safety have 
been studied and developed to concept design level for buildings, on the basis of a 
seismic hazard generating peak ground acceleration at surface (PGA) of up to 
0.5g.  It should be noted that field instrumentation equipment is being installed 
and additional research and investigations are being performed to improve the 
reliability of the seismic design data.  

This study assesses the performance of selected buildings representing typical, 
damaged, historical, and other buildings. To date, 16 buildings have been 
assessed: 

 Eight typical buildings of six sub-typologies: 
o terraced house 
o semi-detached house 
o detached house 
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o  labourer’s cottage 
o mansion 
o villa 

 Four damaged buildings; 
 One historic church; and 
 Three other buildings: 

o one school 
o two utility buildings 

Modal response spectrum analyses have been used for all selected buildings as 
this is the default analysis method recommended by the seismic design codes.  For 
the church a non-linear mechanism-based approach has been used, as this 
approach shows good prediction of failure mechanisms in historic buildings. For 
two typical sub-typologies – the detached house and the terraced house - further 
analysis methods have been used to investigate the sensitivity of the outcomes to 
the analysis methodology.  These include the lateral force analysis, the equivalent 
frame method, the non-linear macro element method and the non-linear time- 
history analysis. The detached house and the terraced house are representative of 
respectively the less vulnerable and more vulnerable sub-typologies in typical 
buildings.  

For all buildings studied ties between walls, floors and the roof, and floor 
stiffening were assumed.  This takes into account upgrading levels 2 and 3 (as 
defined on page v) as a significant number of buildings may not have these ties 
and have flexible floors. Whether these two upgrading levels are needed in all 
buildings will be the subject of additional investigations.  

4. Discussion of Results 

Seismic building performance 
Relative performance 

Although the number of typical buildings studied is limited, the following factors 
are seen to influence building performance: 

 Wall openness (e.g. windows and doors); 
 Wall type; and  
 Building mass (which is a function of mass of floor construction and 

number of storeys). 
Based on the Modal response spectrum analyses, two groups are distinguished: 

 The more vulnerable typical building sub-typologies, comprising 
terraced houses and semi-detached houses; and 

 The less vulnerable typical building sub-typologies, comprising detached 
houses, labourer’s cottages, mansions and villas. 
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The more vulnerable typical building sub-typologies are directional in their 
structural configuration and performance and are particularly vulnerable in the 
direction parallel to the front and rear façades. These façades are relatively open. 

This wall openness originates from a design methodology commonly used to 
design these buildings for resistance to wind load on the gables, which resulted in 
relatively narrow masonry piers per terraced house to resist lateral loads in that 
direction. In this group all the buildings are three storey buildings and all walls are 
cavity walls. Buildings with relatively light floors perform better compared to 
buildings with relatively heavy floors. 

The less vulnerable typical building sub-typologies are non-directional.  In this 
group most buildings are two-storey buildings and most buildings have solid 
walls. Again, buildings with relatively light floors perform better compared to 
buildings with relatively heavy floors. 

Buildings with shop fronts, though not explicitly studied, are expected to perform 
similarly to more vulnerable typical building sub-typologies based on similar 
structural arrangements of load-bearing members. 

Note that the differentiation in more and less vulnerable buildings has not yet 
been made in the fragility curves used in the Seismic Risk Study. At present, the 
fragility curves represent a statistical representative estimate for all buildings with 
a differentiation only according to age. When more information becomes available 
about relative vulnerability this will be taken into account in the Seismic Risk 
Study. 

Life safety performance 

When upgrading measures 2 and 3 are assumed to be implemented on the 
buildings studied, the threshold for partial collapse (Damage State 4 = DS4), such 
as wall failure, is used to assess life safety performance (probability of casualties 
from DS4 is relatively low).  

The Modal response spectrum analyses show partial collapse (DS4) at PGA’s 
smaller than 0.1g. This is not consistent with the experience at the Huizinge 
earthquake where maximum observed component PGA’s of 0.08g were measured 
and the only damage observed was cracks in walls (DS1 and DS2).   

Non-linear analyses show partial collapse (DS4) for PGA’s between 0.15g to 0.5g 
dependent on building sub-typology and non-linear analysis method. For the sub-
typologies studied – terraced houses and detached houses - partial collapse was 
observed at PGA’s of respectively 0.3g and 0.5g on the basis of sophisticated non-
linear time history analyses. Using more simple non-linear pushover analysis, 
partial collapse was observed between 0.16g and 0.24g on the detached house 
sub-typology. 

Definite conclusions about structural upgrading beyond level 3 is difficult, 
although these preliminary results show that the threshold where upgrading 
beyond level 3 is needed is tentatively between 0.15g and 0.5g.  To be more 
confident the non-linear analyses need calibration with physical laboratory tests.  
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Design methodology 
In the absence of a regulatory framework for seismic design in the Netherlands, 
international guidance/codes have been reviewed and a methodology has been 
developed that combines the applicable Eurocode 8 and the American Society of 
Civil Engineering (ASCE) approaches. ASCE 41-13 Seismic Evaluation and 
Retrofit of Existing Buildings[13] is currently in draft form and expected to be 
released early in 2014. It represents the state-of-the-art of engineering knowledge 
in the assessment of URM structures under seismic action. This is an area in 
which the Eurocode 8 does not incorporate the most up to date guidance. 
Earthquakes in the Groningen area are induced and of much smaller magnitude 
and duration than the large tectonic earthquakes on which the guidance in ASCE 
41-13 has been based. Consequently, research into the background data and test 
results of ASCE 41-13 has been undertaken to test the applicability to the Dutch 
building stock and additional research has been identified (i.e. rocking 
mechanisms and out-of-plane stability of slender walls) to develop specific 
guidance to be applicable in the Groningen region. 

Analysis methodology 
Several analysis methodologies have been investigated as part of the study to test 
their validity and accuracy to different building typologies. The aim in each case 
has been to strike an appropriate balance between accuracy and speed of 
assessment. From the study it is concluded that different methodologies may be 
used for different building typologies.  

For low levels of PGA or when performance requirements are linked to no or 
negligible damage (DS0 and DS1) a linear-elastic analysis can be used in an 
accurate way. 

For larger PGA’s and with the acceptance of significant damage (DS4) for 
performance requirements associated with life safety, a non-linear analysis can 
take into account the non-linear more ductile response of the building and is 
required in order to achieve more accurate results and hence better insight in 
required upgrading measures. This is especially the case when the analysis is for a 
special building or is representative for a typology or sub-typology, representing a 
larger proportion of buildings. 

For larger PGA’s an alternative approach is to use a linear-elastic analysis, 
together with ductility factors based on material, (sub) typology or failure mode.  
These ductility factors are not available for the Groningen building stock, while 
currently codified ductility factors give limited ductility for URM buildings or 
building parts. After calibration through physical and numerical non-linear 
testing, a linear analysis methodology that takes into account the representative 
ductility of the Groningen building stock may provide a more efficient overall 
procedure.  This methodology may be more appropriate for general, large-scale 
deployment within the engineering community. Development of such simplified 
method may take one to three years. 

Structural upgrading measures 
The results from the analyses and assessments determine the requirement for 
upgrading measures. Feasible preliminary structural upgrading measures and 
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options suitable for local implementation have been developed for each building 
investigated. These measures have been proposed as being appropriate to prevent 
life-threatening damage and are developed taking due consideration of local 
capabilities, social disturbance and aesthetic sensitivity. Seven levels of 
permanent upgrading measures have been characterised within the study. 
Commencing at level 1, the upgrading levels have been set out in order of the 
most effective solutions that can be deployed most rapidly to reduce risk most 
quickly whilst minimising impact for inhabitants. Complexity, duration and 
impact on inhabitants increase with increasing intervention level. 

When intervention is required this will be a mix of different permanent and 
temporary upgrading measures. 

Permanent upgrading measures – intervention levels: 

 Level 1: Mitigation measures for higher risk building elements (potential 
falling hazards); 

 Level 2: Tying of floors and walls; 
 Level 3: Stiffening of flexible diaphragms; 
 Level 4: Strengthening of existing walls; 
 Level 5: Replacement and addition of walls; 
 Level 6: Foundation strengthening; and 
 Level 7: Demolition. 

Temporary upgrading measures have also been identified for specific building 
types for rapid risk reduction, for example terraced houses, semi-detached houses 
and shop front buildings which have been identified as being more vulnerable.  
Temporary upgrading measures are exterior to the building and provide lateral 
support to the building (e.g. steel “bookend” frames). Temporary upgrading is to 
be considered for these buildings to mitigate short-term risk until permanent 
solutions are available. 

A key consideration under investigation is the seismic hazard threshold below 
which no intervention is required. The determination of this threshold is under 
development and will be investigated based on analyses and physical testing.  The 
current expectations are that this threshold will be for PGA’s of 0.1g to 0.2g, 
based on observation in other countries with comparable URM building stock.     

5.  Recommendations 

Design methodology and development of design guidance 
In the long-term it is recommended to develop the National Annex for Eurocode 8 
that incorporates design guidance for structural upgrading of the Groningen 
building stock within the context of Dutch building practice. It is recommended 
that this will take into account the specifics of the Groningen building stock, the 
specific seismic hazard in the Groningen region and a specific target safety level 
for the Netherlands in respect to life safety in relation to seismic events.  
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As the National Annex will take time to develop it is recommended for the short-
term to adopt a design basis for structural upgrading that is a combination of 
Eurocode 8 and ASCE 41-13.     

This short-term design basis can serve as a basis for the Nationale Praktijk 
Richtlijn (NPR), the precursor of the National Annex. Purpose of this NPR is to 
give practical design guidance in absence of a National Annex. 

As knowledge is expected to develop quickly it is recommended to update the 
short-term design basis each year and to incorporate this knowledge into the NPR. 

As the Structural Upgrading Strategy is a stepwise approach that starts with the 
pilot and implementation of permanent measures levels 1 to 3 and temporary 
measures, it is recommended to develop more specific guidance for these 
measures before the first version of the NPR becomes available in the spring of 
2014. 

Analysis methodology 
In the short-term it is recommended to use non-linear analysis for the assessment 
of building performance for larger PGA’s and performance criteria that accept 
damage, in order to take the beneficial non-linear behaviour of the buildings into 
account. In general, it is recommended not to use linear-elastic analysis in 
combination with currently codified ductility factors for the assessment of 
building performance, as this will produce conservative results. The use of linear-
elastic analysis is recommended for low PGA’s, or with performance criteria that 
do not accept any or negligible damage. 

In the long-term, if and when codified ductility factors are established for the 
Groningen building stock, the use of linear-elastic analysis is recommended. This 
will imply the development of ductility factors for building typologies and sub-
typologies. 

Structural upgrading measures 
In the short-term it is recommended to focus on the development of detailed 
permanent and temporary structural upgrading measures for the more vulnerable 
typical building sub-typologies.  

In the short-term it is recommended to focus on structural upgrading measures 1 
to 3 and temporary measures. 

 

Uncertainty reduction 
High levels of uncertainties exist in the definition of the seismic hazard; structural 
capacity and target level of safety.  These are too high at present for making 
reasonable and defensible decisions in a traditional way about the number and 
level of interventions required and the planning associated with this. Therefore, 
the current approach is based on stepwise risk reduction, in which steps of 
intervention and uncertainty reduction are undertaken in a prioritised and 
systematic manner through research and investigations. The studies relating to the 
structural resistance have been discussed in this report. Uncertainties are expected 
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to reduce in the coming three years as more information and the outcomes of 
investigations become available. 

 

Research and investigations 
To reduce model uncertainties in seismic action, seismic resistance and target 
safety level it is recommended to undertake additional research and investigations. 
For the seismic resistance/vulnerability, the aim is to better understand the 
influencing factors and the influence of different levels of structural upgrading 
and specifically the different types of upgrading.   

In the short term the following research/investigations are proposed: 

 Improve structural analysis and model methodologies: extended 
comparisons to find a feasible methodology with the right balance of 
time/knowledge requirements and accuracy for assessment of forces 
and/or damage; 

 Calibration of models by laboratory testing using full scale or scaled 
physical models of buildings, building parts and material testing. These 
studies aim to calibrate the analysis methodologies and model 
assumptions; 

 Calibration of models using field measurements of ground motion, 
related building damage and ground settlement on existing buildings in 
Groningen; 

 Improve fragility curves for local building stock:  production of a 
methodology to produce fragility curves using analytical non-linear 
models in combination with laboratory testing; 

 Building / soil structural interaction;  
 Duration effects: extension of non-linear finite element calculations on 

3D models of buildings, non-linear single degree of freedom models to 
study duration effects; 

 Testing of specific building elements or structural upgrading 
measures by using non-linear static and non-linear dynamic model 
approaches in combination with physical laboratory tests; 

 Building stock variability study to improve understanding in-plan and 
elevation geometry, material properties and detailing; and 

 Ground motion characteristics and local ground conditions. 
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1 Introduction 

1.1 Background 
Arup has been appointed by Nederlandse Aardolie Maatschappij B.V. (NAM) to carry out 
consultancy services in relation to induced seismic hazard and risk assessment, and the design 
of structural upgrading measures for buildings in the Groningen region of the Netherlands.  

Arup is a global firm of professional consultants.  This report has been commissioned by 
NAM, and produced using information, instructions and directions from NAM.  However the 
findings reached are the product of our independent professional judgement, on the basis of 
our scientific knowledge at the date of writing this report. 

Preventive structural upgrading for existing buildings is applied in several seismic regions 
around the world, mostly on the initiative of building owners, but also backed up with local 
or national legislation. 

The Groningen situation is unique as (and for this reason examples from other regions cannot 
simply be copied):  

 The earthquakes are caused by gas extraction, known as induced earthquakes;  
 There is very limited knowledge and experience in the Dutch building industry in the 

design and construction of earthquake resistant buildings and the structural upgrading 
of existing buildings; and  

 Most of the building stock in Groningen consists of unreinforced masonry (URM) 
including specific details related to the Dutch context (i.e. cavity walls), which in 
general, without special design features, has a poor response to earthquakes. 

For the original scope of work for the earthquake scenario-based risk assessment, Arup was 
requested to consider a study area with a 15 km radius around the epicentre of the August 
2012 Huizinge earthquake. As more information became available on the location of induced 
earthquakes in the Groningen region, the scope of work was increased and the study area was 
expanded to cover the full extent of the Groningen gas field. The spatial extent of the 
extended study area is shown on Figure 14. 

The results of the Structural Upgrading Study may be an input for the Nationale Praktijk 
Richtlijn (NPR), which will provide practical seismic design guidance for the Groningen 
region and is currently being developed by the NEN-institute. 

There are numerous uncertainties regarding the seismic hazard and the capacities of the 
buildings to resist seismic effects. These are captured in the following sections together with 
the studies and investigations underway or planned to refine the knowledge and reduce 
uncertainties over time. 
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1.2 Structural Upgrading Strategy 
The Structural Upgrading Study is a component of the three studies underlying the Structural 
Upgrading Strategy. The three studies consist of: 

 Structural Upgrading Study; 
 Seismic Risk Study; and 
 Implementation Study. 

The approach taken to determine the Structural Upgrading Strategy has four basic elements:  

 Stepped implementation approach for risk reduction with screening/assessments and 
steps of interventions; 

 Prioritisation by seismic risk; 
 (extended) Studies to reduce uncertainties; and 
 Implementation pilots to test technical feasibility (Pilot 1) and operational 

implementation (Pilot 2). 

Figure 1, below, shows the four basic elements and their relationships. 

 
Figure 1  Elements of the strategy and their relations (numbers are indicative) 
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1.3 Structural Upgrading Study and Pilot 1 
The objective of the Structural Upgrading Study is to develop design guidance for structural 
upgrading of the Groningen building stock within the context of Dutch building practice and 
the available regulatory framework. This design guidance takes the format of design rules and 
protocols for so-called ‘typical’ buildings (e.g. terraced houses), representative of a large 
proportion of buildings, and design procedures for unique buildings (e.g. office buildings) or 
those of special importance (e.g. hospitals or schools). 

The Structural Upgrading Study has been divided into several studies for different building 
typologies:  

 Typical buildings; 

 Damaged buildings;  

 Historical Buildings; and  

 Other Buildings. 

Some of these building typologies have sub-typologies that are representative for tens, 
hundreds or thousands of buildings and can therefore be seen as typical and representative of 
the types of buildings in the Groningen region. 

The Structural Upgrading Study has the following steps: 

 Assess the performance of buildings and building types during seismic loading; 
 Develop design procedures, design rules and protocols for structural upgrading; and 
 Develop feasible structural upgrading measures for local implementation. 

In Pilot 1, the structural upgrading measures will be developed based on the results of the 
structural analyses performed on these building typologies and thereafter tested on tens of 
buildings in order to verify the technical feasibility of the measures. Pilot 1 consists of a 
concept design phase (phase 1) and execution phase (phase 2). The execution phase includes 
a detailed design. 
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Figure 2  Structural Upgrading Study Process. 

1.4 Report Outline 
This report is divided into the following sections that comprise the Structural Upgrading 
Study: 

 Design Methodology; 
 Scope of Study; 
 Results; 
 Uncertainties and Uncertainty Reduction; 
 Conclusions; and 
 Recommendations. 
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2 Design Methodology 
The objective of this section is to describe the development of the design methodology, the 
definition of seismic performance requirements, definitions of the seismic evaluation, 
evaluation of analysis methodologies and the development of the legal and regulatory 
framework. 

2.1 Development of Design Methodology 
For the development of a methodology, the following definition of target seismic safety is 
used: 

 Seismic action < Seismic resistance 

For the Structural Upgrading Study, models were developed for: 

 Seismic action; and  

 Seismic resistance. 

Refer to Appendix A for more detailed information regarding seismic resistant design. 

2.1.1 Aim 
The ultimate aim is to develop a methodology for the seismic assessment of existing 
buildings in the Groningen region and the design of structural upgrading measures. These 
measures should be capable of being implemented rapidly to reduce risk to life safety and 
impact on occupants. 

The developed guidance will input into, and align with the forthcoming national guidelines 
currently being prepared by the NEN-institute. 

2.1.2 Development criteria 
In the development of the design methodology, the following aspects have been taken into 
account: 

 Ability to select different performance levels for different types of buildings (see 
Section  2.2.2); 

 Possibility of integration into the legal framework of codes: 

o Eurocode 8 (EN-1998)* 

o NEN 8700 for existing buildings 

 The design method should be based as much as possible on existing codified 
knowledge in order to ease understanding and acceptance; 

 The design method should be adaptable to the local situation, legal requirements and 
to new insights and knowledge; 

 The design method should be practical and quickly developed so that the 
methodology can be tested in Pilot 1 Phase 1; and 

 The design method should be integrating state-of-the-art knowledge on unreinforced 
masonry and structural upgrading measures.  
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 The design method should take into account the ability to reasonably and practically 
implement modifications to the existing housing stock. 
* Not valid (yet) in the Netherlands due to the lack of a National Annex 

2.1.3 Options for using existing codes 
Seismic risk for both new and existing buildings is controlled by the use of design codes, 
standards and published guidelines that set out acceptable seismic performance and methods 
for demonstrating compliance with these objectives. The main objective of these documents 
is to ensure that, in case of a design seismic event, humans are protected, damage is limited 
and important buildings remain operational. 

Current seismic design guidelines are mostly performance-based.  
This means that different performance levels, objectives and criteria apply. Different 
guidelines have different performance objectives that are linked to national legislation. In 
general, different performance objectives apply for new and existing buildings. 

The random nature of seismic events makes it impossible to assure the performance 
objectives for a specific seismic event, but performance objectives can be assured in 
probabilistic terms. In practice, for each performance objective the seismic action is 
associated with a probability of exceedance.   

Most current design guidelines that cover seismic design aim to exploit the ductility of 
structures and materials and their ability to dissipate the seismic energy introduced into the 
structure. In order to ensure this, brittle failure and the premature formation of unstable 
mechanisms should be avoided. 

Several international seismic design codes, standards and published guidelines were 
considered for this study. These are discussed in the following sections. Table 1 summarises 
the international guidelines considered, their relevance to the Groningen context, and their 
use in the methodology described in this report. 

Table 1 International seismic design codes considered 

Reference Relevance Use in this Study 

Eurocode 8  
Parts 1 and 3 

Developed for use in European 
context, and will be basis of Dutch 
NPR. Incomplete guidance on linear 
and nonlinear acceptance criteria for 
masonry structures. 

Elastic response spectrum.  
q-factor approach for 
connection forces and 
foundation loads. 

ASCE 41-13 Calibrated for American seismic 
hazard and building stock. Detailed 
guidance for several analysis 
methodologies and acceptance 
criteria for masonry structures.  
Up to date with recent research. 

Acceptance criteria for in-
plane and out-of-plane 
response of masonry walls. 
Guidance on various analysis 
procedures. Multiple tier 
assessment approach. 

NZSEE[10] Calibrated for New Zealand seismic 
hazard and building stock. Limited 
guidance on modelling masonry 
structures. Useful guidance on out-
of-plane response of walls and 
stiffness of timber floors. 

Not currently used, although 
out-of-plane response 
calculation is currently being 
evaluated. 

 



Client: Nederlandse Aardolie Maatschappij  Arup Project Title: Groningen 2013 
  Structural Upgrading Study 

 

 REP/229746/SU003 | Issue | 29 November 2013  
 

Page 7 
 

2.1.3.1 Eurocode 8 
The design of buildings in seismic zones of the European Union is covered by Eurocode 8 
(EN 1998). Together with Eurocodes 0 to 7 and 9 (EN 1990 to EN 1997 and EN 1999), they 
cover the design of new and existing buildings.  

In cases of low seismicity (ag<0.08g or agS<0.1g), reduced or simplified design procedures 
can be applied. In cases of very low seismicity (ag<0.04g or agS<0.05g), Eurocode 8 does not 
have to be applied (agS is defined, as the spectral acceleration at T=0 of the design spectrum, 
where ag is the design ground acceleration on type A ground as S is the soil factor). 

Each Eurocode needs a National Annex. In the Netherlands, all Eurocodes are in use and 
have a National Annex with the exception of Eurocode 8. 

The Eurocode 8 provides simplified design procedures for so-called “simple masonry 
buildings”. To qualify as a “simple building”, the building must comply with criteria that 
assign limits to plan irregularities and wall configurations and assign minimum dimensions 
and specific detailing. If a building configuration complies with these simple building 
criteria, a simple calculation can be produced to assess the earthquake resistance of the 
building. Figure 3 overleaf shows an outline of these criteria that only apply to a smaller 
proportion of the buildings in the Groningen region. However, these simplified provisions are 
limited to agS<0.20g. 

The seismic assessment and design of structural upgrading of existing buildings is covered in 
the Eurocode 8 Part 3. Guidance is given for different materials, including unreinforced 
masonry. There is no extensive guidance on structural upgrading measures for unreinforced 
masonry buildings. For the different countries of the European Union, this guidance is found 
in the National Annexes. This guidance is specific for local building stock and expected local 
ground shaking.  
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Figure 3  Simple building criteria according to Eurocode 8.  
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2.1.3.2 New Zealand Society for Earthquake Engineering (NZSEE) 
The NZSEE document entitled “The Assessment and Improvement of the Structural 
Performance of Buildings in Earthquakes[10]“ gives detailed guidance on the assessment of 
existing masonry structures. In addition it suggests potential measures for structural 
upgrading, but does not give guidance on the design of these structural upgrading measures. 

Figure 4 shows the process of the NZSEE procedure by the Technical Assessor (TA). 

Seismic assessment is performed in two steps:  

 initial evaluation: a simple procedure to evaluate capacity in relation to the capacity 
of a new building; and 

 detailed evaluation: comprehensive evaluation.  

2.1.3.3 American Society of Civil Engineers (ASCE) 
ASCE 41-13 Seismic Evaluation and Retrofit of Existing Buildings is currently in draft and 
expected to be released early in 2014. It represents the state-of-the-art of engineering 
knowledge in the assessment of URM structures under seismic action. ASCE 41-13 combines 
the previous standards, ASCE 31-03 Seismic Evaluation of Existing Buildings[11] and ASCE 
41-06 Seismic Rehabilitation of Existing Buildings[12].  

ASCE 41-13 gives guidance for detailed assessment of existing buildings and covers 
unreinforced masonry in detail. ASCE 41-13 evaluates capacity on a component by 
component basis, allowing different ductility factors to be adopted for different failure 
modes. 

Seismic assessment is performed in three levels: 

 Tier 1: Screening of deficiencies in the resistance to seismic action; 

 Tier 2: Deficiency based evaluation; and 

 Tier 3: Systematic evaluation. 

Figure 5 shows the process of the ASCE 41-13 procedure. 

Figure 5 describes the process of this three-tiered approach according to the seismic 
evaluation and retrofit for existing buildings. The outcome from Tier 1 determines whether 
the evaluation ends there or proceeds to Tier 2 and Tier 3. 

 



Client: Nederlandse Aardolie Maatschappij  Arup Project Title: Groningen 2013 
  Structural Upgrading Study 

 

 REP/229746/SU003 | Issue | 29 November 2013  
 

Page 10 
 

 
Figure 4  NZSEE Evaluation Process 
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Figure 5  ASCE 41-13 Evaluation Process. 
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2.1.4 Selected design methodology 
The basic design methodology is to use Eurocode 8 as much as possible and complement this 
with codified knowledge on the assessment of existing masonry buildings and the design of 
structural upgrading measures.  

