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General Introduction 

On 21st and 22nd February 2018, NAM organised, under the auspices of the Ministry of Economic Affairs 

and Climate, an Assurance Meeting on Exposure, Fragility and Fatality Models for the Groningen Building 

Stock at Schiphol Airport, Amsterdam.  

Objective of the Meeting 

To assure the following elements of the Groningen Risk Assessment: 

1. The building typologies classification and the process used to combine inspection data and 

inference rules in the development of the Exposure Model  

2. The experimental and numerical modelling programmes used in the development of the Fragility 

Model, and the underlying methodology behind the latter 

3. The use of numerical and empirical data for the development of the Fatality Model 

4. The implementation of the above models, and associated uncertainty, in the risk engine  

The assurance scope will focus on fatality risk estimation, rather than non-life threatening structural and 

non-structural damage.  

Meeting Format 

In the meeting, the attendees will have the following roles: 

1. Development Team.  The study programme and the models developed by this team were 

subjected to the assurance.  The team prepared pre-read documents and make these available to 

the Assurance Team at least one month prior to the meeting and present their work.   

2. Assurance Team.  Experts asked to assure the study programme and the models developed.  The 

assurance team prepared a report with opinion of the work and suggestions for further work.  

Table 1 lists the members of the assurance team.  

3. Domain Experts.  Experts potentially presenting their views on one or more of the Assurance 

Meeting topics and taking part in the discussions.  These experts have not been involved in the 

study programme and the development of the models subject to the assurance.   

4. Observers.  Experts in other fields (e.g. hazard modelling) with an interest in the assurance 

process.  Representatives of the regulator, SodM, will be invited to attend as observers.   

Some of the Assurance Team also performed assurance on the studies for the development of the 

exposure, fragility and fatality models in October 2015.  



The Assurance Team 

The assurance team was chosen from internationally recognised experts in the field.   

External Expert Affiliation Main Expertise Area 

Jack Baker (Chair) Stanford University, USA 
PSHA, Fragility Development and Risk 

Analysis 

Matjaz Dolsek  University of Ljubljana, Slovenia  
Structural Modelling, Fragility 

Development and Risk Analysis 

Paolo Franchin University of Rome “La Sapienza”, Italy 
Structural Modelling, Fragility 

Development and Risk Analysis 

Ron Hamburger  Simpson Gumpertz and Heger, USA 
Structural Modelling and Performance 

Assessment of Structures 

Ihsan Engin Bal Hanze Hoogeschool, Groningen  
Structural Modelling and Performance 

Assessment of Structures 

Marco Schotanus RUTHERFORD + CHEKENE, USA 
Structural Modelling and Performance 

Assessment of Structures 

Nico Luco United States Geological Survey, USA 
PSHA, Fragility Development and Risk 

Analysis 

Dimitrios Vamvatsikos  NTUA, Greece 
Structural Modelling, Fragility 

Development and Risk Analysis 

Table 1: The Assurance Team  

The Domain Experts were selected from local experts involved with seismic assessment of buildings in 

Groningen.  Representatives from the Ministry of Economic Affairs and Climate, the regulator (SodM), 

National Coordinator Groningen (NCG), TNO, Exxonmobil and EBN were present as Domain Experts.   

Timing and Place  

The meeting was held:  

Wednesday 21st February and Thursday 22nd February 2018, plenary sessions with Development 

Team, Assurance Team, Domain Experts and Observers. During these session, the Development 

Team and selected Domain Experts made presentations to the Assurance Team.  These formed 

the basis for discussions.   

Friday 23rd February 2018 morning, a session exclusive to the Assurance Team was held.  The 

Development Team was available to the Assurance Team to provide clarifications upon request 

for Assurance Team (if required).   

Preparation and Agenda 

Technical reports were made available to the Assurance Team and the Domain Experts one month prior 

to the event.  Domain Experts were asked to indicate, up to two weeks prior to the event, if they would 

be interested in delivering a presentation at the meeting.  A proposal for the meeting agenda was 

submitted by the Development Team to the Assurance Team, two weeks ahead of the event. The 

Assurance Team prepared the final agenda for the plenary sessions.   



Wednesday 21st February 

Start End Topic Speaker 

09:00 09:30 Welcome and Introduction  

Request by Minister and Life Safety Norm in The Netherlands 

Ruud Cino 

09:30 10:30 Risk metrics 

Overview of NAM’s Hazard and Risk Assessment programme 

Objectives and Meeting format 

Thijs Jurgens 

Jan van Elk 

10:30 11:00 Coffee break  

11:00 11:20 Seismological model Stephen Bourne 

11:20 11:40 Ground Motion model Julian Bommer 

11:40 12:00 Hazard modelling and results + Risk Engine Stephen Bourne 

12:00 13:00 Groningen Building Stock and Exposure Database Rinke Kluwer 

13:00 14:00 Lunch  

14:00 14:30 Experimental testing programme for URM materials characterisation 
at TU Delft 

Jan Rots 

14:30 15:30 Experimental testing programme for URM components and structures 
at Eucentre and LNEC 

Guido Magenes  

15:30 16:00 Coffee break  

16:00 16:30 Experimental testing programme for RC structures at Eucentre Rui Pinho 

16:30 17:00 Verification and calibration of numerical models using test data Rui Pinho 

17:00 18:00 Discussion  All 

 

Thursday 22nd February 

Start End Topic Speaker 

09:00 09:30 Summary of first impressions/feedback from Review Panel Jack Baker 

09:30 10:15 Numerical modelling of Groningen buildings using Finite Element 
Analysis (with LS-Dyna software) 

Richard Sturt 

10:15 11:00 Numerical modelling of Groningen buildings using the Applied 
Element Method (with ELS software) 

Andrea Penna 

11:00 11:30 Coffee break  

11:30 13:00 Exposure, Fragility and Consequence models Helen Crowley 

13:00 14:00 Lunch  

14:00 14:30 Overview of risk results Stephen Bourne 

14:30 15:00 Discussion  All 

15:00 15:30 Coffee break  

15:30 16:30 Final discussions All 

16:30 17:00 Closure Jan van Elk 

 

  



The current document 

The current document contains: 

 A general instruction providing information on the objectives, agenda and other specifics of the 

meeting.  This section also introduces the Assurance Panel 

 An Assurance Letter sent to the Ministry of Economic Affairs and climate by the Assurance Panel 

 An Assurance Report prepared by the Assurance Panel 

 All presentations used in the discussions during the meeting.   
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27 April 2018 
      
Mr. Jan van Herk 
Ministry of Economic Affairs and Climate Policy 
Bezuidenhoutseweg 73 
2594 AC The Hague 
The Netherlands 
      
Dear Mr. van Herk:    
   
Under the auspices of the Ministry of Economic Affairs and Climate, the NAM convened a panel 
consisting of the undersigned experts in structural engineering, earthquake engineering and risk 
analysis to review the NAM Research Team’s Version 5 exposure, fragility, and fatality models 
for the Groningen building stock.  Our review included the project reports associated with these 
models, and presentations from the research team on 21 and 22 February 2018 at the World 
Trade Center conference facility at Schiphol Airport.  Some members of our panel also reviewed 
previous versions of these models in 2015.  Our review focused on the selection of building 
archetypes, and the development of the fragility models and consequence functions for these 
archetypes.  Attached with this letter is a report of our assessment from this Version 5 model 
review. 
 
In general, we found this work to meet, and in many cases advance, international state-of-the 
art in structural testing and modeling, and prediction of consequences.  They are suitable for the 
purpose of assessing Local Personal Risk from induced seismicity in the Groningen field. The 
attached report includes some recommendations for refinements and opportunities for future 
development, but these issues do not impact the fundamental appropriateness of these models 
for their intended purpose. 
 
Sincerely, 
 
Jack Baker (Chair) 
Ihsan Engin Bal 
Matjaz Dolsek 
Paolo Franchin 
Ronald Hamburger 
Nicolas Luco 
Marko Schotanus 
Dimitrios Vamvatsikos 
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Review report: Exposure, fragility, and fatality models for the 
Groningen building stock 

 
27 April, 2018 

 
Jack Baker (Chair), Ihsan Engin Bal, Matjaz Dolsek, Paolo Franchin, Ronald Hamburger, 

Nicolas Luco, Marko Schotanus, Dimitrios Vamvatsikos 
 

Introduction and Scope  
This report summarizes the findings from the Assurance Panel, tasked with reviewing the 
Version 5 exposure, fragility, and fatality models for the Groningen Risk Assessment effort. 
 
We reviewed these models to judge their suitability to evaluate Local Personal Risk. We 
understand that these models may have additional utility for other purposes, but have not 
performed a comprehensive review of their suitability for those other purposes. 
 
We understand our scope of work to consist of review of: 

1. The building typologies classification and the process used to combine inspection data 
and inference rules in the development of the Exposure Model; 

2. The experimental and numerical modeling programs used in the development of the 
Fragility Model, and the underlying methodology behind the latter; 

3. The use of numerical and empirical data for the development of the Fatality Model; 
4. The implementation of the above models, and associated uncertainty, in the risk engine. 

 
The assurance scope focuses on fatality risk estimation, rather than non-life threatening 
structural and non-structural damage. 
 