Eurocode 8 and ASCE 41-13 are compatible and have similar concepts: 

 Both introduce ductility with a specific factor. Eurocode 8 introduces the q-factor that 
is set for materials and structural typology. ASCE 41-13 offers the m-factor that is set 
on element level and distinguishes failure mode with brittle and ductile behaviour, a 
concept that is powerful for existing buildings as it is not possible to select a 
favourable ductile failure mode and prohibit other modes; and 

 Both use peak elastic response of linear single degree-of-freedom modes with 5% 
viscous damping. The actual shape of the spectrum is slightly different in Eurocode 8 
than ASCE 41-13. 

The Eurocode 8 response spectrum was used for the definition of the seismic action. This 
spectrum (see Section 2.4.1.1) is anchored on the local value of PGA which is available from 
the seismic hazard studies conducted for the region (see Section 2.2.3), and is available in 
EC8 for low magnitude earthquakes. The ASCE 41-13 spectrum requires two values of 
spectral acceleration (0.2 seconds and 1.0 seconds) which are currently not available for the 
region. 

For the assessment of seismic resistance of existing masonry buildings, ASCE 41-13 was 
selected, which offers detailed procedures for assessment of existing masonry buildings and 
assessment methods for structurally upgraded buildings. The ASCE 41-13 integrates 
international knowledge on this subject, and is the most up to date reference available. 
Another American document, FEMA 547, provides guidance on the selection of retrofit 
techniques and ASCE 41-13 provides outline design guidance on quantification. Eurocode 8 
does not consider all of the failure mechanisms that may occur in masonry buildings and does 
not offer guidance on the actual design of structural upgrading measures for masonry 
buildings. 

For buildings with pre-existing damage, prior to a detailed assessment, a condition 
assessment based on post-earthquake safety assessments (ATC-20) is performed. Existing 
damage is also assessed to understand the causes of the damage. Finally, seismic evaluation is 
also carried out in a Tier 1 assessment approach using ASCE 41-13 checklists. The objective 
of seismic evaluation is to identify any seismic deficiencies in the structure, and to develop 
strengthening concepts to address each of these deficiencies. These assessments are outlined 
in Section 2.3.1. 
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2.2 Performance Requirements 

2.2.1 New buildings 
For new buildings, EC8 defines two performance requirements: 

The seismic actions for these two requirements are given as a probability of exceedance for a 
reference period and the associated return period (assuming time-independent hazard): 

1. No Collapse requirement: no local or global collapse, retaining structural integrity and 
residual load-bearing capacity after a seismic events. 

a. Exceedance of 10% in 50 years; and 

b. Return period of 475 years. 

2. Damage Limitation requirement: no damage with associated repair cost that is 
disproportional to the value of the structure itself 

a. Exceedance of 10% in 10 years; and 

b. Return period of 95 years. 

Other codes and standards also support this precedent. 

2.2.2 Existing buildings 
For existing buildings, the fundamental requirements refer to the damage of the structure 
defined through three limit states: 

1. Near Collapse: the structure is heavily damaged, with low residual lateral strength and 
stiffness, although vertical elements are still capable of sustaining vertical loads. The 
structure is near collapse and would probably not survive another earthquake, even of 
moderate intensity; 

2. Significant Damage: the structure is significantly damaged, with some residual lateral 
strength and stiffness. The structure can sustain aftershocks of moderate intensity and is 
likely to be uneconomic to repair; and 

3. Damage Limitation: the structure is only lightly damaged, with structural elements 
retaining their strength and stiffness properties. The structure does not need any structural 
repair measures, but may benefit from cosmetic repair if required. 

The seismic actions for these three requirements are based on a probability of exceedance for 
a reference period and the associated return period: 

1. Near Collapse limit state: 

a. exceedance of 2% in 50 years; 

b. return period of 2475 years; 

2. Significant Damage limit state: 

a. exceedance of 10% in 50 years; 

b. return period of 475 years; 
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3. Damage Limitation limit state: 

a. exceedance of 20% in 50 years; 

b. return period of 225 years. 

For the purposes of this study, the Significant Damage limit state has been adopted for 
buildings generally (equivalent to ‘Life Safety’ performance objective in ASCE 41-13), with 
the Damage Limitation state for the utility buildings as these must remain operational after 
the design event (equivalent to ‘Immediate Occupancy’ performance objective in ASCE 41-
13). 

Figure 6 gives a comparison of performance requirements according to ASCE 41-13 and EC8 
together with the associated damage states according to EMS. 

 

Table 2  Approximate Mapping of Performance Requirements 

 

2.2.3 Seismic hazard 
The seismic hazard distribution used in the study is acquired from the probabilistic seismic 
hazard analysis (PSHA) conducted by Shell P&T. Maps were developed for the level of peak 
ground acceleration (PGA) and peak ground velocity (PGV) associated with a 2%, 10% and 
50% probability of exceedance in the next 10 years. The 2% probability is approximately 
equivalent to the design basis earthquake ground motion in Eurocode 8, which is for a 10% 
probability of exceedance in 50 years (return period of 475 years), see Figure 6. The PGA 
map is applied in the Structural Upgrading Study, as it is most directly related to design 
requirements in Eurocode 8 (the map might be subject to changes). 
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Figure 6  Seismic hazard (PGA contours) with a 2% probability of exceedance over the 2013-2023 period 

The latest hazard map became available towards the end of this study.  However the 
structural upgrading assessments in this report have been undertaken for PGA values of 
0.25g.  Based on a number of assumptions however, their range of applicability may be 
extended to areas of the hazard map with lower or higher PGA values.  This is discussed 
further in Section 4. 

2.2.4 Building importance 
In Eurocode 8, importance classes are defined for buildings depending on their importance to 
public safety. Each class has a different importance factor associated with it which multiplies 
the peak ground acceleration to target improved seismic performance. The recommended 
values are as shown in Table 3. 
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Table 3 Importance classes according to Eurocode 8. 

Importance 
class EC8 

Importance 
factor EC8 

Definition Included buildings 

IV 1.4 Buildings whose integrity 
during earthquakes is of vital 
importance for civil 
protection. 

Fire stations, police stations, 
ambulance posts, hospitals, power 
plants.  

III 1.2 Buildings whose seismic 
resistance is of importance in 
view of the consequences 
associated with a collapse. 

Buildings recognized in the 
Nationale risicokaart (e.g. schools, 
day care centres, assembly halls, 
cultural institutions, large 
restaurants) 

II 1.0 Ordinary buildings, not 
belonging in the other 
categories. 

BAG* premises with addresses 
that are not part of EC8 categories 
III and IV (e.g. dwellings). 

I 0.8 Buildings of minor 
importance for public safety. 

BAG* premises without addresses 
(e.g. agricultural buildings, barns 
and garden sheds). 

*Basisregistratie Adressen en Gebouwen 

ASCE 41-13 allows a more direct measure of building importance to be taken into account. 
Instead of multiplying the seismic action by a constant factor, improved performance is 
targeted explicitly by comparing seismic performance against more onerous performance 
criteria. It is common to target an Immediate Occupancy (IO) performance level for 
important buildings such as schools and hospitals, which effectively means that no structural 
damage can occur. This effectively fulfils the same objective as the use of importance factors, 
but may not be numerically equivalent. 

In this study, a mix of approaches has been selected. For typical buildings (importance class 
II), an importance factor of 1.0 was used (i.e. seismic actions were not adjusted). For the 
school building (importance class III), an importance factor of 1.2 was used. For the utility 
building (importance class IV), immediate occupancy performance was targeted directly in 
the absence of relevant guidance in EC8 (i.e. ASCE 41-13 approach). Finally, for barns 
(importance class I) an importance factor of 0.8 could have been used, but 1.0 has been used 
in the work done to date. 

2.2.5 Upgrading objective 
Eurocode 8 allows for the adoption of lower loads for existing buildings compared to those 
for new buildings.  Section 2.1 of Eurocode 8, Part 3 sets out 3 limit state checks and allows 
National Authorities to determine whether 1, 2 or all 3 are to be used.  The appropriate levels 
of protection are defined by the prescription of return periods for each of the limit states.  The 
return periods of the seismic hazard to be adopted in the structural analysis for the Groningen 
region are currently under development. This effectively allows scope to design upgrading 
measures for an existing building for less than 100% of the equivalent new building strength. 

In the NZSEE guidelines, existing buildings have to be structurally upgraded under law when 
the capacity is less than 33% of the capacity of a new building. Between 34%-66% upgrading 
is advised, while a capacity of at least 67% is deemed acceptable. However, NZSEE 
recommends that all existing buildings should be upgraded to at least 67%, while 100% is 
recommended as desirable. The upgrading objective and upgrade criteria for the NZSEE 
guidelines are shown in Figure 7. ASCE 41-13 also allows lower performance criteria for 
existing structures, which result in loads that are about 75% of those for new structures. 



Client: Nederlandse Aardolie Maatschappij  Arup Project Title: Groningen 2013 
  Structural Upgrading Study 

 

 REP/229746/SU003 | Issue | 29 November 2013  
 

Page 17 
 

 

 
Figure 7  Upgrading objective and criteria (NZSEE) 
  

2.3 Seismic Evaluation 
A number of levels of seismic assessment and evaluation are considered in this study. 

For damaged buildings, an initial safety assessment was conducted to ATC-20 (see Section 
2.3.1.1 below), which is used in post-earthquake situations to assess whether buildings are 
safe to access. A condition assessment was also carried out to help to indicate causes of 
observed damage. Finally, a Tier 1 assessment to ASCE 41-13, based on checklists to 
identify seismic deficiencies, was carried out. 

ASCE 41-13 also considers two more detailed tiers of assessment – Tier 2 and Tier 3 
assessments. Tier 3 assessments were carried out on all studied buildings. 

The full assessment procedure and the various steps in the process are discussed in the 
following subsections. 

2.3.1 Damaged buildings 

2.3.1.1 Safety assessment according to ATC 20 
The ATC-20 safety survey typically assesses damage due to earthquakes and has the 
objective to return people into safe homes, and to keep people out of unsafe structures. This 
survey was originally intended for post-earthquake safety assessment (i.e. assessing 
earthquake-caused damage), but serves a useful purpose as part of this study to assess current 
building safety. 

The ATC-20 is intended to be rapid and uses green, yellow and red tags to indicate the safety 
level: 
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 Green (inspected and ‘safe’): safety has not been significantly changed compared to 
undamaged state; 

 Red (unsafe): threat of live safety for entry or occupancy in all or most of the 
structure; 

 Yellow (restricted use): some risk from damage in all or part of the building. Entry, 
occupancy, and lawful use are restricted in accordance with the area, occupancy 
duration, or other restrictions.  

For most cases red will result in the building being demolished. If the aim for the building is 
to be structurally upgraded and is tagged red or yellow, an assessment is required to 
determine whether there is a need to provide shoring, propping or strapping to safeguard the 
building from collapsing until it is upgraded. 

2.3.1.2 Damage assessment 
Damage Criteria ASCE 41-13 

The damage of the unreinforced masonry walls has been assessed to a Life Safety (LS) 
performance level as defined in the ASCE 41-13, see Figure 6. This is considered as part of 
the Tier 1 screening discussed in Section 2.3.2.1. 

For unreinforced masonry walls, the ASCE 41-13 uses the following criteria for both crack 
width and crack pattern for the Life Safety performance level: 

 Structural walls: there shall be no existing diagonal cracks in the wall elements 
greater than 3 mm or out-of-plane offsets in the bed joints greater than 3 mm and shall 
not form an X pattern 

 Non-structural (infill) walls: there shall be no existing diagonal cracks in the wall 
elements greater than 3mm or out-of-plane offsets in the bed joints greater than 3 mm 

Damage Patterns and Damage Level 

To understand the relationship between damage patterns; causes of damage and levels of 
damage two reports were used: 

 Structural damage in masonry: Developing diagnostic decision support[7]; and 

 Structural damage in masonry: Prototype of a diagnostic decision support tool [8] 

These reports describe a diagnostic approach to assess damage by providing an organised 
overview of how damage to masonry in the Netherlands can occur and in what way they can 
be distinguished visually. 

The first report deals with the diagnosis of structural damage in traditional masonry: cracks, 
deformations and tilts. Establishing the cause of this type of damage can be difficult. This 
report aimed to improve and facilitate the diagnostic process by offering support in the initial 
phase in which hypotheses are generated. The more precise hypotheses are formulated and 
the more accurately they are classified, the more effective the further process of verification 
will be and the greater the probability that the final diagnosis is correct. This has resulted in a 
diagnostic decision support tool that helps surveyors to distinguish between causes by 
offering support in interpreting structural damage in masonry. 

The prototype of a diagnostic decision support tool for structural damage in traditional 
masonry is the result of a PhD research project [8]. Based on an extensive literature review of 
500 cases of structural damage, 60 characteristic damage patterns have been identified. For 
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each of these damage patterns, possible causes have been listed. A decision tree helps users 
determine which of the 60 damage patterns most closely matches the damage they are 
investigating. 

The recorded degree levels 0-5 is a commonly classified system in the Netherlands based on 
damage levels (see Table 4) expressed in terms of ease of repair and typical crack width, as 
Eurocode does not provide these damage level criteria. It should be noted that those levels 0-
5 are not the same as the DS1-DS5 as indicated in Figure 6 damage scale used in other 
reports.  The above reports refer to the same damage levels. The ASCE 41-13 refers to a 
crack width greater than 3 mm; this is equivalent to degree level 3, 4 and 5. Therefore, degree 
levels 0, 1 and 2 are compliant with Life Safety criteria, and degree levels 3, 4 and 5 are non-
compliant (see Table 4). 

The severity of visible damage in walls for typical causes of damage in the Netherlands is 
commonly classified with a system based on the damage level, expressed in terms of ease of 
repair and typical crack width in which the six degrees of damage are defined as follows: 

 

Table 4  Structural Damage in Masonry – Degree Levels 

Degree 0 Negligible. Hairline cracks less than about 0.1mm; 

Degree 1 Very slight. Fine cracks which are easily treated during normal decorating. 
Damage generally restricted to internal wall finishes. Close inspection may reveal 
some cracks in external brickwork or masonry. Typical crack widths up to 1mm; 

Degree 2 Slight. Cracks easily filled. Redecoration probably required. Recurrent cracks can 
be masked using suitable linings. Cracks may be visible externally and some 
repointing may be required to ensure weather tightness. Doors and windows may 
stick slightly. Typical crack widths up to 5mm; 

Degree 3 Moderate. The cracks require some opening up and can be patched by a mason. 
Repointing of external brickwork and possibly a small amount of brickwork to be 
replaced. Doors and windows sticking. Service pipes may fracture. Weather 
tightness often impaired. Typical crack widths are 5 to 15mm or there are several 
greater than 3mm 

Degree 4 Severe. Extensive repair work involving breaking-out and replacing sections of 
walls, especially doors and windows. Windows and doorframes distorted, floor 
sloping noticeably. Walls leaning or bulging noticeably, some loss of bearing in 
beams. Service pipes disrupted. Typical crack widths are 15 to 25mm, but also 
depend on the number of cracks; and 

Degree 5 Very severe. This requires a major repair job involving partial or complete 
rebuilding. Beams lose bearing, walls lean badly and require shoring. Windows 
broken with distortion. Danger of instability. Typical crack widths are greater than 
25mm, but depend on the number of cracks. 
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2.3.2 Seismic evaluation 
Seismic evaluation was based on ASCE 41-13 

2.3.2.1 Tier 1 Screening 
The screening procedure was set up to quickly identify potential deficiencies by using 
checklists for building components. 

These building components are: 

 Structural; 
 Non-structural; and 
 Geological site hazards and foundations. 

Tier 1 is permitted for Immediate Occupancy, Damage Control or Life Safety performance 
levels (see Table 2). There are other limits on the use of the Tier 1 procedure based on 
structural type, level of seismicity and height. For example, for unreinforced masonry 
buildings in a high seismicity area the height limit is four storeys for both Immediate 
Occupancy and Life Safety performance levels. Above four storeys, Tier 3 is required. 

As a result of the screening, these deficiencies can either be rehabilitated (retrofitted) or 
further Tier 2 or 3 evaluation is required. 

2.3.2.2 Tier 2 Deficiency-based evaluation 
Tier 2 is permitted for Immediate Occupancy, Damage Control or Life Safety performance 
levels. There are other limits on the use of the Tier 2 procedure based on structural type, level 
of seismicity and height. 

Tier 2 is considered appropriate for small, relatively simple buildings for which the common 
deficiencies are well understood. 

Tier 2 focuses on assessing and strengthening only those deficiencies that were identified in 
Tier 1. 

 Condition assessment: Evaluate deterioration or damage identified in Tier 1. Extent 
and consequence of deterioration or damage to lateral force-resisting system based on 
the judgment of the evaluator; 

 Analysis methods: Analysis of lateral-force resisting system based on linear static 
procedure (LSP) or linear dynamic procedure (LDP), such as the Response Spectrum 
Method. 

2.3.2.3 Tier 3 Systematic evaluation and retrofit 
Tier 3 is a complete assessment of the seismic response of the building, either in its current 
condition or with proposed retrofit measures. 

Permitted analysis methods are the same as for the Tier 2 evaluation. In addition, a nonlinear 
dynamic procedure (NDP) can be used. 

To use nonlinear analysis a ‘usual’ or ‘comprehensive’ level of knowledge is required. This 
requires, as a minimum, either material test records from the original design or as-built 
material test data. 
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2.3.2.4 Followed process 
Due to the number of deficiencies and the complexity identified for the buildings, the 
assessment proceeded directly to Tier 3 after Tier 1. 
 

2.4 Components of Seismic Evaluation 

2.4.1 Seismic action  

2.4.1.1 Elastic response spectrum 
In Eurocode 8, seismic motion of the surface is represented by an elastic response spectrum. 
This response spectrum gives the peak structural acceleration as function of the natural period 
of the building. 

The response spectrum used (as illustrated by the solid black line in Figure 8) is described by: 

 The design response spectrum according to EN 1998-1, section 3.2.2.5; 
 Spectrum Type 2 (Earthquake Magnitude < 5.5); 
 Ground Type E (Soil Factor = 1.6); 
 Periods (TB, TC and TD) according to EN 1998-1, table 3.3; and 
 Viscous damping ratio 5%. 

This response spectrum gives a reasonable comparison with response spectral shapes based 
on the ground acceleration curves of Akkar et al. (2013) for M = 4 to 5.5, hypocentral 
distance = 3 km and Vs30 = 150 to 300 m/s as shown by the coloured lines in Figure 8, 
normalised with respect to surface PGA. The Akkar et al. (2013) prediction equation has not 
been specifically verified for the Groningen region for longer-period structural response, and 
therefore the extra conservatism introduced at longer periods by using the Eurocode 8 
spectrum is justified until further studies have been carried out. 
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Figure 8 Expected spectrum vs Eurocode normalised to surface acceleration 
 

2.4.1.2 Ground motion time-histories 
For non-linear time-history analysis, the seismic action must be given in terms of ground 
acceleration versus time. This ground motion time history should be consistent with the 
response spectrum definition shown in Figure 8. Eurocode 8 and ASCE 41-13 contain 
requirements for the development of ground motion time histories, to ensure that they are 
consistent with the spectrum and contain appropriate characteristics (such as duration) that 
may affect structural response estimates. 

For the time history analyses conducted as part of this work, ground motions were developed 
by selecting recordings of real magnitude 4.5 to 5.5 earthquakes from Japan, Italy and the 
United States. The records were selected to have an appropriate duration for the scenario 
earthquake considered. Each record contained three components (two horizontal and one 
vertical). The ground motions were modified using a computer program, RspMatch2005, 
which makes small adjustments to the acceleration to ensure a close match to the target 
spectrum.  

Two suites of three ground motions were developed: 

1. Based on the shorter durations expected of a M4.5 to M5 earthquake; and 

2. Based on longer durations expected of a M7 earthquake. 

The latter was used for comparison to explicitly measure the effect of ground motion duration 
on structural response. 



Client: Nederlandse Aardolie Maatschappij  Arup Project Title: Groningen 2013 
  Structural Upgrading Study 

 

 REP/229746/SU003 | Issue | 29 November 2013  
 

Page 23 
 

2.4.2 Seismic resistance 

2.4.2.1 Ductility and behaviour factor 
Codes and guidelines for seismic design and assessment typically allow the engineer to take 
into account non-linear response of materials and structures. This means that structures will 
be deformed plastically following a design earthquake although will not collapse and 
endanger the occupants. 

For linear analysis methods (static or dynamic), this non-linear response is taken into account 
with a behaviour or ductility factor, which is given for different materials and structural 
systems. Non-linearity is taken into account differently in Eurocode 8 and ASCE 41-13. In 
Eurocode 8, all the seismic design forces are divided by a factor, q, which is recommended to 
be taken as 1.5 for masonry structures that have not been detailed to the requirements of 
Eurocode 8. Corresponding factors for steel and reinforced concrete structures are greater 
than 4, which demonstrate the benefits of using more ductile materials and structural 
configurations.   

ASCE 41-13 instead applies the behaviour factor, m, as a multiplier to the capacity (i.e. 
seismic resistance is increased rather than seismic action decreased). This is done on a 
component-by-component basis (i.e. in this case each wall pier can have a different m factor), 
rather than all the capacities being increased by the same number. It distinguishes between 
force-controlled and deformation-controlled actions, corresponding to brittle and ductile 
failure modes respectively. If all the piers in a wall fail in a ductile manner, a ductility factor, 
m, can be taken into account. The m-factor depends on the performance level, member type 
and rocking or bed joint sliding. The m-factors are limited and depend on the pier shape for 
rocking. Values for the life safety performance level vary between 1.5 and 3.75 for 
deformation-controlled actions. 

For nonlinear analysis methods (static or dynamic), non-linear response is calculated 
explicitly, and therefore forces do not need to be adjusted to account for ductility. ASCE 41-
13 tabulates allowable non-linear deformations for different types of structural component, 
depending on the same parameters as discussed above for linear analysis. These are given for 
different performance criteria, so more onerous performance objectives (such as Immediate 
Occupancy) restrict the amount of non-linearity that can be taken into account. 

2.4.2.2 Wall in-plane capacity  
In ASCE 41-13, the masonry walls with openings for windows and doors are assumed to 
behave as a series of piers in between openings (see Figure 9). 
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Figure 9  Pier behaviour of masonry walls with openings. 

ASCE 41-13 checks are based around this assumption – each pier is checked individually for 
its in-plane capacity on the basis of the following possible failure mechanisms (see Figure 
10). 

 
Figure 10  Pier failure modes. 
 

a) Rocking: mortar joints opening up at top and bottom of the pier, and the pier is 
rocking on its base; 

b) Bed joint sliding: sliding of all or a portion of the pier along mortar bed joints; 

c) Diagonal tension cracking: Shear failure in the pier leading to diagonal tension 
cracking; 

d) Toe crushing: the masonry crushing at the toe of the rocking wall; 

The rocking and bed joint sliding failure mechanisms are considered deformation-controlled. 
Toe crushing and diagonal tension are brittle failures and can occur suddenly and without 
warning. Piers governed by deformation-controlled actions are preferred, as they remain 
stable under large deformation and dissipate earthquake energy, exhibiting ductile behaviour. 
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Figure 11 illustrates seismic/shear failure as a function of pier aspect ratio (i.e. height: width 
ratio) and axial stress. This figure shows that the failure modes are governed by the following 
parameters: 

 Rocking: lower aspect ratio, lower vertical stress; 

 Bed joint sliding: higher aspect ratios, lower vertical stress; 

 Diagonal tension: lower aspect ratios, higher vertical stress; and 

 Toe crushing: higher aspect ratio, higher vertical stress. 

Accordingly, low rise buildings are most likely to be governed by rocking or bed joint sliding 
failure modes, as they will most likely encounter low vertical stresses in the wall piers. 

 

 

Figure 11  Shear strength as a function of axial stress and failure modes 

 

2.4.2.3 Wall out-of-plane capacity 
Out-of-plane capacity of unreinforced masonry walls is affected by the boundary conditions 
of the walls. Significant improvement is provided when walls are adequately tied to the floors 
and roof.  

ASCE 41-13 does not give guidance for out-of-plane capacity assessment. Instead it gives 
permissible slenderness ratios. Assuming that walls are sufficiently tied to the floors, ASCE 
41-13 gives maximum slenderness ratios below which the walls are considered to be stable. 
Slenderness ratios are given as a function of wall type and are shown in Table 5. ASCE 41-13 
compares this table against current recent research and advises on further research for a better 
understanding of influencing factors of out-of-plane failure. 
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In ASCE, cavity walls are dealt with by ignoring any contribution of the outer leaf to 
structural capacity. 

 

 

Wall Types SXI ≤ 0.24g 0.24g < SXI ≤ 0.37g SXI > 0.37g 

Walls of One-Storey 
Buildings 20 16 13 

First-Storey Wall of 
Multi-storey Building 20 18 15 

Walls in Top Storey 
of Multi-Storey 
Building 

14 14 9 

All Other Walls 20 16 13 

 

Note that NZSEE  offers more extensive guidance on the assessment of out-of-plane capacity. 
Further study is needed on the approach adopted and the basis on which this has been 
produced. 

2.4.2.4 Knowledge factor, k 
ASCE 41 uses a knowledge factor k to reduce capacities for cases where sufficient 
information is not available or sufficient testing has not been carried out to confirm material 
properties accurately. The knowledge factor varies between 0.75 and 1.0. The former factor 
has been adopted at this time.  Tests are planned to justify an increase to 1.0. 

2.4.3 Structural analysis 

2.4.3.1 Analysis software 
The linear-elastic analyses have been carried out using the program GSA developed by 
Oasys. This program is chosen because it can undertake modal response spectrum analysis to 
capture all key modes and has embedded post-processing routines.  

Other analytical tools applied in the study are: 

 LS-DYNA - for the non-linear dynamic building models and studies; 
 SAP2000 – for the non-linear macro element push-over analyses; and 
 Custom spreadsheets – for the mechanism-based non-linear approach.   

Table 5  Out-of-plane capacity per wall type with respect to slenderness ratio (height/thickness)               
Sx1 – acceleration of T = 1s sec. 
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2.4.3.2 Building model assumptions 
Initial model assumptions involved the following simplifications: 

 The boundary conditions at foundation level have been taken as pins, giving an upper-
bound on foundation stiffness. This will produce an associated lower bound on period 
and upper bound on seismic force assuming the main responses are on the plateau of 
the response spectrum. This is a potentially conservative approach, which has been 
investigated in the preliminary Soil Structure Interaction (SSI) study summarised in 
Section 3.3.2 

 Cavity walls, when present, have been modelled as solid walls. The modelling of 
cavity walls as solid walls provides an upper bound on stiffness to generate 
preliminary conservative analysis results for assessment. This has been investigated 
further and summarised in Section 0; and 

 For buildings that behave like boxes (refer to Appendix A), two results are obtained 
for the analysis based on an assumption of the elements having adequate ties and 
adequately stiff diaphragms: 

o Connection forces for wall/floor, wall/roof and wall/wall connections; 

o Shear and normal forces on top of the pier. 

For buildings that do not behave like boxes, due to large stiffness differentials, the stiff parts 
and flexible parts were modelled separately, while their interaction was taken into account in 
both models. Engineering judgement is made to estimate this interaction behaviour. 

 

2.5 Analysis Methodology 
In accordance with EC8, the seismic action effects may be evaluated using one of the 
following methods: 

 

1.  Lateral force analysis; Linear Static Procedure 

2.  Modal response spectrum analysis; 

a) 2D Shell elements 

b) Equivalent frame method 

Linear Dynamic Procedure 

3.  Non-linear static pushover analysis 

a) Macro elements and using 
equivalent frame method 

b) Mechanism-based elements 

Non-linear Static Procedure 

4.  Non-linear time-history analysis Non-linear Dynamic Procedure 

Table 6 Analysis Methodologies 
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In the linear methods, the non-linear behaviour of the real structure is incorporated by 
applying the behaviour factor, q.  

In general, moving from linear to non-linear analysis, and from static analysis to dynamic 
analysis increases the model pre- and post-processing time, and the computational effort 
involved.  

Generally, codes are expected to be more conservative for the simpler analysis methods, 
compensating for the modelling uncertainty introduced by their use. As the modelling 
becomes more detailed, the mathematical representation of the actual structural behaviour 
increases in accuracy, resulting in less-conservative outcomes. 

  

 
Figure 12  Qualitative comparison of alternative analysis methodologies. 

For Pilot 1 Phase 1, a balance was sought between time and accuracy and the ease with which 
the methodology could be incorporated into a design guide and deployed on a large scale 
within the Dutch engineering community. The modal response spectrum analysis was 
therefore selected as the primary methodology. This is also the default methodology 
according to EC 8 (this was in the context of a maximum seismic hazard of PGA 0.1g at the 
time). As the seismic hazard was unknown and increasing with greater knowledge of 
subsurface conditions, the alternative methods have been investigated in parallel.  

Table 7 summarises how key component of the seismic action and seismic resistance are 
considered in each method. 
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Table 7 Components of Seismic Action and Seismic Resistance 
 

Seismic Action 

Seismic Resistance 

Masonry in-plane strength Masonry in-plane ductility Masonry out-of-plane response Knowledge 

Lateral force analysis 
(Section 2.5.1) 
Static 

 

Seismic forces based on 
response spectrum and 
empirical building period. 

Capacity based on lower 
bound of potential failure 
mechanisms, using code 
equations. 

Force-based mechanisms, no 
ductility allowance. Deformation-
based mechanisms, multiply 
strength by m factor that depends 
on mechanism and wall aspect 
ratio. 

Slenderness limits provided. Multiply capacities by knowledge 
factor, κ. 

Modal response spectrum 
analysis using equivalent 
frame elements 
(Section 2.5.2) 
Dynamic 

Same as above. Same as above. Same as above. Same as above. Same as above. 

Modal response spectrum 
analysis using 2D shell 
elements(Section 2.5.3) 
Dynamic 

Same as above. Same as above. Same as above. Same as above. Same as above. 

Non-linear static 
pushover analysis using 
macro elements 
(Section 2.5.4) 
Static 

Seismic forces ramped up until 
target displacement reached; 
target displacement based on 
elastic response spectrum, 
building period and nonlinear 
response coefficients. 

Same as above. Force-based mechanisms, no 
ductility allowance. Deformation-
based mechanisms, displacement 
limits provided based on 
mechanism and wall aspect ratio. 

Same as above. Same as above. 

Non-linear static 
pushover analysis using 
mechanism-based 
elements 
(Section 2.5.5) 
Static 

Displacement increments  
applied until load multiplier is 
zero. Target displacement 
obtained according to elastic 
response spectrum and 
structural period. 

Collapse mechanism(s) 
selected a priori and total 
seismic resistance checked. 
Generally this method is not 
used for in plane checks, 
except for well-known 
mechanisms like those found 
in historic buildings. 

The aim of the analysis is to check 
the ultimate displacement capacity 
and the damage limit state. 
Maximum displacement and force 
of mechanism are checked 
explicitly. 

This is the main application of the 
analysis. The seismic performance of 
the structure is analysed up to collapse 
by increasing the displacement and 
applying the principle of virtual work 
to the corresponding configurations. 

Multiply masonry strength by 
knowledge factor. Since masonry 
blocks are rigid, this strength just 
affects the position of “yield” lines. 

Non-linear time-history 
analysis 
(Section 2.5.6) 
Dynamic 

Ground accelerations 
consistent with the elastic 
response spectrum applied 
directly to the base of the 
model in the time domain. 

Capacity based on explicit 
consideration of non-linear 
behaviour of bricks and 
mortar and development of 
cracking. 

Allowable deformation based on 
explicit consideration of non-linear 
behaviour of bricks and instability. 

Allowable deformation based on 
explicit consideration of non-linear 
behaviour of bricks and instability. 

No knowledge factor currently 
considered; to use this method with 
confidence, material testing 
required, which removes need for 
knowledge factor. 
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2.5.1 Lateral force analysis 
The lateral force analysis is appropriate where the seismic response is not significantly 
affected by contributions from modes of vibration higher than the fundamental mode. It is 
simple to use, quick to apply and straightforward to interpret results. It is therefore amenable 
for development into a design guide. It is limited to simple structures and geometries, 
however, and it is not possible to account for seismic duration effects. 

2.5.2 Modal response spectrum analysis using 2D shell elements 
This method is suitable for buildings where response is affected by contributions from modes 
of vibration higher than the fundamental mode. Modal response spectrum analysis breaks the 
overall dynamic response of the building into individual “modes” of response, which are 
different patterns of deformation that may be excited by base shaking. The actual observed 
response of a real structure is a combination of these modes, with some more dominant than 
others.  See Figure 13 below. 

 
Figure 13  Modal response of Single Degree of Freedom (SDOF) Structures. 

Each mode is associated with a particular vibration period – more flexible modes of response 
have longer periods whereas stiffer modes have shorter periods. Depending on the structure 
and the analysis model, anything from a few up to 100s of modes may be required to 
adequately describe the overall seismic response of the building. 

For the modal response spectrum analysis, Eurocode 8, Part 1,  section 4.3.3.3.1 states that 
one of the following must be demonstrated: 

 The sum of the effective modal masses for the modes taken into account amounts to at 
least 90% of the total mass of the structure; 

 All modes with effective modal masses greater than 5% of the total mass are taken 
into account. 

Earthquake loads are represented by the response spectrum. A response spectrum gives the 
maximum value of acceleration in each mode as a function of its period. However, the peaks 
of all these modes of response do not occur simultaneously in the earthquake ground motion, 
and therefore a statistical combination rule is required to combine the results together to 
determine the expected peak values from an actual earthquake. The standard statistical 
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method used for combining these modal responses together is called the Complete Quadratic 
Combination (CQC) rule, and has been adopted for this project. 

Ground shaking can occur in any direction. However, as with modal combination the peak 
response from, for example, X- direction shaking does not occur at the same time as that due 
to Y-direction shaking. Therefore, these are combined in Eurocode 8, Part 1 by taking the 
maximum of the following combinations: 

 ± 100% X ± 30%Y 

 ± 30% X ± 100%Y 

The vertical component Z is not taken into account as allowed by Eurocode 8, Part 1, clause 
4.3.3.5.2 (1) as it is not relevant for the building typologies within the scope of this study. 
Vertical accelerations are more significant for structures of large span or cantilevers. 

Vertical upward acceleration will cause a reduction in friction between surfaces transferring 
load in bearing, and therefore the connection tie force between floors and roofs tied to walls 
that rely on this bearing. This is another reason to ensure that these elements are all positively 
connected to ensure adequate seismic performance. 

This methodology is appropriate for masonry structures at relatively low levels of seismic 
demand.  As the seismic level rises, the response of the building becomes increasingly non-
linear and the degree of accuracy decreases. 

The Modal response spectrum analysis is: 

 Quick and simple to create analysis models; 

 Good for complex geometries and higher modes; 

 Consistent with the approach used in Belgium[20] (for a PGA of 0.1g); 

 Amenable to the extraction of connection forces, and 

 Suitable for large-scale implementation. 

The drawbacks include: 

 Complexity of post-processing connection forces from 2D shell elements at 
interfaces; 

 Analysis processing time can be significant for large, complex models; 

 Less representative of actual masonry behaviour as PGA increases; and 

 Cannot deal with seismic duration-related effects. 

2.5.3 Modal response spectrum analyses using equivalent frame 
method 

This methodology is similar to the method described in 2.5.2 but with selected 2D shell 
elements replaced by beam elements.  This simplifies the model and reduces the size, and 
although a slightly more conservative approach, provides a method which is quicker to 
implement; more intuitive for engineers to apply and more straightforward to verify. The 
method is suitable for houses and other structures with load bearing walls and intermediate 
horizontal elements. 
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The benefits of this approach are: 

 Analysis time; 

 Post-processing time/complexity; 

 More amenable to checking/verification; 

 Straightforward extraction of connection forces;  

 Suitable for large-scale implementation, and 

 Can be readily developed into a non-linear macro-element model (see below). 

The drawbacks are: 

 The initial set-up requires a higher level of expertise/judgement; 

 Splitting and then recombining of gravity and seismic effects which involves an 
additional step; 

 Slightly more conservative than the 2D  shell element analysis approach; 

 Unable to readily capture connection tie forces; and 

 Cannot deal with seismic duration-related effects. 

2.5.4 Non-linear static pushover analysis using macro elements 
This methodology is a development of the approach above using special macro elements to 
model the non-linear in-plane behaviour of masonry. 

The benefits of this approach are: 

 Improved representation of certain typologies, especially for higher PGAs; 

 Less conservative approach – models material non-linearity;  

 An analysis model can be developed from the Equivalent Frame method described 
above; and 

 The model can be further developed to accommodate dynamic cyclic loading and 
incorporate associated material degradation effects. 

The drawbacks are: 

 Initial set-up requires a higher level of expertise/judgement; 

 Initial model set-up time; 

 Limited to structures dominated by the highest modes only; 

 Unable to readily capture connection tie forces; 

 Cannot deal with seismic duration-related issues; and 

 Less amenable to a design guide or for large-scale implementation (specialist software 
and engineering expertise are required). 
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2.5.5 Non-linear static analyses using mechanism-based elements 
This method pre-supposes specific failure mechanisms and utilises a kinematic approach to 
assessing seismic capacity.  It is particularly suitable for relatively massive masonry elements 
both in and out-of-plane.  As a result it is particularly suitable for monumental-type 
structures. 

The benefits of this approach are: 

 Improved representation,  and therefore accuracy, of certain typologies for higher 
PGAs; 

 Effective for buildings with pre-existing cracks that could precipitate a failure 
mechanism; and 

 More accurate non-linear approach compared to linear methods suitable for 
monumental buildings. 

The drawbacks are: 

 Initial set-up requires a higher level of expertise/judgement; 

 Initial model set-up time; 

 Less amenable to a design guide or for large-scale implementation (specialist software 
and engineering expertise); 

 Cannot deal with seismic duration-related issues; and 

 Not applicable to cavity wall construction. 

2.5.6 Non-linear time-history analysis 
This approach is the most sophisticated and can model geometric and material non-linearities 
together with time-history signals. Models can be large and complex and refined to a brick-
by-brick level of detail.  Due to the time needed to generate and analyse these models, they 
are generally used to investigate specific behaviours of specific structures.  Entire buildings 
can be modelled at a high level of detail, but the technique can also be deployed to investigate 
sub-systems to calibrate simpler models.  

The benefits of this approach are: 

 Most representative model of  actual building or element behaviour; 

 Most accurate of all; and 

 Direct modelling of geometric and material non-linearities. 

The drawbacks are: 

  Time – preparation/analysis/post-processing; 

  Specificity and sensitivity to inputs; 

  Not amenable to large-scale implementation; 

  Limited skill/experience base in the local engineering community; and 

  Checking and verification is complex.  
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2.6 Development of Legal and Regulatory Framework  
For tectonic earthquakes in the EU the framework for assessment of strength is Eurocode 8. 
In relation to casualties, the purpose of Eurocode 8 is to ensure that in case of a seismic event 
lives are protected. To satisfy this, the ultimate limit states associated with collapse or with 
other forms of structural failure, which might endanger the safety of people or continuity of 
critical operations, are checked. 

Eurocode 8 is localized for each country of the EU by the use of a National Annex with 
Nationally Determined Parameters (NDPs) which focus on the following issues: 

 Seismic hazard; 

 Site response; and 

 Applicability to local construction.  

For the Netherlands there is currently no National Annex and NDPs and Eurocode 8 is not 
required by the Dutch Legislation (Bouwbesluit 2012). The use of Eurocode 8 in the 
Netherlands is on a voluntary basis, however it would requires a National Annex and NDPs. 
Development of the National Annex and NDPs is foreseen by the NEN institute. 

The development of the Eurocode 8 National Annex for the Netherlands is expected to take 
several years. Therefore it has been proposed to develop a national code of practice (NPR) as 
a precursor for this National Annex. The NPR will be developed by the NEN-institute. The 
learning of the upgrading studies will be available to the NPR-committee as input for the 
development of the NPR. 

It is not possible to set long term policy with current large uncertainty ranges. Therefore it is 
recommended that the NPR should focus on the coming three to five years. 

Eurocode 8, Part 3 addresses only the structural aspects of seismic assessment and 
retrofitting. This standard will apply once the requirement to assess a particular building has 
been established. Eurocode 8, Part 3 is not very comprehensive or sufficiently detailed to give 
appropriate guidance for the structural upgrading measures for the Groningen region. 
Additional design requirements and design guidance, which are not provided by Eurocode 8, 
Part 3 and required for performing the structural upgrading assessment are summarised 
below. 

The design guidance described in this report will be based on: 

 PGA contour maps for the Groningen region applicable to the seismic hazard design 
level, provided by KNMI; 

 Target building performance defined by the limit state of Significant Damage 
(Eurocode 8, Part 3), using earthquake hazard levels of 10% probability of being 
exceeded in 50 years (equivalent to an earthquake return period of 475 years). The 
Operational performance level is defined by the Damage Limitation limit state, using 
earthquake hazard levels of 20% probability of being exceeded in 50 years (return 
period 225 years). This holds for both new and existing buildings; 

 Use of Eurocode for design guidance on performance evaluation and structural 
upgrading measures. The use of ASCE 41-13 (currently in Draft) as design guidance 
for performance evaluation for elements and aspects that are not covered by the 
Eurocode, specifically Eurocode 8;  
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 Use of structural upgrading measures from other countries with similar construction 
as the basis for local structural upgrading measures (Belgium, UK, Italy and the 
USA);  

 Use above design guidance as input to a concept NPR for existing buildings to ensure 
a legal and regulatory framework. 
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3 Scope of Study 
The purpose of this section is to define the scope of the study in terms of the characterisation 
of the building stock in the Groningen region and the analysis studies for buildings and 
building elements. 

This study assesses the performance of selected buildings representing typical, damaged, 
historical, and other buildings. To date, 16 buildings have been assessed: 

 Eight typical buildings of six sub-typologies: 
o terraced house 
o semi-detached house 
o detached house 
o  labourer’s cottage 
o mansion 
o villa 

 Four damaged buildings; 
 One historic church; and 
 Three other buildings: 

o one school 
o two utility buildings 

3.1 Building Typologies 
Typical building types are representative for a significant proportion of the building stock, 
while unique buildings are one of a kind. Lessons learned from the study of typical and 
unique buildings will be captured in the design rules and protocols. 

The study area, shown in Figure 14 is centred northeast of Groningen and represents a 5km 
band beyond the extent of the Slochteren gas field. In this area of approximately 1475km², 
some 275,000 premises exist, all with different functions, shapes and sizes. 

Buildings have been categorised in four main building typologies: 

 Typical buildings – including houses, represent the largest proportion of buildings 
and can be divided into a number of sub-typologies representative of the majority of 
the total building stock in the region. Eight different buildings have been assessed 
based on covering a representative sample of the most common typologies in the area. 

 Damaged buildings – potentially have an increased seismic risk and may need 
prioritization. Four specific buildings have been assessed to date, including 
assessments of the existing condition of each. 

 Historic heritage buildings – require specific and sensitive upgrading measures to 
preserve their visual appearance. One church has been assessed; and 

 Other buildings – are a mixed group with different materials or combinations of 
materials structural typologies.  Schools, hospitals and utility buildings fall into this 
category.  One school and two utility buildings have been assessed to date. 

Building typologies 1, 3 and 4 have specific sub-typologies. 
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3.1.1 Typical buildings 
Initially, the description of Typical buildings was defined by the type of houses located 
within a radius of around 15 km from the centre of the heavy seismic event indicated in 
Figure 15. The type of houses consists primarily of two storey high unreinforced masonry 
houses. Recently the seismic study area has been expanded and includes more urban areas, 
which comprised multi-storey buildings. This category of buildings has not been included in 
the above described typologies. 

Based on the GIS database, which contains information about 275,000 individual buildings in 
the area of interest, a system was developed to categorise all of these buildings based on their 
age, height and expected material of construction. These categories were used in both studies, 
although in slightly different ways. 

The Seismic Risk Study (see Table 8) identified 19 building typology categories, which were 
selected based on information that could be readily found from existing databases for the 
area. Buildings typologies were distinguished by building material, age, number of storeys 
and type (only detached, semi-detached and terraced houses were distinguished). These 
typologies were selected to allow empirical fragility functions (based on statistics collected in 
previous international earthquakes) to be assigned to typologies. Twelve of the typologies 
contain unreinforced masonry buildings, two typologies contain reinforced concrete buildings 
and the other five typologies contain steel buildings, timber buildings or buildings from 
which the structural material is unclear. 

Since unreinforced masonry is the most common construction material for houses and is the 
most vulnerable construction material in case of seismic events, the structural upgrading 
study focusses on this construction material. The buildings assessed within this structural 
upgrading strategy study are selected based on an initial inspection of building stock and are 
considered representative for the typologies in the region. There is not a one-to-one 
correlation between buildings considered in the Seismic Risk Study and those considered in 
this study. Nevertheless, Table 8 shows a mapping between the Seismic Risk Study 
categories and the selected buildings for the Structural Upgrading Study. 
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Table 8  Building Typologies – Seismic Risk Study (RA) & Structural Upgrading Study References. 

Typology 
RA 

Type Floor Period Storeys Structural upgrading 
Sub-typologies 

URM 1 Detached / 
Semi-
detached 
 

Flexible 
diaphragms 
 

Pre 1920 
 1-2 storeys T3a, T4, T5 

URM 2 > 3 storeys T6 

URM 3 1920 – 1960 
 1-2 storeys T2a, T3a, T4, T5 

URM 4 > 3 storeys T6 

URM 5 Rigid 
diaphragms 
 

Post 1960 1-2 storeys T3b 

URM 6 > 3 storeys T2b 

URM 7 Terraced 
buildings 

Flexible 
diaphragms 
 

Pre 1920 
 1-2 storeys - 

URM 8 > 3 storeys - 

URM 9 1920 – 1960 
 1-2 storeys - 

URM 10 > 3 storeys - 

URM 11 Rigid 
diaphragms 
 

Post 1960 1-2 storeys  

URM 12 > 3 storeys T1 

Based on the GIS database and site visits to the region common sub-typologies were 
identified for the structural upgrading study and are summarised below: 

For the terraced buildings, T1, the sub-typology believed to be the most common comprises 
concrete floors at ground, first and attic levels with cavity walls founded on piles. 

Similarly, for the semi-detached buildings, sub-typology T2b with concrete floors; cavity 
walls and piled foundations is believed to be the most common. A more detailed breakdown 
of sub-typologies of typical buildings can be found in Appendix C. 

Based on the database of buildings in the region the most common sub-typologies were 
identified and are summarised below. One example each of types 1 – 8 in Table 9 have been 
studied as part of the Typical Buildings study.  
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Table 9  Characteristics of Typical Buildings. 

Nr Type Image Floor Note 
1 T1 Terraced 

house 

 

Concrete 80% of the terraced houses built after 
1960. Concrete was introduced as a 
building material for regular houses 
around 1953. Therefore it is assumed 
that primarily concrete floors are used 
for terraced houses. 

2 T2a Semi-
detached 

 

Wood  

3 T2b Semi-
detached 

 

Concrete 65% of the semidetached houses built 
after 1960. Therefore it is assumed that 
primarily concrete floors are used for 
semi-detached houses. 

4 T3a Detached 

 

Wood 50% of the detached houses built after 
1960. At least 40% of all detached 
houses will have wooden floors only. 
The other 60% may contain wooden 
floors, concrete floors or both. 

5 T3b Detached 

 

Concrete  

6 T4 Labourers 
cottage 

 

Wood Typical building found in rural areas in 
the neighbourhood of farms 

7 T5 Mansion 

 

Wood Typical square building found in 
towns and villages in the region 

8 T6 Large 
masonry 
villa 

 

Wood Large masonry residence containing a 
ground level and at least 2 stories. 
Richly decorated with ornaments and 
generally well maintained. 
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3.1.2 Damaged buildings 
Damaged buildings are buildings where damage has been reported in the past and where a 
damage survey has been conducted. These buildings are, according to the damage reports, in 
a ‘critical condition’.  

The four buildings studied in this phase have been selected by NAM. The location of these 
four buildings is shown in Figure 14 below. Damaged buildings assessed in this part of the 
study included a large old house which has had several alterations and extensions; a 
farmhouse constructed in two phases and two timber-framed barns. 

 
Figure 14  Hazard map with investigated building locations (contours according to Figure 6) 
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3.1.2.1 Pre and post-upgrading seismic evaluation 
For each of the damaged buildings, a pre-upgrading seismic assessment has been undertaken 
on the basis that sufficient ties and diaphragm action were present to distribute seismic effects 
– in anticipation that these would be needed to provide adequate seismic resistance. 

For the buildings investigated to date, the design of upgrading measures has been provided 
that does not significantly alter the mass or stiffness of the building. Therefore the overall 
seismic behaviour from an analysis perspective will not significantly change as a result of the 
structural upgrading measures. In case the mass or stiffness don change due to the structural 
upgrading measures, post-upgraded seismic evaluation will be necessary and for the post-
upgraded buildings the same analysis and design procedure is followed as for the pre-
upgraded building. 

3.1.3 Historical buildings 
Historical buildings provide special civic amenity. They often comprise large masonry 
elements attracting high seismic loads and use different structural systems than domestic-
scale buildings. Therefore, the assessment methodology can be different from smaller-scale 
buildings. 

The selection and development of upgrading measures involves specific consideration to 
maintain the appearance. 

One historical church building has been assessed to date. 

3.1.4 Other buildings 
Other Buildings is a category used to capture important buildings not covered by the other 
categories. The following buildings have been assessed: 

 The school is particularly important because of the large congregation of children and 
staff during the day.  By their nature, schools tend to comprise a series of extensions 
built at different times using different construction methods. Therefore they have a 
certain complexity for seismic assessment; 

 Utility building 1 is an electricity transformer enclosure; and 

 Utility building 2 is a pair of adjacent structures used for gas distribution. There is a 
particular requirement to allow the roof to detach in the event of a gas explosion. 

Structural upgrading measures for the utility buildings have been assessed on the basis that 
the buildings should be operational immediately after the design seismic event (currently a 
PGA of 0.25g) and to ensure minimal disruption to operation during implementation of the 
upgrading measures.  
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3.2 Selected Buildings: Pilot 1 Phase 1 
The following section describes the studies undertaken on the selected buildings, and summarised in the table below.  

 

Table 10 Total Buildings Assessment Methodology 

Building Typicals Damaged Historic Other Buildings 
Typology T1 T2a T2b T3a T3b T4 T5 T6 D1 D2 D3 D4 Church School Utility 1 Utility 2 
Performance Objective LS LS LS LS LS LS LS LS LS LS LS LS LS LS IO IO 
ATC-20                 
ASCE 41-13 Tier 1                 

A
SC

E 
Ti

er
 3

 

Lateral Force Method                 
Linear Dynamic Modal 
Response Spectrum Analysis - 
Equivalent Frame 

                

Linear Dynamic Modal 
Response Spectrum Analysis -
2D Elements 

                

Non-Linear Static Pushover 
Analysis - Macro Elements 

                

Non-Linear Static  Analysis - 
Mechanism-based Elements 

                

Non-Linear Dynamic Time-
History Analysis 

                

 
  Completed 
  Planned 
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3.2.1 Performance requirement 
The buildings studied have deliberately been chosen to represent a range of performance 
requirements.  In terms of EC8, most buildings fall under Importance Class II with the 
exception of the barns (Class I); the school (Class III) and the Utility Buildings (Class IV). 

In terms of ASCE 41-13, the assumed performance-based requirements are the Life Safety 
performance level for all buildings except the utility buildings for which the Immediate 
Occupancy performance level has been assumed. 

3.2.2 Condition assessment 
For buildings with pre-existing damage, an initial safety assessment to ATC-20 was 
undertaken followed by a damage assessment according to ASCE 41-13 Tier 1 Screening.  
This was followed by a Tier 3 evaluation to ASCE 41-13 taking into account seismic retrofit 
interventions. 

3.2.3 Analysis method 
In order to test the relative sensitivity of different building typologies to a given seismic 
event, all buildings, with the exception of the church, were assessed with the modal response 
spectrum analysis using 2D elements with a PGA of 0.25g. Due to its specific characteristics, 
the church was analysed using the non-linear static push-over analysis using macro elements. 

In order to test the relative sensitivity of the different analysis methods, all methods, with the 
exception of the non-linear static analysis using mechanism-based elements were applied to 
the same building (T3a), and tested for a PGA of 0.25g. For the non-linear methods, different 
levels of PGA were used. 

One of the more vulnerable buildings, T1, (see Figure 16) was also assessed with both the 
modal response spectrum analysis method using 2D elements and the non-linear time-history 
analysis to test the sensitivity of approach for a building with a high degree of non-linear 
behaviour. 
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3.3 Building Element Studies 

3.3.1 Cavity walls 
Cavity walls were originally modelled as solid walls, which overestimates stiffness and were 
therefore conservative.  The purpose of undertaking the cavity wall study was to quantify the 
potential conservatism and develop means to reduce this. The ASCE assessment 
methodology of walls limits its scope of applicability to certain geometric criteria, which are 
not met by Dutch cavity walls and the building stock under investigation.  Therefore, 
additional studies have been undertaken to test these limits and explore the potential for 
extending them. 

3.3.2 Soil-structure interaction and foundations 
The purpose of undertaking these studies was to address two shortcomings of the linear 
models which were based on the assumption of pinned foundations: 

 They overestimate the global stiffness and therefore underestimate the natural period 
of the building which governs its dynamic response, and 

 They assume boundary conditions which can generate tension at the foundation which 
for many foundations is not realistic, once PGAs rise above a certain threshold, 
compared to the gravity loads in the element under consideration. 

The study was also needed to form a preliminary assessment of the existing foundation 
capacity. 
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4 Results 
The purpose of this section is to present the results of the preliminary analyses and studies on 
total buildings and building elements in terms of seismic performance. This section explores 
the sensitivity to analysis methodology and proposes suitable methods for different building 
typologies.  Structural upgrading measures are subsequently characterised into levels of 
intervention required to achieve the target level of seismic performance. 

4.1 Seismic Performance – Building Level 

4.1.1 General  
The discussion below steps through the studies undertaken and identifies the key findings and 
trends.  The following section sets out the recommendations moving forward based on the 
findings to date. 

For the purposes of identifying trends and similar behaviours, the typologies investigated 
have been grouped into sections which are discussed below based on observed similar 
characteristics and/or performances resulting from phase 1 analyses. All buildings 
investigated rely on load-bearing masonry walls to provide the lateral stability system to 
resist seismic loads. 

4.1.1.1 Relative performance 
Although the number of typical building studied is limited, the following factors are seen to 
influence building performance: 

 Wall openness; 
 Wall type; and  
 Building mass (which is a function of mass of floor construction and number of 

storeys). 
Based on modal response spectrum analysis, two groups are distinguished: 

 The more vulnerable typical building sub-typologies, comprising terraced buildings 
and semi-detached buildings; and 

 The less vulnerable typical building sub-typologies, comprising detached house, 
labourer’s cottage, mansion and villa. 

The more vulnerable typical building sub-typologies are directional in their structural 
configuration and performance and are particularly vulnerable in the direction parallel to the 
front and rear façades. These façades are relatively open. 

This openness is facilitated by the design methodology commonly used to design these 
buildings for resistance to wind load on the gables, which results in relatively narrow 
masonry piers per terraced house to resist lateral loads in that direction.  In this group all the 
buildings are three storeys and all walls are cavity walls.  Buildings with heavy concrete 
floors display weaker performance compared to buildings with lighter timber floors. 

The less vulnerable typical building sub-typologies are non-directional.  In this group most 
buildings are two-storeys and most buildings have solid walls. Buildings with heavy concrete 
floors display weaker performance compared to buildings with lighter timber floors. 
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Buildings with shop fronts, though not explicitly studied, are expected to perform similarly to 
more vulnerable typical building sub-typologies based on similar structural arrangements of 
load-bearing members. 

Note that the differentiation in more and less vulnerable buildings is not yet made in the 
fragility curves used in the seismic risk study. At present the fragility curves represent a 
statistical representative estimate for all buildings with a differentiation only according to 
age. When more information becomes available about relative vulnerability this will be taken 
into account in the seismic risk study. 

4.1.1.2 Actual performance 
Assuming that the upgrading measures level 2 and 3 have been implemented, the threshold 
for partial collapse (Damage State 4 = DS4), such as wall failure, is used for assessing the 
building performance. 

Modal response spectrum analysis shows partial collapse (DS4) at PGA’s smaller than 0.1g. 
This is not consistent with the experience at the Huizinge earthquake where maximum PGA’s 
of 0.08g were observed and damage was cracking at walls only (DS1 and DS2).   

Non-linear analysis shows partial collapse (DS4) for PGA between 0.15g to 0.5g dependent 
on building sub-typology and non-liner analysis method. For the sub-typologies studied – 
terraced houses and detached houses - partial collapse was observed at PGAs of respectively 
0.3g and 0.5g on the basis of sophisticated non-linear time history analysis. Using the non-
linear pushover analysis partial collapse was observed between 0.16g and 0.24g on the 
detached house sub-typology. 

Definite conclusions about structural upgrading beyond level 3 is difficult, although these 
preliminary results show that the threshold where upgrading beyond level 3 is needed is 
tentatively between 0.15g and 0.5g.  To be more confident the non-linear analysis needs 
calibration with physical laboratory tests.  

4.1.2 Spectral response of buildings 
Figure 15 shows the modal response of a typical terraced house. The location of the circles 
represents the modal frequency plotted on the response spectrum.  The relative sizes of the 
circles represent the contributing relative modal mass for a given mode. 

The observed trends are as follows: 

 Most of the buildings have their significant modes on the plateau of the Eurocode 8 
framed response spectrum, albeit at different positions along the plateau; 

 The spectra for the semi-detached buildings suggest that the main modes are near the 
edge of the plateau.  However, this typology is very flexible in one direction, and once 
strengthened, it is likely that the response will be further to the left on the plateau; 

 The large mansion has relatively high floor-floor heights and high proportion of 
windows in the elevations.  Therefore it is relatively flexible and its principal modes 
are towards the right hand side of, but still on, the plateau; 

 The timber-framed barns are much more flexible than the other buildings; have longer 
periods and therefore attract a much lower seismic demand.  Unlike the other 
buildings investigated, wind loads on the barns exceed the seismic load; 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

  Structural Upgrading Study 
 

 REP/229746/SU003 | Issue | 29 November 2013  

 

Page 47 
 

 Site-specific response spectra are likely to have a shorter plateau than the Eurocode 8 
spectrum used and be more representative than Eurocode 8 at longer periods. The 
evidence is the ASB13 M=5 R3km curve, also plotted by way of example. Therefore 
establishment and use of site-specific spectra may reduce the seismic demand on 
some buildings; and 

 The response of the buildings can be expected to soften once the foundation and soils 
are modelled.  Preliminary models indicate an increase in period as expected.  For the 
terraced building below, the modal periods increase, but not to the point where they 
fall off the plateau and start reducing base shear.  This effect differs for different 
building typologies and should be investigated further on other typologies.  The base 
shear could decrease or increase depending on the initial position of the principle 
modes on the response spectrum. 

 

 
Figure 15  Spectral Response of Terraced Buildings. 
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Figure 16  Spectral Response of Terraced Buildings with and without soil-structure interaction. 
 

4.1.3 Connection forces 
A summary of the connection forces for the typical buildings has been presented in Table 11. 

The summary represents typical tie force levels, with extreme values filtered out for special 
connections.  In general, buildings with relatively heavy concrete floors, and therefore higher 
base shear forces, tend to have higher connection forces, but the results are also sensitive to 
geometry and the presence of return and cross-walls.  Therefore, clear patterns were not 
obvious from the summary of analysis results alone and a simplified methodology has been 
developed to determine those connection forces for individual buildings. 

4.1.4 Masonry pier capacities 
A summary of the demand/capacity ratios (D/C ratios) of the wall piers for the typical 
buildings in the direction parallel to the front façade is represented in Figure 17. 

The terraced and semi-detached buildings have much higher utilisation ratios than the other 
typologies due to their vulnerability in X-direction (x-direction parallel to front and rear 
façade). The semi-detached buildings appear to be more vulnerable than the terraced houses 
but this is a function of their connectivity to attached garages which contain piers with very 
high demand/capacity ratios. 

For otherwise identical buildings, those with concrete floors are more vulnerable than those 
with timber floors due to the higher base shear forces resulting from greater seismic mass. 
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Table 11  Summary table of connection forces 

Typical Buildings 

Connection forces based on 0,25g from GSA model 
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[kN/m] [kN/m] [kN/m] 

T1 Terraced 85 3 12 2 23 5 0 9 4 
T2a Semi-detached Timber 79 12 36 17 12 22 9 19 26 
T2b Semi-detached Concrete 79 12 36 17 12 22 9 6 25 
T3a  Detached Timber 15 3 17 0 8 4 8 5 6 
T3b Detached Concrete 32 3 21 2 18 10 8 7 13 
T4 Labourer's Cottage 11 3 12 1 4 3 5 4 3 
T5 Mansion 25 3 15 0 6 9 5 5 5 
T6 Large Villa - main building 49 4 50 2 0 0 5 5 6 
 

 

 
Figure 17  Relative Vulnerability of Building Typologies based on Wall Strength  
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4.1.5 Terraced and semi-detached houses 
Both terraced and semi-detached houses represent a very high population of dwellings in the 
study area, and are particularly vulnerable in the direction parallel to the front and rear 
façades.  The original design process for buildings of these typologies for imposed wind 
loads on gable ends results in small shear walls in this direction which may be distributed 
over several connected dwellings. Therefore the amount of shear wall available per dwelling 
to resist seismic effects is very limited.  

The buildings studied suffer from torsional irregularity, due to the connected garages. For 
these buildings, the preliminary proposal is to disconnect the garage or demolish and re-build 
as a self-supporting structure.   

These typologies commonly have a cavity party wall comprising two load-bearing untied 
leaves of masonry.  These will require structural upgrading both in-plane and out-of plane. 
Gable walls, particularly cavity walls, also require structural upgrading. 

Temporary measures have been explored to provide rapid risk reduction. Temporary 
structural frames for the most vulnerable buildings can be designed, procured and installed 
quickly on a large scale.  The structural system in the most vulnerable direction needs to be 
upgraded, and there is the opportunity to replace existing façades as part of the permanent 
solution with a seismically-robust design that also improves the thermal and acoustic 
performance of the building.  

There are many sub-typologies that require further investigation, particularly in the higher 
seismic hazard regions. 

Although the non-linear time-history analyses indicate more favourable behaviour than the 
modal response spectrum analysis used (see Section 4.3.5), substantial damage with very 
large cracks and collapse of veneers was observed at PGAs of 0.2g and 0.3g respectively, 
demonstrating potential vulnerability at relatively modest ground motion levels. 

4.1.6 Detached houses, mansions and labourer’s cottages  
The general characteristics of these typologies are that they are freestanding and consist of 
two storeys, the uppermost of which is within the pitched-roof space.  

For the detached house, two construction forms typical of pre and post-1960s house 
construction methods have been considered; solid masonry perimeter walls with a timber 
floor system (T3a) and cavity perimeter wall system with a precast lattice slab (T3b).  The 
Labourers cottage (T4) has a pitched timber roof and timber first floor. The Mansion (T5) has 
a timber-framed mansard roof and timber first floor. Both T4 and T5 have solid masonry 
perimeter walls. 

The sub-typologies with solid perimeter walls have adequate proportions to be stable out-of-
plane. Those with cavity walls require supplementary upgrading. 

In-plane, perimeter walls would require structural upgrading for low PGA values of 
approximately 0.05-0.1g based on the findings of the current linear analysis methodology. 

T3a (villa) has been studied using a range of analysis methodologies to investigate the 
sensitivity of outcomes to methodology (see Section 4.3). The most sophisticated analysis 
methodology suggests significantly greater seismic resistance than the above indicated 0.1g. 
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4.1.7 Large villas 
The general characteristics of this typology are that it is freestanding and comprises a ground 
floor level and 2 storeys above ground floor level. Therefore, it has an additional storey 
compared to the typologies considered before. This typology has a high proportion of 
windows and consequently less masonry in elevation, and is therefore relatively flexible. 
Consequently, the large villas have a longer natural period than the other building typologies; 
though insufficiently long to drop off the Eurocode 8 response spectrum plateau. Once soil-
structure interaction studies have been undertaken, some benefit is likely with the structure 
becoming more flexible, having a longer natural period and thereby potentially attracting 
lower base shear forces. 

Extensions and modifications over the years may have taken place and added plan 
irregularity as well as elevational irregularity, which generally make them more vulnerable. 

The resulting structure has limited structural capacity to resist seismic loads, and would 
require structural upgrading of walls at low levels of PGA according to the preliminary 
analysis findings. 

4.1.8 Barns and other timber-framed agricultural buildings 
The two barns investigated to date comprise timber-framed structures acting in conjunction 
with masonry perimeter shear walls.  They are relatively tall buildings and are relatively 
lightweight and much more flexible than all other typologies investigated.  Consequently, 
they have longer natural periods and attract limited base shear force.  The governing overall 
lateral load is wind rather than from seismic action.  

Although the seismic loads are less than those from wind, the distribution is different, and 
timber members, particularly joints, need to be reviewed for seismic capacity as part of a 
subsequent detailed assessment. Local in and out-of-plane stability of the masonry walls 
limits their capacities, and these require structural upgrading to resist seismic loads.  
Structural upgrading of the foundation was required for one of the barns at a PGA of 0.25g. 

Mezzanine structures add unfavourable effects under seismic events. The preliminary 
recommendation is to disconnect these and provide them with independent lateral load-
resisting structural systems. 

The barns have been assessed with an equivalent Importance Factor of 1.0.  As they are 
Importance Class I buildings to Eurocode 8, there is scope to reduce conservatism in the 
overall approach. 

4.1.9 Church 
The church is an historic building composed of a nave, approximately 12m by 18m in plan, 
and a bell tower approximately 25m tall. The walls of the church are built entirely of masonry, 
up to 900mm thick at the base, with a timber framed attic space which is covered with timber 
roofing and with roof tiles. The church was constructed in at least two phases, with different 
masonry clearly evident in each section. 

Unlike the other buildings in this study, the church was assessed using a mechanism-based 
analysis methodology, which is more appropriate for structures of this nature.  This is a non-
linear, static approach, the geometry for which was generated from a digital laser-scanning 
survey. 
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The bell tower is leaning significantly away from the building, and cracks exist between the 
tower flanking walls and the remainder of the structure.  Preventing further 
movement/rotation of the bell tower should be a priority irrespective of possible future 
seismic action.   

A conservation philosophy has been adopted with respect to structural upgrading, and thus 
recommendations for remediation of the bell tower include a series of post-tensioned steel 
ties; CAM belting; steel strapping and lime or cement injection-grouting. Remediation 
methods have been developed in recognition of the visual sensitivity of the building.   

The building is included in the National Register of cultural heritage as a Rijksmonument. At 
this point, it is unknown what impact this will have on the structural upgrading measures. The 
concept design of the structural upgrading measures will need to be discussed and agreed 
with the Cultural Heritage Agency (Rijksdienst voor het Cultureel Erfgoed). 

4.1.10 School 
The school was constructed in two phases and comprises a collection of inter-linked spaces 
with a mixture of pitched and flat roofed areas forming a complex and irregular roofscape.  
The pitched roof areas’ structures comprise steel frames supporting the roof timber purlins 
and unreinforced masonry walls.  The flat roof area’s structures comprise unreinforced 
masonry walls supporting the roof timber beams. 

The lateral stability system relies mainly on cantilevered masonry shear walls arranged in 
orthogonal directions and on steel frames for the transverse lateral actions in the classrooms. 

The modal response is complex, reflecting the geometric complexity of the structure, but all 
significant modes lie on the plateau of the response spectrum, resulting in high base shear 
force. 

The main issues with seismic resistance relate to the lack of a roof diaphragm, in-plane URM 
wall capacity and connection capacity between walls and diaphragms.  Consequently, 
substantial structural upgrading is necessary to achieve adequate performance under higher 
seismic loads. 

4.1.11 Utility buildings 

4.1.11.1 General approach 
Two utility buildings have been assessed to date; an electricity transformer enclosure and a 
gas distribution facility. These differ from the residential buildings in that they are assumed 
to be required to be operational after the design seismic event.  Upgrading measures have 
been determined such that can be undertaken externally with minimal impact on business 
continuity. 

These buildings are assumed to be Importance Class IV to EC8, with an associated 
importance factor of 1.4. As the assessment has been carried out to ASCE 41-13, the 
performance level has been targeted at Immediate Occupancy performance level, to ensure 
that the building is operational after the design seismic event by limiting the post-earthquake 
damage to a condition which is safe to occupy without need for substantial repair.  
Consequently, the importance factor has been set to 1.0 and no up-scaling of the response 
spectrum is required in order to maintain consistency between codes. 
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The assessment of URM capacity for Immediate Occupancy is similar to that for Life Safety 
in ASCE 41, except that the acceptance criteria are more rigorous.  This is intended to 
minimise damage by limiting the degree of inelastic behaviour. 

The upgrading measures have been developed to respect original functional building design 
intent, such as venting of roof plate for the gas building in case of explosion, and avoidance 
of internal upgrading measures that might generate sparks.  The buildings may also have 
specific internal environmental control requirements such as avoidance of condensation.  
Further information is needed from the service provider such that these can also be 
incorporated into a structural upgrading solution. 

4.1.11.2 Electricity utility building 
The electricity utility building is approximately 5.5m x 5m on plan and 2.6m in height. The 
structure is comprised of unreinforced masonry cavity walls, a suspended ground floor of 
reinforced concrete, with various openings to allow for conduits and a roof of reinforced 
concrete, with a similar thickness compared to the ground floor slab. 

Modal response spectrum analysis showed that all walls fail under a 0.25g PGA seismic 
event, both in-plane and out-of-plane. This failure is due to the cavity wall construction. 
Additionally, the bearing connection between the floor and roof slabs and the inner leaf of the 
URM walls is insufficient for providing seismic diaphragm restraint; these connections will 
also require structural upgrading. 

Further investigation into the existing foundations and local soil capacities at the individual 
building sites is recommended.  

4.1.11.3 Gas utility building 
The gas utility building consists of two separate buildings, each of which is approximately 
3.8m tall from grade to roof. Building A is 4m x 7.7m on plan. Building B is 7.7m x 7.7m on 
plan. The foundations consist of thickened slab edge turndowns below the walls 
approximately at grade. The ground floor is a slab on grade. The roofs are lightweight and 
supported by spanning beams. Both buildings have a parapet 336mm high. The structure is 
comprised of solid URM walls which provide both the gravity and lateral resisting systems.  

The timber roofs are designed to be expansion roofs in case of a gas explosion inside the 
building. For that reason they cannot be connected rigidly to the walls to be able to transfer 
significant forces. 

The URM walls of the typical gas utility building were evaluated using a modal response 
spectrum analysis on the basis of a target Immediate Occupancy performance level under a 
0.25g PGA seismic ground motion. To achieve this target performance, structural upgrading 
is required. The assumed operational restrictions for this type of building affecting methods 
of construction that could be implemented, leading to the recommendation of an upgrading 
system consisting of exterior applied concrete shear walls with an upper perimeter concrete 
ring beam. Additionally, interior applied timber sheathing and verticals have been proposed 
to support walls that cannot be connected to the perimeter concrete shear walls and ring 
beams. 
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4.1.11.4 Large utility building 
A larger steel-framed building with heavy cladding is currently under review. The initial 
concept for a possible solution is to replace the cladding system with a lighter-weight 
alternative whilst maintaining building structural and non-structural performance 
requirements. 

 

4.2 Seismic Performance – Building Element Level 

4.2.1 Cavity walls 
An investigation into the anatomy of cavity wall construction in the Groningen region for 
typical buildings and how this has evolved and developed in recent decades has been 
undertaken as part of this study. 

Investigations have been carried out for different modelling approaches regarding the 
representation of seismic mass and stiffness to establish overall seismic demand.  
Connectivity of the leaves is a considerable variable between different buildings.  The two 
leaves are expected to be connected through combinations of wall ties; wall plates; bridging 
lintels and cills and return walls at the ends.  Both leaves also share a common foundation. 
Many permutations and combinations exist regarding the level of likely interaction.  Studies 
are currently under investigation with linear and non-linear time-history approaches to 
determine a range of possible interaction values. This is work in progress and although no 
definitive conclusions have been reached at this time, it is clear that for low PGA values (at 
least), sufficient connectivity of the leaves may exist such that most of the seismic mass of 
the outer leaf may be mobilised. The preliminary conclusion is that an appropriate method is 
modelling the inner leaf only with a modification factor to capture the full mass contribution 
of the outer leaf. This is consistent with the ASCE 41-13 approach and common practice in 
Italy. However, this may under-estimate stiffness, particularly at low PGA’s. There is the 
potential to reduce the base shear force by 0-20% depending on the flexibility of the building 
and the level of connectivity that can be demonstrated compared to the solid wall assumption.  
This must be reviewed on a case-by case basis for specific buildings. 

Out-of-plane capacity is captured in the ASCE 41-13 approach by simple slenderness limits. 
Investigations have been undertaken using nonlinear time-history analyses to study this 
further.  From the studies to date, the presence of the outer, non-loadbearing leaf has been 
shown to improve the performance of the wall compared to using the inner leaf only, and 
larger slenderness values appear to be viable.  Figure 18 indicates the h/t ratio limits in ASCE 
41-13 and preliminary limits indicated by the analysis results. The limits based on analysis 
are shown for solid walls and cavity walls, for long and short duration ground motions. For 
cavity walls, the thickness used in the h/t ratio is based on the thickness of the inner load 
bearing wythe. Although a larger number of ground motions need to be generated and tested 
and the findings need to be verified by physical experimental data, the results are 
encouraging. These suggest that the common proportions used in cavity wall construction 
may have adequate out-of-plane performance at low PGA levels at least. The results also 
showed a slight benefit from the shorter duration ground motions (more representative for 
Groningen) than the longer duration motions, although this also needs to be verified by 
further study. 
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Figure 18   Comparison of LS-DYNA investigations with ASCE slenderness criteria  
 

Although not recommended by current codes, it may be possible to justify mobilising the 
outer leaf under low PGA’s to provide some seismic capacity to raise the in-plane capacity 
threshold below which seismic retrofit is not required.  As this is beyond the scope on any 
code at present, testing will be required to justify this theory.  The ASCE 41-13 restricts the 
use of masonry walls as shear walls to those with a minimum thickness of 150mm – 
somewhat larger than used commonly in the Groningen region. Further research into the 
background of this limitation is underway, and it appears that the body of test data used to 
inform the ASCE 41-13 guidance did not involve wall thicknesses as low as commonly used 
in the Groningen region. Further international literary review is currently taking place. It is 
possible that physical testing of samples representative of local construction methods may 
demonstrate that thinner leaves are acceptable under the levels of seismic action considered. 

4.2.2 Soil-structure interaction and foundations 
An iterative methodology has been developed for the linear models to analyse the effects of 
non-linear soil-structure interaction on the seismic response of the buildings and to check the 
capacities of the existing foundations.  

The soil-structure interaction models have been developed using ASCE 41-13, section 8.4.2.3 
Method 1 with the introduction of massless, uncoupled springs to simulate the response of 
foundations. This establishes equivalent elastic parameters for the modal response spectrum 
analysis and provides a useful tool in order to more accurately analyse these structures 
without excessive computational effort necessary for the non-linear methods such as the time- 
history analysis. These results are also relatively straightforward to interpret. 

The soil-structure interaction for this region and these structures generates a more flexible 
behaviour when compared to the models with pinned supports.  
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The subsoil conditions have been categorised into 3 soil types for foundation stiffness 
sensitivity studies, and 2 zones for seismic response. The scope of this study is currently 
limited to a 15km radius centred on Huizinge at this stage, but is to be subsequently expanded 
to the full extent of the overall study. 

To date, four typologies have been investigated: terraced house T1, semi-detached house T2b 
and detached houses T3a and T3b 

The preliminary findings are as follows:  

 Preliminary studies suggest that most buildings suffer from ground overstress at Peak 
PGA’s of 0.5g, which may lead to excessive deformations. At 0.25g buildings tend to 
converge at approximately ultimate ground capacities. In particular, at 0.25g T3b 
exhibits foundation stresses within typical design limits for most localities but only at 
0.1g do the stresses fall below the limits for the softer soils;  

 T2b is characteristic for having large openings throughout leading to many short 
segments of rigid shallow foundations and shows very high localised stresses above 
0.1g. Therefore structural upgrading of foundation may be required pending further 
study on specific building details. The foundation capacities are particularly sensitive 
to embedment depth, for example; 

 The fundamental period shift from the original pinned structure fundamental period 
varies for different structures and increases for larger PGA’s. In general for a PGA of 
0.25g the period shift is roughly around 1.5 times. For a PGA of 0.5g the period shift 
increases to values of 2 or greater.  As a result of this the overall seismic forces vary 
since there is a shift in the modes along the response spectrum (see Figure 16). The 
result may be greater or smaller depending on the original position of the fundamental 
period and the position of higher modes along the design response spectrum; 

 Soil capacities for shallow foundations show very low bearing capacity. Buildings 
with little or no embedment of their shallow foundations will be most susceptible to 
bearing capacity failure even under relatively small PGA’s and will require structural 
upgrading measures for their foundations. If reinforced concrete footings tend to have 
less embedment due to their lower depth, then newer buildings on reinforced concrete 
strips may perform more poorly than older buildings on masonry foundations with 
high embedment; 

 Generally, minimum demand on soil stresses occurs for C factors (soil degradation 
factors) between 0 and 0.25 (almost full softening of soil under short foundation strip 
segments). This shows that even when a converged model exhibits stable foundation 
results; it may have associated local failures under the short segments around large 
openings in the wall; and 

 Foundation checks show that for higher PGA’s of approximately 0.5g, the ratio of 
base shear to weight is up to 75%. These values could represent the occurrence of 
sliding of the foundation. Other stabilizing mechanisms such as passive resistance 
would help to reduce this, if the foundations are embedded sufficiently into the 
ground.  
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Further studies have been identified to improve knowledge: 

 Sub-typologies; 

 Incorporating soil structure interaction within the LS-DYNA non-linear time-history 
analyses and other non-linear models to test sensitivity and correlation with the linear 
models; 

 Further refinement on specific building, foundation and subsoil conditions; 

 Investigation into possible kinematic or foundation damping effects; 

 Extend the area of investigation for soil type categorisation to the current study area; 
and 

 Generation of site-specific ground response spectra. 

 

4.3 Seismic Performance – Influence of Analysis Method 
The following studies have been undertaken to explore the relative outcomes and therefore a 
quantitative comparison between different methodologies.   

For this study, each of the methods, with the exception of the mechanism-based method 
which is not suitable, were deployed on typical building T3a.  This typology is representative 
of the group of typologies of 2-storey residential buildings with the upper floor in the attic 
space. 

A study was also undertaken on typical building T1* (an amended and more modern version 
of the T1 terraced house). The terraced house has been identified as being particularly 
vulnerable in the direction parallel to the front and rear façades (see Figure 17).  For this 
study, the non-linear time-history analysis was carried out in addition to the modal response 
spectrum analysis using 2D elements.  

Building T3a – Detached House 

The building is relatively simple, with the seismic action assumed to be dominated by the 
first fundamental modes in each orthogonal direction. As a pre-requisite, it was assumed that 
sufficient ties exist to connect walls to floors and the roof, and that the diaphragms are made 
sufficiently stiff to distribute horizontal seismic load to walls acting in-plane. At the time of 
writing, all methodologies represented the foundation boundary condition with pin-supports. 
The findings are discussed below, commencing with the simplest and quickest and finishing 
with the most complex. 

Building T1* – Terraced House 

T1* is a simple 3-storey building. In the direction perpendicular to the front façade, the 
stability system comprises masonry party walls and gable end walls.  In the orthogonal 
direction, masonry piers provide the stability system.  As for T3a above, ties and stiff 
diaphragms have been assumed.  T1* has been assessed with two methods, as described 
above. 
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4.3.1 Lateral force analysis 
For T3a, it was possible to generate base shear forces and a distribution of these lateral forces 
between walls using the Lateral force analysis that were later proved to be only slightly more 
conservative but very close to those generated from the modal response spectrum analysis. 
Therefore, for low PGAs where linear methods are reasonably representative of building 
behaviour, this approach would be cost-efficient and effective. For T3a structural upgrading 
of walls was found to be necessary at PGA levels of approximately 0.1g. 

4.3.2 Modal response spectrum analyses using equivalent frame 
elements 

For T3a, the equivalent frame approach involved a modal response spectrum analysis using a 
combination of 1D beam and 2D shell elements to represent the building members.  

 

 
Figure 19  T3a - Equivalent frame pushover analysis model. 

This analysis produced a slightly different load distribution between walls and individual 
piers (+/- 15-20%) compared to the more complex analyses below, but could be determined 
more quickly and efficiently and is no less valid, if proper calibrated. Overall outcomes in 
terms of anticipated structural upgrading of walls were found to be very similar to the ‘base’ 
method below.  Therefore, for low PGAs, this method was found to be efficient and effective 
and would be more applicable compared to the lateral force analysis above when building 
complexity increases and seismic response is more influenced by higher modes. 

Connection forces can be determined directly from the model. For T3a the model predicted 
that structural upgrading of walls may be necessary at PGA levels of approximately 0.1g. 

4.3.3 Modal response spectrum analysis 
Building T3a – Detached House 

The modal response spectrum analysis was the ‘base’ methodology used in the study to date, 
and differs from the method above in that shell elements are used throughout to represent the 
masonry members.  
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Figure 20  T3a - Linear dynamic analyses using 2D elements. 

This resulted in a much larger model which took more time to analyse and much more time to 
extract data to determine connection forces, despite additional post-processors developed 
specifically to expedite the process.   

The outcomes in terms of structural upgrading of walls were, overall, very similar to either of 
the above methods.  This method was found to be appropriate for low PGAs and would be 
simpler to deploy on large scale within the industry with minimal training/education.  For 
T3a the model predicts that structural upgrading of walls may be necessary at PGA levels of 
approximately 0.1g. 

Building T1* – Terraced House 

The studies using the modal response spectrum analyses suggest high over-utilisation ratios 
from even very low levels of PGA, which would require structural upgrading or replacement 
of walls needed at or below 0.05g.  This is partially due to the inherent vulnerability of the 
building, but partly due to the limitations of a linear analysis on a typology that behaves very 
non-linearly. 

4.3.4 Non-linear static pushover analysis using macro elements 
This more sophisticated approach uses lumped plasticity to represent the non-linear 
behaviour of masonry has.  This has been based upon the non-linear static analysis 
procedures as defined in ASCE 41-13 along with the non-linear procedure acceptance criteria 
for in-plane action of URM walls in the same document.   
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Figure 21  T3a - Non-linear Pushover analysis model. 
 

 
Figure 22  T3a - Non-linear Pushover analysis model – example for one of the models. 

This methodology produced less conservative outcomes than any of the linear models in 
terms of structural upgrading of wall requirements as it takes into account the effects of non-
linear behaviour. Structural upgrading of walls was found to be necessary from PGAs 
between 0.16g and 0.24g. Development of this methodology is work-in-progress at the time 
of writing and further verification and checking is required to calibrate the model.   

Alternative methods are more appropriate for determination of connection forces – either 
hand calculations or parallel linear analyses using a similar model. 

The results are encouraging and worthy of further exploration as initial findings suggest this 
may be the most suitable approach for the 2-3 storey individual masonry buildings. This 
methodology is common practice in the engineering community in the Netherlands, so 
deployment on any significant scale will require a programme of training and development. 
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4.3.5 Non-linear time-history analysis 
Building T3a – Detached House  

At the most complex end of the spectrum, the non-linear time-history analysis was used to 
determine the most accurate modelling methodology currently available.  This method 
represents a significant step up in complexity and the time required to undertake an analysis, 
and involves the modelling of individual brick units and the contact conditions between them.  
In due course, this approach would also need to be verified against test data to be relied upon. 

Two suites of input ground motions (each comprising three 3-component motions) were 
developed, comprising short and long duration motions, as noted in Section 2.4.1.2 and the 
model was analysed for these scenarios.  The results for the shorter duration motions are 
more representative of expected ground motions in Groningen; the longer duration motions 
were also assessed for comparison, to isolate the effect of duration on structural response. 
Both suites of ground motions were spectrally matched to the target design spectrum, and 
then scaled to different levels of PGA: 0.1g, 0.25g, 0.5g and 0.9g.  

The T1* model was also analysed at intermediate levels of PGA to determine with more 
precision the level of PGA leading to partial collapse. 

“Partial collapse” (equivalent to DS4 in Table 2) was determined to occur when sections of 
walls or lintels dislodged in the analysis model and created a falling hazard. “Collapse” 
(equivalent to DS5 in Table 2) was determined to occur when significant portions of the roof 
were left unsupported by failing walls in the model, and fell to the ground. Crack widths were 
also measured from the model based on relative movement of bricks in the model, and in 
some cases crack widths of over 100 mm were observed in the model without partial collapse 
or collapse. 

  

 
Figure 23  T3a – LS-DYNA model showing cracking during 0.5g short duration ground motion (in metres). 
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The building was analysed at 0.25g, 0.5g and 0.9g with short and long duration ground 
motions. Pier rocking and bed joint sliding mechanisms were observed in the model. Mixed 
modes were also observed where a sequence of mechanisms occur e.g. toe crushing or 
diagonal tension after rocking initiates. 

Partial collapse was observed at a PGA of 0.9g short and long duration ground motions and 
was not observed in the 0.5g ground motions, indicating that the PGA required to cause 
partial collapse lies between those two values. Significant crack widths were observed in the 
0.5g ground motions and longer-duration signals produced more damage than short-duration 
motions. Because intermediate levels of PGA were not analysed, it is not possible to observe 
a quantitative difference in partial collapse or collapse PGA for T3a for short and long 
duration motions. 

 

Building T1* – Terraced House 

The building was analysed at 0.25g, 0.5g and 0.9g with short and long duration ground 
motions, as well as intermediate levels of acceleration to identify PGA causing partial 
collapse (to the nearest 0.05g). Based on these analyses, the building is predicted to reach 
partial collapse at PGA of 0.3g based on collapse of the second storey outer leaf of the cavity 
wall. Collapse occurred at a PGA of 0.4g. 

 

 

Figure 24  T1 – LS-DYNA model and cracking patterns. 

Clearly there is a significant difference in outcomes between the modal response spectrum 
analysis and the non-linear time history analysis. The limitations of the ASCE and the LS-
DYNA software package are discussed below. A further study using the non-linear pushover 
analysis is planned to test for sensitivity and appropriateness.   
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4.3.6 Discussion 

4.3.6.1 Influence of analysis methodology 
Table 12 below illustrates difference in outcome for the anticipated threshold for the 
structural upgrading of walls for typical building T3a and T1* based on the different analysis 
methodologies used.  The linear methods all suggested that structural upgrading of walls may 
be required at PGAs of approximately 0.1g (for T1* even <0.05g).  Changing to the non-
linear push over method, this threshold increased to a value between 0.16g and 0.24g.  
Adopting the much more sophisticated non-linear dynamic time-history analysis using LS-
DYNA, the threshold increased to 0.5g (for T1* 0.3g). The building behaves non-linearly and 
therefore is more accurately represented by the non-linear methodologies.  

Table 12  Threshold for wall upgrading requirements 
 Analysis Methodology Section Approximate 

Threshold (T3a) 
Approximate 

Threshold (T1*) 

Lateral Force Analysis 4.3.1 0.1g  
Modal Response Spectrum Analysis - Equivalent 
Frame 

4.3.2 0.1g  

Modal Response Spectrum Analysis 4.3.3 0.1g <0.05g 

Non-linear pushover analysis - Macro Elements 4.3.4 0.16g – 0.24g  
Non-linear time-history analysis 4.3.5 0.5g 0.3g 

 

There are several methodologies available to assess the seismic response of a building, and 
some methods are more suitable than others for a given context.  The initial findings have 
been highlighted below. Additionally, there is a range of methods available for a given 
building, commencing with a simple and quick method.  In the event that the simple method 
yields unfavourable outcomes, the next level of complexity can be employed and so on until 
an adequate balance of assessment effort (or cost) to outcome is achieved. 

Some of the primary considerations have been outlined below: 

Table 13 Proposed implementation of different analysis methodologies 

Analysis Methodology Proposed Implementation 

Linear methods generally Linear methods at low levels of PGA as accuracy is less affected by 
structural and material non-linearity. Speed of assessment is therefore 
improved.  
Linear methods would also be an efficient methodology in the future 
once ductility factors have been derived for buildings specifically 
related to the Groningen region. 

Lateral Force Analysis Straightforward buildings, where load paths are clear and behaviour is 
governed by fundamental modes. 
Simple single-storey utility buildings where immediate occupancy  
performance level  is required. 

Modal Response Spectrum Analyses 
using Equivalent Frame Elements 

Buildings with load-bearing piers linked by spandrel elements and 
dominated by fundamental modes. 

Modal Response Spectrum Analysis Complex building geometries, particularly where there are 
discontinuities of stiffness and geometry. 

Non-Linear Pushover Analysis using 
Macro Elements 

Buildings with load-bearing piers linked by spandrel elements and 
dominated by fundamental modes. 
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Non-Linear Pushover Analyses using 
Mechanism-based Elements 

Monumental-type structures such as churches and towers with massive 
masonry construction to model specific in and out-of-plane collapse 
mechanisms.  
This is particularly useful where pre-existing cracks and planes of 
weakness could precipitate failure. 

Non-Linear Time-History Analysis Buildings of special importance or value, where the investment in 
analysis and assessment time is justified.   
Large populations of identical buildings where the benefit of rigorous 
and specific analyses has a wider application. 
Validation of other, simpler models. 
Calibration with physical test data. 

 

In general, it has been found that at higher levels of PGA, non-linear models provide a more 
accurate representation of true building behaviour.  Therefore, the selection of methodology 
for a particular building should take into consideration both the typology and the level of 
ground acceleration anticipated. 

4.3.6.2 Representativeness of studied buildings 
The results in Table 12 represent the findings on a typical fictitious building, and therefore a 
single data point for anticipated upgrading measures.  Actual buildings within a single 
typology may have more or less-favourable arrangements of structural elements. 

In order to investigate this, a sample of 100 buildings in Loppersum was studied to determine 
the variance of two geometric parameters (see Figure 25) defining the openness of the front 
façades . Figure 26 and Figure 27 represent the spread of data points for terraced and semi-
detached buildings respectively.  The size of the circles represent the age of the buildings 
(larger circles are older buildings, smaller circles newer buildings).  High ratios of Awall/Atot 
and Lwall/Ltot  represent less porous and therefore more favourable structural arrangements.  
The positions of the fictitious buildings studied has also been plotted for comparison with the 
sample data set.  As seismic resistance of a wall is expected to be a function of openness, 
clearly some actual buildings within a given typology can be expected to have a greater 
structural resistance than those studied, whereas other actual buildings can be expected to be 
more vulnerable.  
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Figure 25 Definition of elevational openness 

 
Figure 26 Façade  openness data terraced buildings in Loppersum sample 
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Figure 27 Façade  openness data semi-detached buildings in Loppersum sample 

4.4 Structural Upgrading Measures 
There are many methods of structural upgrading. The aim is to establish effective and 
efficient measures taking the following factors into account: 

 Expected seismic deficiencies in existing building stock; 

 Applicability to local construction; 

 Architectural impact; 

 Disturbance to home owners and/or business continuity; 

 Standardization possibilities; 

 Speed of implementation; and 

 Costs. 

Appendix B gives a general overview of strategies to improve structural performance. 

A number of representative buildings have been assessed for their seismic capacity and the 
upgrading measures that may be required to achieve adequate levels of resistance for 
different PGA levels.  The buildings have been assessed using the linear dynamic analysis 
methodology for PGA’s of 0.25g.  Estimated interventions for other PGA’s have been 
extrapolated from these preliminary results. 
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4.4.1 Non-Structural Elements 
Many buildings have very slender internal walls, non-loadbearing in many cases, just half a 
brick thick. For PGAs above a certain threshold (to be determined) these walls will need to 
either be strengthened or replaced to avoid risk of collapse. Similarly, tall, slender furniture 
elements, such as bookshelves will need to be restrained or tied back. 

 Furniture and lightweight partitions: To prevent lightweight partitions and 
furniture falling over, elements with heights over 1.3 metres and a height-to-depth or 
height-to width ratio greater than 3-to-1 shall be anchored to the floor slab or adjacent 
structural walls. 

 Chimneys and parapets: Past earthquakes have consistently shown that unreinforced 
masonry chimneys and parapets are the first elements to fail in seismic events. 
Mitigation of these hazards can be achieved by either bracing them with steel angles 
or demolition and reconstruction with lightweight alternatives (see Section 4.4.2.1). 

 Deteriorated mortar: URM walls where the mortar has severely deteriorated need 
repointing prior to the commencement of structural upgrading works. 

 Roof tiles: Special attention should be given to roofs using concrete and clay roof 
tiles as they might fall off the roof during seismic events. Therefore the tiles should be 
secured by mechanical fastening and/or installation of snow guard fences, with 
frequency depending on roof pitch and layout. 

This measure should as well be considered to be introduced to the immediate short-
term measures to upgrade the existing buildings’ safety.  

 

 
 Figure 28  Roof tile connection failure during the Roermond earthquake, Netherlands 1992. 
 

 
 Figure 29  Examples of mechanical tile fasteners. 
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 Figure 30  Snow guard rails to capture loose tiles. 
 

4.4.2 Intervention levels 
The nature of the structural upgrading measures needed has been characterised into a number 
of intervention levels. Commencing at level 1, the intervention levels have been set out in 
order of the most cost-effective solutions that can be deployed most rapidly to reduce risk 
most quickly. There is a step change in cost/time/complexity between one level of 
intervention and the next. 

Levels 1 to 3 can be considered as ‘lighter’ interventions, whereas Levels 4 onwards can be 
considered as ‘stronger’ interventions. 

Permanent upgrading measures – intervention levels: 

 Level 1: Mitigation measures for reducing higher risk building elements (potential 
falling hazards); 

 Level 2: Tying of floors and walls (and checking/installing/replacing wall ties); 

 Level 3: Stiffening of flexible diaphragms; 

 Level 4: Strengthening of existing walls; 

 Level 5: Replacement and addition of walls; 

 Level 6: Foundation strengthening; and 

 Level 7: Demolition. 

Temporary upgrading measures will be implemented for specific building types for quick 
risk reduction, for example terraced houses; semi-detached houses, shop front buildings etc.  

4.4.2.1 Permanent level 1: structural upgrading of falling hazards 
Level 1 intervention greatly reduces the immediate risk of falling elements starting at 
potentially low level of ground acceleration.  The risks can be assessed rapidly and simple, 
cost-efficient measures can be implemented to stabilise vulnerable elements.  The 
implementation of level 1 intervention is already under way as part of the Pilot 2 programme. 
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Examples are given in Figure 31 and Figure 32.  These are primarily external interventions 
resulting in limited disturbance to occupants.  

 
Figure 31  Parapet restraint. 

 
Figure 32  Chimney Restraint 

4.4.2.2 Permanent level 2: tying of floors and walls 
Ensuring that principal building components are adequately tied together is the most effective 
means to enhance seismic capacity by improving overall building robustness.  Tying walls to 
floor and roof diaphragms prevents walls from collapsing and substantially increases the 
ability of the walls to resist out-of-plane seismic forces. 

Positive connection to floor and roof diaphragms allows the diaphragms to transfer and 
distribute the seismic forces to the load-resisting structural elements 

Tying requirements are relatively quick to establish detail and implement with minimal 
impact on occupants. It is still necessary to enter the house, remove ceilings etc. They are a 
very cost-effective means to improve seismic response. 

Experience with past earthquakes in other countries highlights the vulnerability of the outer 
leaf of cavity wall masonry where cavity wall ties have corroded.  The integrity and presence 
of cavity wall ties should be inspected with a boroscope and, if inadequate, replacement or 
additional wall ties installed (see Figures 33 and Figure 34). 
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Figure 33  Positive mechanical tying of walls to floors and roofs 
 
 

 
Figure 34  Replacement of corroded cavity wall ties 
 

4.4.2.3 Permanent level 3: stiffening of flexible diaphragms  
Once walls have been tied to diaphragms, the next most effective level of intervention is to 
ensure that the diaphraghms have sufficient stiffness to transfer load in-plane to walls, acting 
in their strong, in-plane, direction.  This intervention improves the overall building capacity 
by ensuring box-like action. 

Depending on the specific building, diaphragm stiffening could be as straightforward as 
adding another layer of planks and joist stiffeners, or could involve steel transfer frames and 
braces if diaphragms are discontinuous.  

This level of intervention is a step change up from level 2 and will require temporary 
relocation of the building inhabitants. 

Where feasible, undertaking level 3 interventions on a given building simultaneously with 
level 2 would clearly be more economical and reduce disruption to occupants as both are 
internal construction activities. 
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Figure 35  Stiffening of diaphragms and connection to walls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36  Stiffening of diaphragms and connections to walls 
 

4.4.2.4 Permanent level 4: strengthening of existing walls 
With an adequately tied building with stiff diaphragms, the seismic forces are distributed to 
the walls in a favourable manner.  In the in-plane direction, if the capacity of the un-
reinforced masonry is exceeded, the strength of the wall must be supplemented.  There are 
many ways of achieving this and for the purposes of the concept design, the selected solution 
was carbon fibre-reinforced polymer (CFRP) bonded to the face of the masonry Figure 37.  
This applies to internal and external walls. This provides a tension-resisting mechanism, 
thereby increasing the bending and shear capacity of masonry piers and spandrels.  CFRP has 
been used to test feasibility as it has both high strength and low mass.  There are numerous 
other similar solutions using bonded fibres and bars that will be explored in due course as 
part of a cost-benefit process.  There are also proprietary systems such as the CAM system, 
common in Italy that utilises tensioned metal, straps that will also be investigated. 
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Wall strengthening of this nature requires access both internally and externally and therefore 
temporary relocation of inhabitants and furniture, and removal and re-application of wall 
finishes after application, both inside and on the outside of the building, changing the 
appearance of the building.   

 

 

 
Figure 37  Addition of material to increase strength of masonry wall piers/spandrels. 

 

Shotcrete or concrete overlays (see Figure 38) can be used to supplement both the in-plane 
and out-of-plane strength.  This is the proposed solution for the utility buildings where the 
intervention can be carried out from outside the building, thereby avoiding disrupting 
business continuity. 

Figure 39 below shows an alternative using a system of internal mullions to provide the 
capability to span out-of-plane.  This solution has been proposed for the agricultural buildings 
where the loss in usable space and interior aesthetics has been deemed less important and a 
lower-cost solution may be more appropriate. 
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Figure 38  Reinforced concrete overlay 

  
 
 
Figure 39  Addition of structural elements to increase in-plane and/or out-of-plane strength of wall piers. 
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4.4.2.5 Permanent level 5: replacement and addition of walls 
If strengthening of walls is no longer cost-effective, URM walls can be replaced by structural 
systems with greater strength and/or ductility. 

 
Figure 40  Replacing existing masonry walls with reinforced concrete walls. 

Where an inadequate arrangement of shear walls exist, supplementary shear walls could be 
added to improve the overall distribution of seismic loads, as shown in Figure 41 below.  
Sufficient foundations must exist to support new shear walls, which may require the 
installation of additional foundation systems. 

 
Figure 41  Additional reinforced concrete shear walls 

For some terraced and semi-detached buildings where the strength in one direction is 
particularly low, façade panels could be replaced by systems that have adequate structural 
capacity. 

Clearly, this level of intervention may require extensive disruption and cost, and probably 
temporary relocation of inhabitants or discontinuity of building function. 
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Figure 42  Replacement (façade) walls. 

4.4.2.6 Permanent level 6: foundation strengthening 
Where the seismic loads on the building exceed the capacity of either the existing foundation 
system and/or ultimate capcity of the soil, foundation enlargement or strengthening may be 
required.  At high PGA levels, there is potential for elements of some building typologies to 
slide off the foundations.  Therefore they will need to be adequately connected. 

Where overturning bending moments on piers need to transmit a net tension to the foundation 
system, the piers, or tension-resisting component of the piers, will need to be anhored and 
tied down to the foundation. 

Clearly, this level of intervention may require extensive disruption and cost, and probably 
temporary relocation of inhabitants or loss of business continuity. 

 

 
Figure 43  Increasing strength and/or stiffness of existing foundation system. 
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4.4.2.7 Temporary strengthening measures 
Some building typologies are particularly vulnerable to ground motion in a specific direction.  
For example, some terraced and semi-detached buildings have limited lateral load-resisting 
structural systems in the direction parallel to the front and rear façades. 

In order to reduce the vulnerability of these buildings, temporary measures can be deployed 
quickly and effectively to reduce the risk of collapse until permanent solutions can be 
implemented.  For example, ‘book-end’ frames can provide a seismic load path in the 
longitudinal direction, which will increase the PGA threshold at which seismic effects cause 
the buildings to be at risk.  These can be further supplemented by waling beams, braces and 
transverse frames to provide additional diaphragm capacity and transverse stability 
respectively. 

Installation of strongbacks will prevent premature failure of masonry out-of-plane, thereby 
increasing the PGA threshold further.   

 

 
Figure 44  Temporary steel “bookend” frames 
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Figure 45  Temporary strongback system. 

4.4.3 Post-upgrading seismic evaluation 
Strengthening measures have the potential to alter the behaviour of the building under 
seismic action.  Upgrades may affect the building mass, stiffness, ductility and load paths.  
Consequently, the seismic response and distribution of demands on the resulting structure 
may change. 

The buildings investigated have, therefore, all been assessed and checked for their behaviour 
and capacity after retrofit interventions.  This is often an iterative process whereby the effects 
of interventions are assessed until convergence has been achieved. 

The exceptions are typologies T1 and T2, which require substantial structural upgrading at 
higher PGAs, whether temporary or permanent, in the most vulnerable direction. Concept 
solutions have been proposed which require further dialogue and development. 
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4.4.4 Applicability of interventions 
Structural upgrading measures have been developed for the buildings for a PGA of 0.25g. 

However, the scope of applicability of these structural upgrading measures could be extended 
to higher hazard levels if some uncertainties can be reduced. 

 If the performance objective is subsequently set such that the return period for 
existing buildings compared to new buildings can be altered, this might result in a 
reduced seismic demand for existing buildings. 67% is not unreasonable based on 
precedents in other countries such as New Zealand.  

 On the capacity side, a knowledge factor of 0.75 has been used at present. If sufficient 
knowledge is subsequently gained through testing, this can be improved to a value of 
1.0. 

Combining refinements to both the demand and capacity sides in this way, retrofit solutions 
for superstructure elements developed for 0.25g could also be applicable to buildings until the 
0.5g hazard contour (0.5g x 0.67 x 0.75 = 0.25g). 

There are many uncertainties on both the seismic hazard and structural capacity estimates, as 
set out in Section 5. Uncertainties are too large at this stage for making reasonable and 
defensible decision in traditional way regarding number/level of interventions.  

Foundation capacities are highly dependent on the specific soil capacity, foundation size and 
foundation embedment depths.  Studies to date indicate that foundations in general may be 
close to or above ultimate capacity at PGAs of approximately 0.25g, but this requires further 
evaluation.  

It will not be possible, within the capacity of the construction industry, to undertake all 
required interventions simultaneously.  The Implementation Study sets out a procedure for 
prioritising the reduction of the highest risks as part of a stepped approach.  Two separate 
work streams have been distinguished for normal (Importance Classes I and II) and important 
(Importance Classes III and IV) buildings respectively: 

 Work stream 1 has commenced with a process of Rapid Visual Screening (RVS) to 
mitigate high-level risks (falling hazards) in accordance with the FEMA 154, 
modified for the local situation.  Step 2 will involve the tying of walls to floors and 
roofs to improve structural robustness, if necessary. Step 3 will then capture other 
measures if necessary.  Each step will commence with a pilot (Pilot 2) to test the 
feasibility of execution of measures; and 

 Work stream 2 will require a more tailored, individual approach to specific 
buildings.  
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4.5 Duration Studies 
The current findings from the duration studies are as follows: 

Ground motion duration is known to scale with earthquake magnitude. The hazard analysis 
carried out by Shell identifies a disaggregated scenario of M4.2 to M4.7. Therefore, it is 
expected that for PGA > 0.5g, ground motions would be associated with very short durations 
compared to earthquakes typically considered for seismic design, where magnitude may 
range from 5.5 to 8.  The current investigations have not yet fully identified the 
characteristics of the durations. 

Structural response of masonry is known to be duration-dependent and understood to 
significantly affect damage states.  This is not taken into account by any codes for design or 
assessment of masonry structures, and no quantitative guidance is currently available.  The 
response of 3D FEM models incorporating a time-history signal to date (T3a and T1) indicate 
approximately a 10% benefit in collapse capacity for short-duration signals compared to 
those more typically associated with longer-duration events.   

The statistical effects on building fragility using simplified representation of 3D models 
indicate a maximum of approximately 20% improvement in the collapse capacity relative to 
longer durations.  This study is documented in Appendix C of the Seismic Risk Study. The 
Pinho and Crowley paper (2013) on statistical effect on fragility indicates a maximum 
improvement of approximately 60%.  Both the Arup and Pinho and Crowley studies are 
based on limited data sets.  

Preliminary studies on cavity walls and solid walls have been undertaken to assess out-of-
plane response and its dependence on duration (see Section 4.2.1). They also show some 
benefit in accounting for shorter duration. 
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5 Uncertainties and Uncertainty Reduction 
The purpose of this section is to highlight and discuss the range of uncertainties in the study 
and propose means to reduce the uncertainty by further studies. 

5.1 Uncertainties 

5.1.1 Approach to uncertainty 
In the design of new buildings, seismic resistant design can often be incorporated at a cost 
premium of less than 5–10% of the building costs, depending on the level of seismic hazard 
and code requirements. Provided design codes and seismic hazard maps are calibrated 
correctly, this can be a relatively small cost for the sake of significantly reducing seismic risk 
to occupants. 

For existing buildings, the biggest cost (premium can be associated with the) decision is 
whether retrofit is required or not. Furthermore, increasing levels of seismic hazard can mean 
more and more invasive retrofit requirements. Associated costs could be of the order of 20–
100% of the building value, depending on the specific requirements. Indirect costs are also 
attracted, as are the issues of social acceptability: relocation, temporary measures and 
construction activity in domestic areas. In this case, the same level of risk reduction to 
building occupants may not be justified for the large costs.  

Therefore, there is significant benefit for existing buildings in reducing any overhead in the 
seismic assessment due to conservatism introduced to account for uncertainties. Given the 
large number of buildings potentially affected, uncertainty reduction is of key importance. 

5.1.2 Seismic action model uncertainties 

5.1.2.1 Interpretation of Probabilistic Seismic Hazard Analysis (PSHA) 
results 

There are several items relating to the interpretation of results from the PSHA that would 
affect the value of PGA used in the structural upgrading work.  

There are a number of uncertainties associated with the PSHA analysis, as discussed in 
Seismic Risk Study – Earth quake Scenario-Based Risk Assessment. These uncertainties 
affect mainly the overall level of expected PGA across the whole field, and not its 
distribution; i.e. the contours of seismic hazard are not expected to change much in shape, 
just in value. The partitioning factor has a wide range of possible values and this assumption 
has a significant influence on the seismic hazard level. This is expected to decrease over time 
as more sub-soil information becomes available. 

5.1.2.2 Averaging period 
The seismic hazard has been evaluated on an averaging period of ten years, starting from 
2013. There is no precedent for interpretation of time-dependent hazard results in a Eurocode 
context, and the averaging period below was selected.  Selection of the period 2013-2018, for 
example, would reduce the seismic action by an estimated 10-20%.  Conversely, in increasing 
the averaging period to 20 years (2013-2033), the seismic action may increase by an 
estimated 10-20%, due to increasing hazard with production. 
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5.1.2.3 Ground motion Characteristics 
Response spectral shape 

The structural upgrading work has used a Eurocode 8 Type 2 Ground Type E design 
spectrum, anchored on the PGA from a seismic hazard assessment. There are two aspects of 
this that warrant further study: 

Spectral shape for Groningen motions.  

Deltares and TNO have investigated the spectral shape of the ground motions measured in the 
Groningen field to date[16].  However, these have been recorded in induced earthquakes of up 
to M3.6, and spectral shape is expected to be very different for M4.7 or M5. The best 
estimate of expected response so far is using the Akkar et al (2013)[6] ground motion 
prediction equation (GMPE) to plot a spectrum for the scenario event, conditioned on a level 
of PGA from the hazard assessment. On the basis of limited data, this GMPE has been 
validated as reasonable for PGA and PGV for Groningen ground motions for M>4, but has 
been modified for smaller magnitudes. This GMPE needs to be studied for response spectral 
ordinates. 

Site response analysis 

Site response also affects the shape of the response spectrum. This is taken into account in the 
GMPE with a single parameter (Vs30), the average shear wave velocity in the top 30 m of 
soil), but since borehole data exists for the area, a site response effect can be evaluated for 
specific sites. This has already been undertaken as part of the Huizinge root causes study 
Arup, 2013a. 

For specific buildings in a specific location, there is scope to use site-specific spectra to 
reduce conservatisms. The diagrams in Appendix C show the EC8 spectrum and a ‘best 
estimate’ spectrum together with the significant modes plotted for each building.  These give 
an indication of the potential benefit in refining the response spectrum in each case, if further 
study of the spectrum is carried out. However, the PSHA has been conducted for a particular 
assumption of uniform soil everywhere, and therefore properly taking this into account would 
also require modifying the surface PGA level as well as the spectral shape. 

Duration of ground motions in Groningen  

Ground motion duration is known to be very dependent on earthquake magnitude. 
Magnitudes of interest for this study are between M4.5 and M5. Typically, earthquakes of 
this relatively small magnitude do not cause significant amounts of damage to buildings, but 
in this case, due to the shallow depths or the induced earthquakes, PGA levels are relatively 
high. Therefore it is important to understand if the ground motion signals associated with 
these high accelerations are likely to be shorter than assumed in codes and guidelines for 
design and assessment of structures. If they are shorter, then studies on the duration-
dependence of structural response (see Sections 4.5 and 5.2.2.2) are important. 

Systematic studies have not been carried out on what durations are expected for a design 
seismic event in the Groningen region. However, initial indications are that ground motions 
from the 2012 Huizinge event were longer duration than expected for a M3.6 event. A 
problem with this conclusion is that it was based on a prediction equation for duration that 
was only calibrated for earthquakes of M5 or greater, and therefore the extrapolation is 
unreliable for smaller magnitudes. There are also many definitions of strong ground motion 
duration, and it is possible that the definition used (significant duration between 5% and 75% 
of Arias Intensity build-up) is not appropriate for the relatively small signals recorded in 
Huizinge. An alternative explanation is that ground motions in the Groningen field are indeed 
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longer than expected for such small magnitudes, and therefore the benefit of taking into 
account duration on structural response may be limited. 

5.1.2.4 Soil conditions and foundations 
Soil-structure interaction has not been taken into account in the initial studies. Flexibility of 
soil is expected to increase the overall vibration period of the buildings and therefore 
decrease the total forces that must be resisted. However, displacements in the buildings will 
increase which may lead to serviceability problems. The soil-structure interaction study has 
sought to determine a realistic range of effective foundation stiffnesses and how these can be 
represented in an analysis to capture the soil-structure interaction.  These studies will inform 
the expected increase (range) in period for each typology; whether the significant modes 
would be affected, whether this would subsequently lead to reduced seismic demand and 
check foundation capacity.  Refer to Section 4.2.2.  

Liquefaction has been identified by Arup [Arup, (2013b) and Deltares (2013) [16]] as a 
potential problem for soils in the area. This has not been taken into account in existing 
building assessment. This can sometimes have a positive effect of reducing loads (albeit not 
in a reliable enough way to justify no intervention), but it can also lead to differential 
settlements which can cause significant damage to buildings. 

5.1.3 Seismic resistance 

5.1.3.1 Analysis methodology 
Response spectrum analysis has been used in general to model the response of the structures. 
Typically buildings of one to three storeys would be analysed using the simpler equivalent 
lateral force method of analysis, although this typically gives higher total forces. The 
response spectrum analysis method was carried out according to Eurocode 8. Response 
spectrum analysis is a linear method, and therefore where nonlinear response is expected and 
acceptable (such as for deformation-controlled actions in masonry walls), an approximate 
method is given in ASCE 41-13 to give the acceptable nonlinearity on the basis of scaled 
linear results (scaling by m factors, as noted above in Section 5.1.3.4). 

Non-linear time-history analyses have also been carried out in LS-DYNA, and seem to show 
that there is conservatism in the modal response spectrum analyses with m factors, as one 
would expect. There could be several sources of conservatism in the simpler analyses with 
respect to the detailed analyses which are currently under investigation. Refer to Section 
4.3.5. 

Codes are typically set up to reward engineers carrying out more complex analyses by 
allowing less conservative assumptions. Similarly, complex analyses when adequately 
verified can be used to justify deviations from codes. Therefore, there is some expected 
quantitative benefit in adopting complex analyses.  The different approaches have been 
discussed in Section 2.5 with preliminary findings captured in Section 4.3. 

Codes are set up to provide rules that apply to generic buildings. Simpler, conservative 
approaches are more generically-applicable.  More complex modelling approaches become 
more accurate at the expense of being more specific and narrow in their range of 
applicability. 

Many of the building typologies and sub-typologies use cavity wall construction. The initial 
approach has been to model cavity walls as a solid wall, which over-estimates stiffness in the 
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analysis model. Alternative modelling approaches for cavity wall buildings have been 
investigated and discussed in Section 4.2.1.  

5.1.3.2 Knowledge of buildings and materials 
Conservative material assumptions have been adopted, as required by Eurocode 8 and ASCE 
41-13 when building-specific material testing has not been carried out. 

A knowledge factor of 0.75 has been adopted as required by ASCE 41. The equivalent factor 
in Eurocode 8 is a confidence factor, which is the reciprocal of knowledge factor, and we 
would require a value of 1.35 (i.e. a factor of 1/1.35 = 0.74 on strength). Therefore there is no 
difference between the codes in this assumption. To increase this value to 1.0, a programme 
of testing in compliance with ASCE 41-13 and/or Eurocode 8 is required and has been 
recommended.   

5.1.3.3 Effect of ground motion duration on structural response 
Studies carried out to date on the effect of ground motion duration on the response of 
unreinforced masonry buildings in Groningen have indicated some benefit. This benefit is 
contingent on further studies to demonstrate that the ground motions are indeed expected to 
be short duration for the design seismic event.  

Pinho and Crowley have provided a preliminary estimate of duration dependence of masonry 
response, which showed a 40-60% increase in the effective capacity of masonry structures 
when comparing short duration motions with long duration. This estimate was based on an 
initial literature review and limited analytical modelling. Shorter duration motions used were 
based on existing recordings from the 2012 Huizinge earthquake, and therefore may not be 
representative of a M4.5 to M5 earthquake. The analytical models were calibrated on test 
results from Italian masonry buildings and may need further calibration for Dutch buildings. 

Arup carried out a similar study, as documented in Appendix C of the Seismic Risk Study. In 
that study, the collapse capacity showed a 20% improvement for shorter duration motions. 
Arup also considered the effect of duration in the cavity wall studies and time history analysis 
of T3a and T1 typical buildings, which showed a small benefit in accounting for shorter 
ground motion duration. 

5.1.3.4 Ductility 
A ductility factor accounts for the influence of the non-linear response of materials and 
structural system when used in a linear analysis.   

ASCE 41-06 and 41-13 has been used for the in-plane assessment of masonry walls, as this 
represents the state of the art of masonry assessment. In particular, the ASCE 41 documents 
allow deformation-controlled actions in masonry piers (i.e. rocking and bed-joint sliding) to 
take loads of m=3 or more times the elastic capacities, whereas the equivalent factor in 
Eurocode 8 (q) is fixed at 1.5 for all actions (deformation-controlled and force-controlled) for 
masonry buildings. They are applied in different ways within the assessment and relate to 
different code approaches and could change significantly the results of the structural 
upgrading studies.   

The effect of the ductility factor could improve the outcomes if higher values can be justified, 
particularly taking duration-related effects and possible physical test results into 
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consideration.  The outcomes could be quite sensitive to the code adopted, however, and 
could also make outcomes more onerous pending NEN committee decisions. 

5.1.3.5 Vulnerability 
Threshold for intervention 

The current estimates from the linear analyses suggest that buildings subjected to PGA’s as 
low as 0.05-0.1g may need some form of strengthening. However, observations from 
earthquakes in other countries suggest that this threshold may be higher – in the order of 0.1-
0.2g. 

Representation accuracy by typology 

A small sample representing a few building typologies have been investigated to date.  For 
the Typical buildings in particular, there are many common variants of terraced and semi-
detached buildings.  The Typical buildings study has selected a variant in each case that 
represents relatively heavy structure (concrete floors) on stiff foundations (piles) with cavity 
walls. For the semi-detached buildings, a lightweight (timber) and solid wall variant was also 
investigated. These are expected to cause the unreinforced masonry components to work 
harder during an earthquake than variants with timber floors, on shallow foundations with 
solid walls, for example. However, there is a trade-off between the benefit of reduced seismic 
mass and the detrimental effect of reduced axial preload in the piers. It would therefore be 
overly conservative to extrapolate the retrofit interventions identified for one sub-typology 
across the whole population of buildings for that typology. 

5.1.4 Target safety level uncertainties 

5.1.4.1 New buildings 
The target performance objective for new buildings of normal importance has been assumed 
to be Life Safety performance level with a 475-year return period for ground motion.  Longer 
return periods would lead to higher accelerations and seismic forces.    

For buildings of higher importance, importance factors of 1.2 and 1.4 are anticipated. Explicit 
performance-based objectives as set out in ASCE 41-13 have been used for upgrading 
measures– Life Safety performance level for the normal buildings and Immediate Occupancy 
performance level for the Utility Buildings. Where performance-based objectives are used to 
ASCE 41-13, the importance factors are set to unity to ensure consistency in the approach 
between codes. 

5.1.4.2 Existing buildings 
For assessment of existing buildings, there is precedent in international codes to consider 
shorter return periods and therefore lower seismic forces to take into account higher tolerable 
probabilities of failure for existing buildings when compared to new structures.  This is in 
recognition of the fact that existing buildings have a shorter residual lifespan and have high 
cost for retrofits.  Upgrading measures for existing buildings are assessed for between 33% 
and 100% of the accelerations compared to new buildings.  Adopting a different return period 
will change both the level of acceleration, but also the scenario earthquake.  Potentially, this 
could also lead to a change in duration.   
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Table 14  Seismic Action model uncertainties. 
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Table 15  Structural Capacity model uncertainties. 
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Table 16  Target Safety Level Uncertainties. 

 
. 
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5.2 Reduction of Uncertainties 

5.2.1 Approach to uncertainty reduction 
It is anticipated that, following a targeted programme, most uncertainties may be 
reduced within a timeframe of 2-3 years.  In the meantime, appropriate 
conservative assumptions can be taken in order to progress with interventions that 
will reduce risk.  Any assumptions must, at this stage, be reasonable and 
defensible.  As the uncertainties reduce over time, advantage can be taken in the 
development of upgrading solutions.  For them to be effective and usable, the 
regulatory framework will need to keep pace with the developments. 

The approach to uncertainty is different for different building types: 

 New buildings: Uncertainties can be taken into account in the design 
as soon as the NPR is published; and 

 Existing buildings: Uncertainties cannot be taken into account in the 
original design, only to upgrading measures. 

Therefore, reduction in uncertainties is much more important for existing 
buildings than for new. 

5.2.2 Progress – Seismic Action 

5.2.2.1 Interpretation of Probabilistic Seismic Hazard Analysis 
(PSHA) results 

NAM will be responsible for procuring data and re-assessing the seismic hazard.  
The most significant parameter is the partitioning factor, and can only be refined 
in time with a larger data set.  

5.2.2.2 Duration of ground motions in Groningen  
It is important to study the ground motion durations expected for design 
earthquakes in the Groningen region. The following is proposed to be studied: 

 Are different definitions of duration (other than “significant duration”) 
more appropriate for small ground motions such as those recorded in 
the 2012 Huizinge event? 

 Are durations measured in induced earthquakes systematically lower 
than equivalent magnitude events from tectonic earthquakes? 

 Are other (smaller) earthquakes recorded in the area better described 
by the prediction equations for duration? 

These studies will establish with more uncertainty what durations can be expected 
in future earthquakes. 
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5.2.3 Progress –seismic resistance 

5.2.3.1 Analysis methodologies 
Increasing the complexity of the analysis methodology is expected to result in a 
decrease in interventions. The current studies are searching for the economic 
optimum in total costs of engineering and structural upgrading. 

Based on the limited analyses performed the following learning can be drawn:  

 Work in progress on non-linear analyses on a limited number of models 
shows significantly lower demand and higher capacity than simpler 
models; 

 Different methodologies are emerging as being appropriate for different 
building typologies; and 

 The LS-DYNA results are currently incomplete and should be calibrated 
against material models with experimental test data. 

5.2.3.2 Information and knowledge on buildings and materials 
Several studies are currently in progress (cavity walls, soil-structure interaction, 
material testing) and several code-defined assumptions are being investigated 
(knowledge factor, strengthening level). In due course, these studies are expected 
to reduce seismic demand and increase seismic capacity. This is work in progress 
and no definite conclusions are available at present. 

Based on the limited analyses performed the following learning can be drawn: 

 Cavity walls and soil-structure interaction study currently indicate a 
relatively small benefit in relation to seismic demand compared to the 
initial/base assumptions; and 

 Knowledge factor and upgrading objective (see Section 6.4) both increase 
seismic capacity by factor 1/0.75 to 1/0.66. 

5.2.3.3 Ductility 
One of the key assumptions/uncertainties in the seismic resistance model is the 
allowable ductility that may be taken into account for Netherlands building stock. 
This is work in progress and no definite conclusions available at the time of 
writing.  
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5.2.3.4 Effect of ground motion duration on structural response 
Several studies have already been carried out on the effect of ground motion 
duration on structural response. So far, the results are not consistent, with 
particular differences between the Pinho and Crowley study and the Arup studies. 
The main difference between these studies appears to be the way in which cyclic 
degradation of structural response is measured. This will be calibrated with 
experimental testing of Dutch URM building typologies. 

The duration studies will also be expanded to assess directly the effect of duration 
on different modes of structural response, e.g.: out-of-plane response, in-plane 
rocking, sliding, toe crushing etc. It is not possible to conclude from the current 
studies that all modes of response will be similarly affected by ground motion 
duration. 

5.2.3.5 Vulnerability  
An important aspect of the structural upgrading study is the determination of the 
lower-bound threshold of acceleration for which no seismic intervention is 
required.  This is work in progress, and no definite conclusions are available at the 
time of writing.  

Based on the limited analyses performed the following learning can be drawn: 

 A lower bound threshold around 0.05-0.10g from current linear dynamic 
analyses, which are believed to be conservative; and 

 The lower bound threshold is to be calibrated based on analytical 
modelling and observed evidence from previous earthquakes, which 
suggests that 0.1g – 0.2g is reasonable. 

There are many differences between individual buildings within each typology 
and the representativeness of individual analysis models for assessing the total 
population of a typology.  The development of a design guideline to assess 
individual buildings for their seismic performance is currently in progress. This is 
work in progress and no definite conclusions are available at the time of writing 

Based on the limited analyses performed the following learning can be drawn: 

 Results show that terraced houses and semi-detached houses are more 
vulnerable than other typologies for any given level of ground 
acceleration; 

 The amount of shear wall per house and corresponding axial loads are a 
governing factor in determination of vulnerability; and 

 Investigation of more sub-typologies of Groningen building stock for the 
most vulnerable and numerous typologies in the region of highest hazard 
is recommended. 
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5.2.4 Target safety level uncertainties 
This will, in due course, be defined by the NEN through a NPR with input from 
TNO. 

This may involve the following considerations:  

 a balanced point of view on levels of the probability and occurrence of 
different levels of earthquake ground motion, and the consequences of 
their occurrence for new and existing buildings; and  

 Tolerance of the local community to risk from induced earthquake ground 
motion.   
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6 Conclusions 

6.1 Design Methodology 
In the absence of a regulatory framework for seismic design in the Netherlands, 
international guidance/codes have been reviewed and a methodology has been 
developed that combines the applicable Eurocode 8 and the American Society of 
Civil Engineering (ASCE) approaches. ASCE 41-13 Seismic Evaluation and 
Retrofit of Existing Buildings is currently in draft form and expected to be 
released early in 2014. It represents the state-of-the-art of engineering knowledge 
in the assessment of URM structures under seismic action. This is an area in 
which the Eurocode 8 does not incorporate the most up to date guidance.  

Earthquakes in the Groningen area are induced; of much smaller magnitude and 
duration compared to the large tectonic earthquakes on which the guidance in 
ASCE 41-13 has been based. Consequently, research into the background data 
and test results of ASCE 41-13 has been undertaken to test the applicability to 
Dutch building stock and additional research has been identified (i.e. rocking 
mechanisms and out-of-plane stability of slender walls) to develop specific 
guidance to be applicable in the Groningen region. 

Limit States and the performance-based approach used in the Eurocode 8 and 
ASCE 41-13 respectively for different building types have been correlated and 
subsequently used.  This was found to be an appropriate basis for establishing the 
seismic demand; seismic capacity assessment and performance of the buildings in 
this study.  

International precedents for determination of the upgrading objective for existing 
buildings have been presented and discussed. 

Use of the Eurocode 8/ASCE methodology with non-linear assessment methods 
are proposed as a framework for future adoption as the primary means to assess 
the most common URM buildings in the higher seismic risk area. 

The aim of the methodology is to develop design procedures, rules and protocols 
for structural upgrading of building stock within the context of Dutch practice in 
the Groningen region and the available regulatory framework.  Although its use in 
the Netherlands is currently on a voluntary basis, Eurocode 8 provides a 
mechanism for management of risk from induced earthquakes. Eurocode 8 is 
localised in each country of the EU through a National Annex that focusses on the 
issues of seismic hazard; site response and local construction practice.  A National 
Annex is not currently available in the Netherlands, but a precursor in the form of 
a NPR is currently under development.  The learning and results from this study is 
intended to be made available as input for the NPR for existing buildings. 

6.2 Analysis Methodology 
Several analysis methodologies have been investigated as part of the study to test 
their validity and accuracy to different building typologies. The aim in each case 
has been to strike an appropriate balance between accuracy and speed of 
assessment. From the study it is concluded that different analysis methodologies 
may be used for different building typologies. 



Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen 2013 

  Structural Upgrading Study 
 

 REP/229746/SU003 | Issue | 29 November 2013  

 

Page 95 
 

For low levels of PGA or when performance requirements are linked to no or 
negligible damage (DS0 and DS1) linear-elastic analysis can be used in an 
accurate way.  

For larger PGA’s and with the acceptance of significant damage (DS4) for 
performance requirements associated with life safety, non-linear analysis can take 
into account the non-linear more ductile response of the building and is required 
in order to achieve more accurate results and hence better insight in required 
upgrading measures. This is especially the case when the analysis is for a special 
building or is representative for a typology or sub-typology, representing a larger 
proportion of buildings. 

For larger PGA’s an alternative approach is to use a linear-elastic analysis, 
together with ductility factors, based on material, (sub) typology or failure mode.  
These ductility factors are not available for the Groningen building stock, while 
currently codified ductility factors give limited ductility for URM buildings or 
building parts. After calibration through physical and numerical non-linear 
testing, a linear analysis methodology that takes into account the representative 
ductility of Dutch building stock may provide a more efficient overall procedure.  
This methodology may be more amenable for general, large-scale deployment 
within the engineering community. Development of such simplified method may 
take one to three years. 

6.3 Seismic Performance - Building Level 

6.3.1 Relative performance 
Although the number of typical buildings studied is limited, the following factors 
are seen to influence building performance: 

 Wall openness (e.g. windows and doors); 
 Wall type; and  
 Building mass (which is a function of mass of floor construction and 

number of storeys). 
Based on linear-elastic modal analysis, two groups are distinguished: 

 The more vulnerable typical building sub-typologies, comprising 
terraced buildings and semi-detached buildings; and 

 The less vulnerable typical building sub-typologies, comprising detached 
house, labourer’s cottage, mansion and villa. 

The more vulnerable typical building sub-typologies are directional in their 
structural configuration and performance and are particularly vulnerable in the 
direction parallel to the front and rear façades. These façades are relatively open. 

This wall openness originates from a design methodology commonly used to 
design these buildings for resistance to wind load on the gables, which resulted in 
relatively narrow masonry piers per terraced house to resist lateral loads in that 
direction.  In this group all the buildings are three storeys and all walls are cavity 
type.  Buildings with relatively light floors perform better compared to buildings 
with relatively heavy floors. 
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The less vulnerable typical building sub-typologies are non-directional.  In this 
group most buildings are two-storeys and most buildings have solid walls. 
Buildings with relatively light floors perform better compared to buildings with 
relatively heavy floors. 

Buildings with shop fronts, though not explicitly studied, are expected to perform 
similarly to more vulnerable typical building sub-typologies based on similar 
structural arrangements of load-bearing members. 

Note that the differentiation in more and less vulnerable buildings is not yet made 
in the fragility curves used in the seismic risk study. At present the fragility curves 
represent a statistical representative estimate for all buildings with a 
differentiation only according to age. When more information becomes available 
about relative vulnerability this will be taken into account in the seismic risk 
study. 

6.3.2 Life safety performance 
When upgrading measures 2 and 3 are assumed to be implemented on the 
buildings studied, the threshold for partial collapse (Damage State 4 = DS4), such 
as wall failure, is used to assess life safety performance. (Probability of casualties 
from DS4 is relatively low).  

Linear-elastic modal analysis shows partial collapse (DS4) at PGA’s smaller than 
0.1g. This is not consistent with the experience at the Huizinge earthquake where 
maximum observed component PGA’s of 0.08g were measured and the only 
damage observed was cracks in walls (DS1 and DS2).   

Non-linear analysis shows partial collapse (DS4) for PGA between 0.15g to 0.5g 
dependent on building sub-typology and non-linear analysis method. For the sub-
typologies studied – terraced houses and detached houses - partial collapse was 
observed at PGA’s of respectively 0.3g and 0.5g on the basis of sophisticated non-
linear time history analysis. Using the more simple, non-linear pushover analysis 
partial collapse was observed between 0.16g and 0.24g on the detached house 
sub-typology. 

Definite conclusions about structural upgrading beyond level 3 is difficult, 
although these preliminary results show that the threshold where upgrading 
beyond level 3 is needed is tentatively between 0.15g and 0.5g.  To be more 
confident the non-linear analysis needs calibration with physical laboratory tests.   

6.3.3 Specific performance 
All buildings investigated were assumed to require ties between the walls and 
floors/roof to transmit seismic loads.  The magnitude of the tie forces was found 
to be a function of the number of storeys; the mass of the floor construction and 
the geometry of the building.  Seismic loads were generally found to be much 
higher in magnitude than those from environmental wind loads.  Buildings with 
flexible diaphragm floors (timber floors) were found to require stiffening to 
distribute seismic loads to walls in order to provide an adequate seismic load path.   

 The masonry piers on the upper level were found to be more vulnerable 
than those on the ground floor due to the lower level of preload. 
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 Buildings with concrete floors were found to be more vulnerable than 
identical buildings with timber floors due to the former attracting a much 
higher base shear from the higher seismic mass. 

 Buildings with cavity walls were found to be more vulnerable than those 
with solid walls of similar overall thickness.   

 The barns, due to their flexible timber-framed construction, were found to 
be less sensitive to seismic effects as wind loads dominated the overall 
building loads.  Seismic effects on masonry walls would require localised 
strengthening. 

 The church had pre-existing cracks and settlement of the bell tower and 
was found to require substantial tying and foundation strengthening. 

 The school was found to require substantial tying and general 
strengthening due to a lack of reliable diaphragm action of the roof, and a 
complex, irregular geometry.  

 The utility buildings were found to need significant structural upgrades 
comprising wall and foundation strengthening.  The requirement to be 
operational after a seismic event was found to be a principal driver of the 
need for substantial intervention. 
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6.4 Seismic Performance - Building Element Level 

6.4.1 Cavity walls 
Perimeter cavity walls typically comprise an inner load-bearing leaf and outer non 
load-bearing leaf.  For the inner leaf, the preload greatly assists the in and out-of-
plane capacity and provides the majority of the seismic capacity of the wall.  The 
capacity is strongly influenced by the thickness, and therefore slenderness of the 
leaf.  The outer, non-loadbearing leaf contributes to the seismic resistance by 
reducing the effective slenderness of the inner leaf for out-of-plane effects, and 
potentially provides some contribution to the in-plane strength.  The degree of in-
plane strength contribution was found to be sensitive to the nature of the 
connectivity between the leaves (lintels, cills, roof plate etc.) and the level of 
PGA. 

As the inner leaf is generally thinner and more slender than a solid wall, even 
considering beneficial effects of the outer leaf, buildings with cavity walls are 
more vulnerable than those with solid walls.  

The anatomy of historical cavity wall construction practice in the Groningen area 
has been studied as a basis for performance evaluation. 

Methodologies for the analytical representation of the contributing mass, stiffness 
and strength of the outer, non-loadbearing leaf have been investigated; tested 
numerically and compared against international guidance and practice.  In and 
out-of-plane strength have been assessed using deemed-to-satisfy geometrical 
requirements in ASCE 41-13.  Geometrical limitations in ASCE 41-13 have been 
investigated using non-linear time-history analyses and the preliminary findings 
suggest that additional capacity may be available for the construction types used 
in the Groningen area.  

International literary research is currently underway to investigate existing test 
data for cavity wall capacity in and out-of-plane, followed by potential physical 
testing and verification of non-linear numerical models. 

6.4.2 Soil-structure interaction and foundation capacity 
In order to investigate the effects of soil-structure interaction and foundation 
capacity, an iterative methodology was developed to model the non-linear 
interaction and seismic response of the buildings.  The methodology was 
developed to test the sensitivity to sub-soil stiffness and levels of PGA. 

The preliminary findings were that a period shift was evident once the flexibility 
of the soil was taken into consideration.  This may or may not result in a change in 
base shear, depending on the discrete response modes and their periods with 
respect to the response spectrum plateau. 

The studies indicated that most buildings are likely to generate soil stresses in the 
region of the ultimate limit state capacity at a PGA of approximately 0.25g, and 
overstress the soil under the foundations at a PGA of 0.5g.  Studies to determine 
the implications of short-term soil over-stress are underway.  Foundations with 
shallow embedment were found to be particularly susceptible to overstress.  
Techniques for possible soil improvement are currently being investigated. 
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6.5 Structural Upgrading Measures 
The results from the analyses and assessments determine the requirement for 
upgrading measures. Feasible preliminary structural upgrading measures and 
options suitable for local implementation have been developed for each building 
investigated. These measures have been proposed as being appropriate for 
prevention of life-threatening damage and are developed taking due consideration 
of local capabilities, social disturbance and aesthetic sensitivity. Seven levels of 
permanent upgrading measures have been characterised within the study. 
Commencing at Level 1, the upgrading levels have been set out in order of the 
most effective solutions that can be deployed most rapidly to reduce risk most 
quickly whilst minimising impact for inhabitants. Complexity, duration and 
impact on inhabitants increases with increasing intervention level. 

When an intervention is required this will be a mix of different permanent and 
temporary upgrading measures. 

Permanent upgrading measures – intervention levels: 

 Level 1: Mitigation measures for higher risk building elements (potential 
falling hazards); 

 Level 2: Tying of floors and walls; 
 Level 3: Stiffening of flexible diaphragms; 
 Level 4: Strengthening of existing walls; 
 Level 5: Replacement and addition of walls; 
 Level 6: Foundation strengthening; and 
 Level 7: Demolition. 

Temporary upgrading measures have also been identified for specific building 
types for rapid risk reduction, for example terraced houses, semi-detached houses 
and shop front buildings which have been identified as being more 
vulnerable.  Temporary upgrading measures are exterior to the building and 
provide lateral support to the building (e.g. steel “bookend” frames). Temporary 
upgrading is to be considered for these buildings to mitigate short-term risk until 
permanent solutions are available. 

A key consideration under investigation is the seismic hazard threshold below 
which no intervention is required.  The determination of this threshold is under 
development and will be investigated based on analyses and physical testing.  The 
current expectations are that this threshold will be for PGA’s of 0.1g to 0.2g, 
based on observation in other countries with comparable URM building stock. 

Non-structural elements can pose a significant risk to safety. Section 4.4.1. 
discusses the measures that can be undertaken to reduce risk. 
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6.6 Research and Investigations 
High levels of uncertainties exist in the definition of the seismic hazard; structural 
capacity and target level of safety.  These are too high at present for making 
reasonable and defensible decisions in a traditional way about the number and 
level of interventions required and the planning associated with this. Therefore, 
the current approach is based on step-wise risk reduction, in which steps of 
intervention and uncertainty reduction are undertaken in a prioritised and 
systematic manner through research and investigation. The studies relating to the 
structural resistance have been discussed in this report. Uncertainties are expected 
to reduce in the coming three years as more information and the outcomes of 
investigations become available. 
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7 Recommendations 

7.1 Design Methodology and Development of Design 
Guidance 

In the long-term it is recommended to develop the National Annex for Eurocode 8 
that incorporates design guidance for structural upgrading of the Groningen 
building stock within the context of Dutch building practice. It is recommended 
that this will take into account the specifics of the Groningen building stock, the 
specific seismic hazard in the Groningen region and a specific target safety level 
for the Netherlands in respect to life safety in relation to seismic events.  

As the National Annex will take time to develop it is recommended for the short-
term to adopt a design basis for structural upgrading that is a combination of 
Eurocode 8 and ASCE 41-13.     

This short-term basis can serve as a basis for the Nationale Praktijk Richtlijn 
(NPR) the precursor of the National Annex. Purpose of this NPR is to give 
practical design guidance in absence of a National Annex. 

As knowledge is expected to develop quickly it is recommended to update the 
short-term design basis each year and to incorporate this knowledge into the NPR. 

As the Structural Upgrading Strategy is a step wise approach that starts with the 
pilot and implementation of permanent measures 1 up to 3 and temporary 
measures it is recommended to develop more specific guidance for these measures 
before the first version of the NPR becomes available in the spring of 2014. 

7.2 Analysis Methodology 
In the short-term it is recommended to use non-linear analysis for the assessment 
of building performance for larger PGA’s and performance criteria that accept 
damage, in order to take the beneficial non-linear behaviour of buildings into 
account. In general, it is recommended to not use linear-elastic analysis in 
combination with currently codified ductility factors for the assessment of 
building performance, as this will give very conservative results. The use of 
linear-elastic analysis is recommended for low PGA’s or with performance 
criteria that do not accept any or negligible damage. 

In the long-term when and if codified ductility factors are established for the 
Groningen building stock, the use of linear-elastic is recommended. This will 
imply the development of ductility factors for building typologies and sub-
typologies. 

For buildings analysed in Pilot1, Phase 1 with only linear-elastic analysis, it is 
recommended that these buildings are analysis with non-linear analysis in Phase 
2. 
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7.3 Structural Upgrading Measures 
In the short-term it is recommended to focus on the development of detailed 
permanent and temporary structural upgrading measures for the more vulnerable 
typical building sub-typologies.  

In the short-term it is recommended to focus on structural upgrading measures 1 
to 3 and temporary measures. 

7.4 Research and Investigations 
To reduce model uncertainties in seismic action, seismic resistance and target 
safety level is it recommended to undertake additional research and investigations. 
For the seismic resistance/vulnerability, the aim of this research and investigations 
is to better understand the influencing factors and the influence of different levels 
of structural upgrading and specifically the different types of upgrading.   

In the short term the following research / investigations are proposed: 

 Improve structural analysis and model methodologies: extended 
comparisons to find a feasible methodology with the right balance of 
time/knowledge requirements and accuracy for assessment of forces 
and/or damage; 

 Calibration of models by laboratory testing using scale or full scale 
physical models for total buildings, building parts and material testing. 
These studies aim to calibrate the analysis methodologies and model 
assumptions; 

 Calibration of models using field measurements of ground motion, 
related building damage and ground settlement on real buildings in 
Groningen; 

 Improve fragility curves for local building stock:  production of a 
methodology to produce fragility curves using analytical non-linear 
models in combination with laboratory testing; 

 Building / soil structural interaction;  
 Duration: Extension of non-linear finite element calculations on 3-D 

models of total buildings, non-linear single degree of freedom models; 
 Testing of specific building elements or structural upgrading 

measures by using non-linear dynamic and static model approaches in 
combination with physical laboratory tests; 

 Building stock variability study to improve understanding in-plan and 
elevation geometry, material properties and detailing; and 

 Ground motion characteristics and local ground conditions. 
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A1 Philosophy 
Damaging earthquakes are generally considered a relatively rare event but are 
potentially of high impact and hence a hazard for buildings and other structures. 
Earthquakes lead to strong ground shaking at distances ranging from 10s to 100s 
of kilometres away from their source, depending on the magnitude of the 
earthquake. This ground shaking is the primary source of damage to buildings. 
Secondary sources of damage include ground failures, liquefaction and ground 
faulting underneath the building. 

For new construction, the objective of seismic design principles and codes of 
practice is to not experience significant damage under frequent, smaller 
earthquakes – called damage limitation, and to have sufficient confidence that 
occupants will not be severely injured or killed under a rare, larger earthquake- 
called life safety.  In practice, the smaller and more frequent events may cause 
local minor damage. The definition of what is considered a “rare” and “frequent” 
ground motion is based on the seismicity of the area and is defined on the basis of 
a certain confidence that the level of ground shaking will not be exceeded over the 
life of the structure. 

Even in highly seismic areas, large earthquakes are relatively rare. Therefore, it is 
not considered economical to design conventional buildings to remain undamaged 
under the rare ground shaking associated with a large earthquake. Design codes 
are based around ensuring that the building remains standing so that building 
occupants can safely exit the damaged buildings. This is referred to as life safety 
design. Buildings designed for life safety can still be significantly damaged when 
subjected to the level of shaking foreseen by the design code. 

Well-designed structures incorporating the best practice in seismic design can 
undergo significant ductile deformation and damage without compromising the 
life safety. Through this ductile deformation, seismic energy is absorbed. Figure 
47 overleaf shows examples of structures that behave in a ductile way and can be 
designed assuming non-linear forces level. Structures without specific seismic 
design may fail in a brittle manner without accommodating the deformations 
imposed upon them by the ground movement.  

Different structural materials and structural systems achieve different levels of 
ductility, depending on details of their design. Seismic design of new structures 
avoids brittle failure by specifying a predictable yielding mechanism, and then 
overdesigning other mechanisms that would otherwise result in brittle failure. One 
result of this philosophy is that joints and connections must be designed to remain 
intact under large displacements while other structural members may be permitted 
to undergo damage. Ductility also depends on the structural material used: steel 
and reinforced concrete or masonry reinforced with steel bars can be made to be 
ductile if detailed correctly; unreinforced masonry is relatively brittle, and its 
response is difficult to control in design. 

The philosophy adopted in this study is to design for life safety. This may result in 
a building that is severely damaged and potentially unusable after a large seismic 
event.  
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Figure 46  Ductile Behaviour of steel structure and unreinforced masonry structure. 

 
Figure 47  Inelastic structures can be designed a force level Fa. 

q 
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Figure 48  Ductile and brittle behaviour of materials and structure    
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A2 General Principles 
The shape and configuration of buildings have a significant influence on their 
behaviour under earthquake loading. When designed according to the general 
principles, deformations and concentration of forces will be minimized resulting 
in a reduction of associated damage.  

The general principles for seismic resistant design are: 

 Limited mass – imposed earthquake forces are proportional to the total 
mass, so heavy buildings often perform worse than lighter buildings;  

 Regularity in plan – seismic performance is improved by having a regular 
distribution of load-resisting elements and mass, avoiding torsion; 
symmetric floor plans with an even mass distribution are preferred; plans 
with L, T, U, V, Z shapes introduce significant torsional stresses and 
should be avoided; centre of mass and centre of rigidity should be as close 
as possible; See Figure 50. 

 Regularity in elevation – seismic performance is improved by gradual 
changes in stiffness, avoiding the concentration of forces with sudden 
changed in stiffness; flexible levels should be avoided, including “soft 
storeys” in buildings with open ground floors and stiffer upper floors; See 
Figure 50. 

 Choice of material and detailing – materials that can accommodate large 
deformations and force-reversals in a ductile and stable way are preferable 
over those that cannot. Well-detailed steel, timber, reinforced concrete or 
reinforced masonry buildings are preferred; unreinforced masonry is 
known to exhibit more brittle behaviour and to be particularly vulnerable 
to earthquakes; 

 Continuity – buildings should be well tied together to distribute forces to 
load resisting members and to assure overall response;  

 Distribution of live loads – heavy live loads should be placed lower in the 
building and close to the centre of rigidity; 

 Redundancy – different load paths will enable the building to resist 
seismic forces even when some members fail; and 

 Distribution of seismic-resisting elements – seismic resisting elements 
should be distributed as close to the perimeter of the building as possible, 
creating the largest possible lever arm and thereby the largest overall 
resistance. 
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Figure 49  Geometry of buildings in plan and elevation. 
 

A3 Seismic Behaviour of Unreinforced 
Masonry Buildings 

A3.1 Seismic Resistance and Load Path 
Earthquakes induce primarily lateral forces by their inertia when the ground is 
moving. Lateral forces are also induced by wind load. The wind load is 
proportional to the size and shape of the building, whereas seismic loads are 
proportional to the mass of the building. The ratio of seismic load to wind loads 
gives an approximation as to the magnitude of the additional resistance that may 
be required for a seismic retrofit. The ratio is indicative only as there is no 
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information as to whether the buildings concerned have been designed to resist 
wind load in accordance with current code requirements. The distribution of load 
from seismic and wind events is quite different. Therefore, seismic strengthening 
may still be required even if the estimated wind load exceeds the seismic load. 

Buildings in the Groningen area have not been engineered for seismic loads, like 
most masonry buildings worldwide. Non-engineered buildings resist wind and 
earthquakes by their box behaviour. The box offers resistance by the combination 
of its elements – floors, walls and roof. See Figure 50. 

 

 

 

Forces are generated by the accelerations of the mass of these elements. The 
different elements have different functions in this resistance: 

 Floors and roofs distribute the forces, generated by their mass and imposed 
loads to the walls; 

 Floors and roofs tie the walls together, restraining them against collapsing 
out of plane; 

 Walls offer high in-plane resistance in the direction of the ground motion 
and transmit the forces to the foundation; and 

 Walls offer low out-of-plane resistance in the direction perpendicular to 
the direction of the ground motion. 

 

 

 

 

 

 

Figure 50: Box behaviour 
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A3.2 Stiffness of Diaphragms 
The floor and roof diaphragm configurations have different behaviours depending 
on the stiffness of these diaphragms. Stiff diaphragms distribute the forces in 
relation to the stiffness of the walls. In this case the loads are primarily resisted by 
in-plane resistance of walls, in the direction of the earthquake. Flexible 
diaphragms distribute the forces in relation to the tributary mass assigned to each 
wall. Consequently, some walls have to resist significant loads in the weak out-of-
plane direction. This is a very unfavourable behaviour. In addition, they do not 
transmit forces caused by overall torsion of the buildings, and the diaphragm 
offers less restraint to the walls for out-of-plane failure. Consequently, stiff 
diaphragms are favoured over flexible diaphragms for their superior behaviour. 
See Figure 51. 

 

A3.3 Ties 
Another function of the floor and roof diaphragms is to tie the walls together. This 
is important for two reasons: 

 It prohibits unfavourable failure mechanisms in out-of-plane direction by 
changing the boundary conditions of the wall (See Figure 52); and 

 It prohibits separation between walls/walls, wall/roofs and walls/floors. In 
particular, the separation of wall/floors permits unfavourable observed 
failure mechanisms such as out-of-plane tipping of walls and floors 
collapsing (See Figure 54).  

In general, the connections between the floor and roof diaphragms and the walls 
rely on friction. For adequate seismic performance, positive mechanical ties with 
adequate over strength are essential. 

 

Figure 51: Diaphragm. 
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Figure 52  Out-of-plane force effect without and with diaphragm 

Figure 53 Separation of walls    
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A3.4 Wall Distribution 
Apart from the more general structural distribution issues addressed in 3.2, the 
plan proportions and the wall distribution must be compatible to react like a box 
or a combination of boxes. Elongated plans should therefore have additional walls 
in the short direction distributed along the long side of the building (see Figure 
54). 

 

 

A3.5 Seismic Damage 
Earthquake damage is frequently recorded and reviewed. Most significant 
damages result from the following causes: 

 Lack of connections, between wall/wall, walls/roof and wall/floors; 

 Out-of-plane collapse of walls in direction perpendicular to earthquake 
direction (especially the outer leaf of cavity walls); and 

 In-plane wall failure. 

In-plane failure depends primarily on: 

 Load on top; 

 Opening configuration (see Figure 56); 

 Length of walls; 

 Wall thickness; and  

 Material properties. 

 

 

 

 

 

Figure 54: Wall distribution 
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When tied to the floors diaphragms, wall out-of-plane failure is mainly influenced 
by the floor height to wall thickness ratio; load on top and, for cavity walls, the 
presence of wall ties to restrain the outer leaf.  
  

Figure 55: Openings configuration. 
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Worldwide, there are extensive data on building damage for existing buildings, 
but also for existing buildings with structural upgrading measures. For the 
purposes of this study, the most relevant earthquakes are: 

 Liege, Belgium earthquake: similar buildings stock; 

 Roermond, The Netherlands earthquake: similar building stock; 

 New Zealand earthquakes: similar building stock and structurally 
upgraded buildings, for which damage is well recorded; 

 California earthquakes: similar building stock for which damage is well 
recorded; and 

 L’Aquila, Italy earthquake: some similar buildings stock. 

A3.6 Research in Masonry Buildings 
There is significant research on the behaviour of masonry buildings. The research 
is sub-divided into the following areas: 

 Shaking table tests on total buildings to investigate total behaviour; 

 In-plane pier tests, as a proxy of the in-plane wall behaviour; and 

 Out-of-plane pier tests, as proxy for out-of-plane wall behaviour. 
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B1 Strategies to Improve Structural 
Performance 

Strategies to improve structural performance may be achieved by using one or 
more of the following strategies: 

 Local modifications of components: when the overall strength and 
stiffness of the building is adequate, some of the components (members, 
connections) may have a lack of strength or inadequate deformation 
capacity and form weak links in the seismic load path. Local 
improvements to members and connections can be made in respect to 
connectivity, strength and deformation capacity; 

 Removal of plan and elevation irregularities: Plan irregularities cause 
unwanted torsion in the building, while stiffness discontinuities and 
differences can result in force concentrations. The performance of the 
building can sometimes be improved by disconnection and separation of 
buildings into regular building parts; or removal of elements to align mass 
and rigidity centres and to ensure that stiffness changes are gradual rather 
than abrupt (see Figure 56  Removal of geometric irregularities; 

 Decreasing building mass: The forces acting upon the structure during an 
earthquake are directly proportional to mass. As such, removal of 
unnecessary mass results in smaller forces. Examples are brick veneer, 
non-structural masonry, interior walls or masonry chimneys; 

 Increasing building strength: For flexible structures where critical 
components do not have adequate ductility, stiffening of these components 
will increase elastic strength and reduce the need for ductility of these 
components; 

 Increasing building ductility: This relies upon transforming the building 
into a system that allows for a controlled deformation mechanism. In this 
way the building is allowed to experience larger deformations whilst 
retaining its capacity to carry the gravity forces. Materials will deform 
plastically and absorb energy; 

 Supplementary energy dissipation: The energy delivered by the 
earthquake is absorbed by the structure. Damping is a measure of energy 
dissipation. All structures possess some inherent damping. Additional 
damping can be introduced by installing passive energy dissipating 
devices, such as hydraulic cylinders, yielding plates or yielding braces (see 
Figure 58). 

 Seismic base isolation: The building can be isolated from the majority of 
seismic motion by mounting it on isolators. The building period would 
significantly increase, reducing seismic action on the building. In addition, 
this base isolation system could increase damping by employing special 
energy dissipating devices into the isolation system (See Figure 58). 
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Figure 56  Removal of geometric irregularities 
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Figure 58  Seismic base-isolation. 
 
  

Figure 57 Passive tuned mass damper (TMD). 
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B2 Conventional Measures 

B2.1 Additions or replacements 
Conventional measures for structural upgrading at building level are to integrate 
or replace current structure with: 

 Reinforced concrete shear walls; 

 Reinforced concrete or steel moment frames;  

 Steel V-braced or X-braced frames;   

 Steel yielding braced frames; 

 Reinforced masonry wall; and 

 Timber braced or moment frames. 

B2.2 Upgrade elements 
Conventional measures for structural upgrading of masonry buildings are: 

 Tying: Improve the integrity of the structure by tying elements together; 

 Diaphragm stiffening: Increase the stiffness of floor and roofs 
diaphragms to enable them to distribute seismic forces to the stability 
system elements; 

 Wall capacity: Increase in-plane wall flexural and shear capacity and 
ductility; 

 Increase out-of-plane wall flexural capacity; and 

 Foundations: Distribute seismic stability forces to substructure elements 
capable of resisting the seismic demand, or upgrade the substructure as 
necessary. 

For unreinforced masonry buildings with timber floors, the following approaches 
are used:  

 Overall integrity upgrading: 

o Tying or removing high-risk elements: Reduce the risk of collapse 
of high risk building elements such as chimneys, ornaments, parapets, 
cantilever walls, and brick veneer cavity walls by tying those elements 
to the structure or removing them (see 

o Figure 59). 

o Tying walls/floors, wall/roof and wall/wall: All walls should be 
firmly tied to floors and roofs and each other. Connections can be 
improved through the use of wall ties and anchors (see Figure 60). 

 Stiffening timber floor and roof diaphragms: 

o Concrete topping overlays on top of the existing timber floor; 
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o Steel truss system below the timber floor; and 

o Timber overlay on top of the existing timber floor. 

 Wall in-plane structural upgrading: 

o Overlay concrete shear walls: overlay concrete shear walls can be 
used to strengthen and improve ductility of unreinforced masonry 
walls. Often foundation strengthening is needed to allow for additional 
mass (see Figure 61 and Figure 62). 

o Composite fibre reinforcement: Overlays of composite fibre, fixed 
to the masonry surface using epoxy increase the shear strength of 
unreinforced masonry walls (see Figure 61 and Figure 62)  

o Steel exterior or internal elements: the in-plane flexural capacity of 
unreinforced masonry piers governed by rocking can be improved by 
adding steel vertical elements grouted or cemented into drilled cores 
or cuts, or externally fixed to the piers. See (see Figure 61 and Figure 
62). 

o Exterior or internal axial post tensioning: the in-plane and shear 
capacity can be increased by bonded or unbounded post-tensioning 
within a drilled core or externally fixed to the piers. (see Figure 61 and 
Figure 62). 

o Enlarging openings: enlarging the openings in order to change the 
pier slenderness and to induce ductile rocking mechanism instead of 
brittle failure modes. 

o Infilling of wall openings.  
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Figure 59  Tying / removing high-risk elements (chimneys, parapets, ornaments and cavity walls). 
 

Cavity walls 
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Figure 60  Connections between walls, floors and roof.   
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Figure 61-1 Cavity wall  No upgrade.   Figure 61-2a Cavity wall Overlay 
concrete shear wall. 
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Figure 61-2b  Cavity wall  
Composite fibre reinforcement. 

Figure 61-2c  Cavity wall  
Steel exterior reinforcement. 
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Figure 61-2d  Cavity wall  
External axial post tensioning. 
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Figure 62-2a  Normal wall  
Overlay concrete shear wall. 

Figure 62-1  Normal wall No 
upgrade. 
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c  

Figure 62-2b  Normal wall 
Composite fibre reinforcement. 

Figure 62-2c  Normal wall  
External axial post tensioning. 
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Figure 62-2d  Normal wall 
External axial post tensioning. 
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 Wall out-of-plane structural upgrading: 

o Overlay concrete shear walls: overlay concrete shear walls can be 
used to improve out-of-plane strength. This works as a composite 
masonry and concrete structure. Often, foundation strengthening is 
needed to allow for additional mass. 

o Composite fibre reinforcement: Overlays of composite fibre, fixed 
to the masonry surface using epoxy increase the out-of-plane flexural 
capacity of unreinforced masonry walls by increasing the tensile 
capacity. 

o Steel exterior or internal elements: the out-of-plane flexural 
capacity of unreinforced masonry piers can be improved by adding 
steel vertical elements grouted or cemented into drilled cores or cuts, 
or externally fixed to the piers. 

o External or internal axial post tensioning: the out-of-plane flexural 
capacity can be increased by bonded or un-bonded post-tensioning 
within a drilled core or externally fixed to the piers. 

o Mullion supports: mullion supports decrease the span of the wall and 
decrease slenderness of the unreinforced masonry wall.  

B3 Unconventional Measures 
Since the 1960s, structural upgrading measures have been introduced using 
specific devices to improve the seismic performance  

 Seismic isolation: The building is isolated from seismic action at its base 
by mounting it on isolators. Forces and accelerations are decreased 
significantly by shifting the building period and increasing the damping. 
For existing buildings, installation is difficult and this option will be 
considered if either the building or contents are mission critical and must 
stay operational, or whether these are particularly valuable. This approach 
may be applicable for historic buildings; governmental buildings and 
hospitals (see Figure 58). 

 Yielding elements: supplementary energy dissipation in terms of yielding 
steel or aluminium elements is discussed in several research papers and 
might be effective when piers fail in rocking failure. Application is still 
scarce, but could be an efficient and cost effective approach. 



 

 

Appendix C 

Typical Building Typology 
Photographs 
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Table 6 Typicals - Characteristics 
Nr Typology Image Foundations Ground Floor 1st Floor Attic Walls Party Walls 

1 T1 Terraced 

 

Piles Concrete Concrete Concrete Cavity Cavity 

2 T2a Semi-
detached 

 

Strip Footing Timber Timber Timber Cavity Solid 

3 T2b Semi-
detached 

 

Strip Footing Concrete  Concrete  Concrete  Cavity Solid 

4 T3a Detached 

 

Strip Footing Timber  -  Timber Solid  -  

5 T3b Detached 

 

Strip Footing Concrete   Concrete Cavity  -  

6 T4 Labourer’s 
cottage 

 

Strip Footing Timber  -  Timber Solid  -  

7 T5 Mansion 

 

Strip Footing Timber  -  Timber Solid  -  

8 T6 Large 
masonry villa 

 

Strip Footing Timber Timber Timber Solid  -  
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Table 7  Terraced - Sub-typologies 
 

Nr Sub-typology Image Foundations Ground 
Floor 

1st Floor Attic Floor Walls Party 
Walls 

1 T1 Terraced 

 
 

Stepped 
brockwork Timber Timber Timber Solid Solid 

2 T1 Terraced Stepped 
brockwork Timber Timber Timber Solid Cavity 

3 T1 Terraced Strip footing Concrete Concrete Concrete Solid Cavity 

4 T1 Terraced Strip footing Concrete Concrete Concrete Cavity Cavity 

5 T1 Terraced Strip footing Timber Concrete Timber Solid Cavity 

6 T1 Terraced Strip footing Timber Concrete Timber Cavity Cavity 

7 T1 Terraced Strip footing Timber Timber Timber Solid Cavity 

8 T1 Terraced Strip footing Timber Timber Timber Cavity Cavity 

9 T1 Terraced Wooden piles Timber Timber Timber Solid Solid 

10 T1 Terraced Wooden piles Timber Timber Timber Solid Cavity 

11 T1 Terraced Wooden piles Timber Timber Timber Cavity Solid 

12 T1 Terraced Wooden piles Timber Timber Timber Cavity Cavity 

13 T1 Terraced Modern piles Concrete Concrete Concrete Solid Solid 

14 T1 Terraced Modern piles Concrete Concrete Concrete Solid Cavity 

15 T1 Terraced Modern piles Concrete Concrete Concrete Cavity Solid 

16 T1 Terraced Modern piles Concrete Concrete Concrete Cavity Cavity 
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Table 8  Semi-detached - sub-typologies 
Nr Sub-typology Image Foundations Ground 

Floor 
1st Floor Attic Floor Party 

Walls 
Façade 
Walls 

1 T2 Semi-detached 

 
 

Stepped 
brockwork Timber Timber Timber Solid Solid 

2 T2a Semi-detached Stepped 
brockwork Timber Timber Timber Solid Cavity 

3 T2b Semi-detached Strip footing Concrete Concrete Concrete Solid Cavity 

4 T2 Semi-detached Strip footing Concrete Concrete Concrete Cavity Cavity 

5 T2 Semi-detached Strip footing Concrete Concrete Timber Solid Cavity 

6 T2 Semi-detached Strip footing Concrete Concrete Timber Cavity Cavity 

7 T2 Semi-detached Strip footing Timber Concrete Timber Solid Cavity 

8 T2 Semi-detached Strip footing Timber Concrete Timber Cavity Cavity 

9 T2 Semi-detached Strip footing Timber Timber Timber Solid Cavity 

10 T2 Semi-detached Strip footing Timber Timber Timber Cavity Cavity 

11 T2 Semi-detached Wooden piles Timber Timber Timber Solid Solid 

12 T2 Semi-detached Wooden piles Timber Timber Timber Solid Cavity 

13 T2 Semi-detached Wooden piles Timber Timber Timber Cavity Solid 

14 T2 Semi-detached Wooden piles Timber Timber Timber Cavity Cavity 

15 T2 Semi-detached Modern piles Concrete Concrete Concrete Solid Solid 

16 T2 Semi-detached Modern piles Concrete Concrete Concrete Solid Cavity 

17 T2 Semi-detached Modern piles Concrete Concrete Concrete Cavity Solid 

18 T2 Semi-detached Modern piles Concrete Concrete Concrete Cavity Cavity 



 

 

Appendix D 

Glossary 
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D1 Glossary 

General 
Accelerogram: A record of acceleration versus time during an 

earthquake obtained from an accelerometer. 
Accelerometer: An instrument used to measure ground accelerations 

caused by an earthquake. 
Aleatory Variability: This is the natural randomness in a process. For discrete 

variables, the randomness is parameterised by the 
probability of each possible value. For continuous 
variables, the randomness is parameterised by the 
probability density function. 

Attenuation: Decrease in seismic motions with respect to distance 
from the epicentre, depending on both geometric 
spreading and the damping characteristics of the ground. 

Capacity: The amount of force or deformation an element or 
component is capable of sustaining. 

Casualty classification: Severity levels (SL) are defined as: 
SL 1: injuries that require basic medical aid and could be 
administered by paraprofessionals. They would need 
bandages or observations; 
SL 2: injuries requiring a greater level of medical care 
and use of medical technology (x-rays or surgery) but 
not expected to progress to a life threatening status; 
SL 3: injuries posing immediate life threatening 
conditions if not adequately treated; and 
SL 4: instantaneously killed or mortally injured. 

Collapse: For a given structure type, more than one failure 
mechanism can be identified as leading to collapse of 
different extents or parts of the total building envelope. 
Earthquake induced collapse of a masonry building is 
defined as failure of one or more exterior walls resulting 
in partial or complete failure of the roof and/or one or 
more floors. For an in-situ concrete building collapse is 
defined as failure of one or more floors or complete 
failure of part of the framed structure. For a steel frame 
building collapse refers to failure of the roof or one or 
more floors due to instability of the frame. For a multi-
storey building, collapse refers to more than 50% 
volume reduction resulting from failure of the roof and 
one or more floors of the building. 

Damage: Non-rehabilitating structural or aesthetic change 
following a seismic event. 

Damage state classification: DS0: no damage; 
DS1: negligible to slight damage (no structural damage, 
slight non-structural damage); 
DS 2: moderate damage (slight structural damage, 
moderate non-structural damage); 
DS 3: substantial to heavy damage (moderate structural 
damage, heavy non-structural damage); 
DS 4: very heavy damage (heavy structural damage, 
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very heavy non-structural damage); and 
DS 5: destruction (very heavy structural damage). 

Damping: A measure of energy dissipation. Damping in a structure 
is typically defined in terms of percent of critical 
damping. 

Deformation: The amount by which an element or component changes 
from its initial shape. 
 

Design Earthquake: A theoretical earthquake against which the building will 
be assessed. 

Design Life: The period of time during which a facility or component 
is expected to perform according to the technical 
specifications to which it was produced. 

Eurocode (EC): Standard suite of structural design guidance adopted 
across the European Union. 

Focal Depth: The conceptual "depth" of an earthquake. If determined 
from high-frequency arrival-time data, this represents 
the depth of rupture initiation (the "hypocentre" depth). 

Focus: See Hypocentre. 
Free Field Ground Motion: The motion that would occur at a given point on the 

ground owing to an earthquake if vibratory 
characteristics were not affected by structures and 
facilities. 

Frequency of Exceedance: The frequency at which a specified level of seismic 
hazard will be exceeded at a site or in a region within a 
specified time interval. 

Geometric Mean: This is a type of mean or average, which indicates the 
central tendency or typical value of a set of numbers. 
The geometric mean of two numbers is given by the root 
square of the product of the numbers. Many GMPEs are 
derived for the Geometric Mean. 

Ground Motion Prediction Equation 
(GMPE): 

Also known as “attenuation relationships”, these 
correlations estimate the ground motion due to an 
earthquake of a given magnitude at a specific distance. It 
can also consider the tectonic regime, fault 
characteristics, focal depth and soil conditions. 

Hypocentre: Point in the earth where the seismic disturbance 
(earthquake) originates. Also known as focus. 

In-Plane: In the direction parallel to the plane created by the 
element's largest dimensions. 

 KNMI: Koninklijk Nederlands Meteorologisch Instituut. 
Large Seismic Event: A seismic event of M5.5 or greater. 

Longitudinal Direction: Direction which is parallel to the plane created by the 
largest two dimensions of an element. 

Magnitude: A logarithmic scale of earthquake size, based on 
seismograph records. A number of different magnitude 
scales exist, including Richter or local (ML), surface 
wave (MS), body wave (mb) and duration (Md) 
magnitudes. The most common magnitude scale now 
used is moment magnitude (MW), which measures the 
size of earthquakes in terms of the energy released. 

Masonry Pier: Vertical element between openings in a masonry wall. 
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Modal Response: An analytical tool for assessing the dynamic response of 
a structure's response to vibration (typically taking into 
account the structures mass and stiffness). 

Mode: The specific behaviour of a structure under a defined 
frequency. 

NPR: Nationale Praktijkrichtlijn (Dutch national codes of 
practice). 

 NEN: Nederlands Normalisatie-Instituut 
 NAM: Nederlandse Aardolie Maatschappij 

Non-Linear Analysis : Analysis which accounts for deformations in an element 
or yielding of the material. 

Out-of-Plane: In the direction perpendicular to the plane created by the 
element's largest dimensions. 

Peak Ground Acceleration (PGA): The maximum absolute value of ground acceleration 
displayed on an accelerogram; the greatest ground 
acceleration produced by an earthquake at a site. 

Probabilistic Seismic Hazard 
Analysis (PSHA): 

An assessment of the seismic hazard at a given site, 
taking into account in a probabilistic framework the 
seismic sources in the area, how often earthquakes of 
different magnitudes are produced by those sources, 
what the expected shaking at the site would be under 
different magnitudes (see “attenuation”) and all the 
uncertainties in each of these aspects. 

Reference Period: A period of time over which a probability calculation is 
made; for example a reference period for seismic hazard 
may be the design life of the structure. 

Response Spectrum: The plot of structural period against peak response 
(absolute acceleration, relative velocity or relative 
displacement) of an elastic, single degree of freedom 
system, for a specified earthquake ground motion and 
percentage of critical damping. Relative motions are 
measured with respect to the ground. 

Return Period: The inverse of the annual frequency of occurrence. For 
example, the ground motion which has a 1% chance of 
being exceeded at a given point each year has a return 
period of (1/0.01) or 100 years. 

Seismic Action: See Base Shear. 
Seismic Hazard: The frequency with which a specified level of ground 

motion (for instance 20% of ground acceleration) is 
exceeded during a specified period of time. 

Seismic Response: The behaviour of the structure with regards to the base 
shear and modal response. 

Seismicity: The frequency and size of earthquake activity of an area. 
Serviceability Limit State (SLS): The combination of loads which relate to the assessment 

of the building for the functioning or appearance of the 
structure or comfort of people. 

Site Response: The behaviour of a rock or soil column at a site under a 
prescribed ground motion. 

 TNO: Nederlandse Organisatie voor Toegepast 
Natuurwetenschappelijk Onderzoek (Dutch organisation 
for applied scientific research). 

Transverse Direction: Direction which is perpendicular to the plane created by 
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the largest two dimensions of the element. 
Ultimate Limit State (ULS): The combination of loads which relate to the assessment 

of the building for the safety of people, structure or 
contents. 

Uniform Hazard Response 
Spectrum (UHRS): 

This is a multi-parameter description of ground motion 
that can be generated from a probabilistic seismic hazard 
assessment. It is composed of a number of points which 
each have an equal likelihood of being exceeded in a 
given time period. 

Unreinforced Masonry (URM): Masonry which does not contain any additional element 
to strengthen the masonry beyond masonry units and 
mortar. 

Unusable: A damage state whereby a building cannot be used for 
its primary function – e.g. for residences, the building is 
not safe to occupy and for hospitals the facilities cannot 
be used for post-earthquake treatment. 

Viscous Damping: Dissipation of seismic energy considered to be 
proportional to velocities in the structure. Commonly 
used as a mathematical model to represent sources of 
energy dissipation that are not explicitly accounted for in 
the modelling of structural elements, such as cracking in 
partitions or radiation energy into the soil. 

Wall Ties: Objects which connect one leaf of masonry to another 
object (typically the internal masonry leaf). 

 

Eurocode 8 
Capacity Assessment Method: Design method in which elements of the structural 

system are chosen and suitably designed and detailed for 
energy dissipation under severe deformations while all 
other structural elements are provided with sufficient 
strength so that the chosen means of energy dissipation 
can be maintained. 

Damage Limitation (DL): Structure is only lightly damaged, with structural 
elements prevented from significant yielding and 
retaining their strength and stiffness properties. Non-
structural components, such as partitions and infills, may 
show distributed cracking, but the damage could be 
economically repaired. Permanent drifts are negligible. 
The structure does not need any repair measures. 

Elastic Response: Behaviour of the structure when subject to the design 
spectrum for elastic analysis. 

Lateral Force Method: A simplified linear-elastic analysis method which 
applies a horizontal load to each storey. This method is 
only applicable to buildings which are regular in 
elevation and is within a limiting fundamental period. 

Modal Response Spectrum Analysis: A linear-elastic analysis method which applies lateral 
load depending on the combined modal responses of the 
specific structure. This method is applicable to buildings 
which do not meet the Lateral Force Method criteria. 

Near Collapse (NC): Structure is heavily damaged, with low residual lateral 
strength and stiffness, although vertical elements are still 
capable of sustaining vertical loads. Most non-structural 
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components have collapsed. Large permanent drifts are 
present. The structure is near collapse and would 
probably not survive another earthquake, even of 
moderate intensity. 

Non-structural Element: Architectural, mechanical or electrical element, system 
and component which, whether due to lack of strength or 
to the way it is connected to the structure, is not 
considered in the seismic design as load carrying 
element. 

Significant Damage (SD): Structure is significantly damaged, with some residual 
lateral strength and stiffness, and vertical elements are 
capable of sustaining vertical loads. Non-structural 
components are damaged, although partitions and infills 
have not failed out-of-plane. Moderate permanent drifts 
are present. The structure can sustain after-shocks of 
moderate intensity. The structure is likely to be 
uneconomic to repair. 

 

ASCE 41-13 
Acceptance criteria: Limiting values of properties such as drift, strength 

demand and inelastic deformation used to determine the 
acceptability of a component at a given performance level 
(See also performance levels). 

Collapse Prevention  
(S-5): 

Post-earthquake damage state in which the building is on 
the verge of partial or total collapse. Substantial damage to 
the structure has occurred, potentially including 
significant degradation in the stiffness and strength of the 
lateral-force-resisting system, large permanent lateral 
deformation of the structure, and - to a more limited extent 
- degradation in vertical-load-carrying capacity. However, 
all significant components of the gravity-load-resisting 
system must continue to carry their gravity loads. 
Significant risk of injury due to falling hazards from 
structural debris might exist. The structure might not be 
technically practical to repair and is not safe for re-
occupancy, as aftershock activity could induce collapse. 

Damage Control (S-2): Midway point between Life Safety and Immediate 
Occupancy. It is intended to provide a structure with a 
greater reliability of resisting collapse and being less 
damaged than a typical structure, but not to the extent 
required of facility structure designed to meet the 
Immediate Occupancy performance level. 

Demand: The amount of force or deformation imposed on an 
element or component. 

Diaphragm: A horizontal (or nearly horizontal) structural element used 
to transfer inertial lateral forces to vertical elements of the 
lateral-force-resisting system. 

Drift: Horizontal deflection at the top of the storey relative to the 
bottom of the storey. 

Flexible Diaphragm: A diaphragm with horizontal deformation along its length 
twice or more than twice the average storey drift. 

Fundamental Period: The natural period of the building in the direction under 
consideration which has the greatest mass participation. 
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Immediate Occupancy (S-1): Post-earthquake damage state in which only very limited 
structural damage has occurred. The basic vertical- and 
lateral-force-resisting systems of the building retain nearly 
all of their pre-earthquake strength and stiffness. The risk 
of life-threatening injury as a result of structural damage is 
very low, and although some minor structural repairs 
might be appropriate, these would generally not be 
required prior to re-occupancy. Continued use of the 
building will not be limited by its structural condition, but 
might be limited by damage or disruption to non-structural 
elements of the building, furnishings, or equipment and 
availability of external utility services. 

Life Safety (S-3): Post-earthquake damage state in which significant damage 
to the structure has occurred but some margin against 
either partial or total structural collapse remains. Some 
structural elements and components are severely damaged 
but this has not resulted in large falling debris hazards, 
either inside or outside the building. Injuries might occur 
during the earthquake; however, the overall risk of life-
threatening injury as a result of structural damage is 
expected to be low. It should be possible to repair the 
structure; however, for economic reasons this might not be 
practical. Although the damaged structure is not an 
imminent collapse risk, it would be prudent to implement 
structural repairs or install temporary bracing prior to re-
occupancy. 

Limited Safety (S-4): Midway point between Life Safety and Collapse 
Prevention. It is intended to provide a structure with a 
greater reliability of resisting collapse than a structure that 
only meets the collapse prevention performance, but not to 
the full level of safety that the life safety performance 
level would imply. 

Load Duration: The period of continuous application of a given load, or 
the cumulative period of intermittent applications of load. 

Probability of Exceedance: The probability that a specified level of ground motion or 
specified social or economic consequences of earthquakes 
will be exceeded at a site or in a region during a specified 
period of time. 

Rigid Diaphragm: A diaphragm with horizontal deformation along its length 
less than half the average storey drift. 

Shear Wall: A wall that resists lateral forces applied parallel with its 
plane. Also known as an in-plane wall. 

Stiff Diaphragm: A diaphragm that is neither flexible nor rigid. 
Target Displacement: An estimate of the maximum expected displacement of the 

roof of a building calculated for the design earthquake. 
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