Our review relied upon analysis reports provided by the NAM Research Team, as well as 
presentations made during an Assurance Workshop that took place on February 21 and 22, 
2018 at the World Trade Center conference facility at Schiphol Airport. The subset of materials 
we reviewed that most directly relate to this report are: 

● “Induced Seismicity in Groningen: Assessment of Hazard, Building Damage and Risk” 
Dated November 2017; 

● “Report on the v5 Fragility and Consequence Models for the Groningen Field” Dated 
October 2017; 

● “A Probabilistic Model to Evaluate Options for Mitigating Induced Seismic Risk” Draft 
manuscript received 9 February 2017. 

 
While we carefully reviewed this information, we have not independently verified surveys or 
analysis results. We also note that results from the study expressed in terms of Local Personal 
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Risk for individual structures were not compared to acceptability of the same structure based on 
an assessment in accordance with NPR 9998, the Dutch Standard for “Assessment of buildings 
in case of erection, reconstruction and disapproval – basic rules for seismic actions: induced 
earthquakes” and that review of the Standard was beyond our scope. 

Findings 
The basic approach to risk evaluation properly follows the commonly accepted international 
framework for such studies.  In general, we found this work to meet, and in many cases 
advance, the international state-of-the art in defining structural fragility and consequences 
informed by structural testing and modeling. The project team is world-class, and includes well-
qualified experts in all aspects of the project scope. In some ways this project will be a model for 
future seismic risk assessments worldwide. 
 
Assessing life safety risk in Groningen is extremely difficult, given the complete lack of empirical 
data on earthquake-induced structural collapses or fatalities for the region. This makes the 
modeling more challenging than in other regions where past deadly earthquakes provide 
observational constraints. The project team is well aware of this challenge, and has carefully 
thought about the many necessary extrapolations. 
 
The goal of linking from gas extraction, to earthquake occurrence, to ground motion, to building 
exposure, to structural collapse and ultimately life safety, is an ambitious one. The interfaces 
between these models have been handled with more care than is standard, and care has been 
taken to identify and track uncertainties associated with the component models. 
 
In the following subsections, we comment on specific model components this Panel reviewed. 

Exposure model 
The exposure model developed for the region is extremely detailed given the size of the region. 
The use of national databases, combined with inspections, local engineering expertise and 
other data sources, is appropriate and ensures utilization of all plausibly relevant data. It is 
appropriate that efforts have emphasized developing index buildings for the building stock 
contributing most to risk. 
 
In general, the developed data and building archetypes are well suited for the purposes of 
identifying potentially vulnerable buildings and evaluating Local Personal Risk. It appears that 
the exposure models have utility for other purposes as well (e.g., later identification of buildings 
that may be identified for retrofit), though we have not considered those purposes in detail. 

Fragility model 
The overall testing and modeling effort underlying the fragility model is frankly incredible. The 
testing program is very substantial, with care taken to replicate typical construction details and 
as-built conditions in experimental specimens, and to identify and quantify potential failure 
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modes of the buildings. The combination of material, component and full-scale tests is 
extremely extensive. 
 
The iterative development of numerical models, with software chosen based on suitability for the 
given objectives, builds substantial confidence that potential failure mechanisms are well 
characterized. The LS Dyna modeling is very sophisticated and not often employed even in 
regions of high natural seismicity. The application of Applied Element Method to masonry, 
coupled with supporting experimental tests, is pioneering. The use of parallel model 
development quality assurance is beyond best practices in almost any application; the only 
analog to this that the Panel knows of is in assessment of nuclear power plant risk. 
 
The conversion of detailed numerical models into simplified single-degree-of-freedom (SDOF) 
models is understandable, given the wide range of building types to be studied, and the high 
computational cost of the detailed models. The consideration of soil-structure-interaction, and 
ground motion duration effects, could be important, given the somewhat unique circumstances 
present in Groningen. 

Fatality model 
The choice to use empirical models to predict fatalities, with only supplementary consideration 
of theoretical or numerical simulations, is appropriate. Prediction of fatalities is an extremely 
difficult problem to address numerically, so utilizing past observations from elsewhere in the 
world is the best available path to solving this problem. The empirical data utilized to establish 
potential fatality rates appears appropriate for the considered building typologies, given the fact 
that there are only a handful of empirical relationships available for this purpose. 

Recommendations 
While our review of the models is positive, there are several issues that we recommend the 
project team further address moving forward. 
 
The mapping of detailed multi-degree-of-freedom (MDOF) structural models into simplified 
SDOF models is a challenging aspect of the process that needs care. The project 
documentation should include dynamic analysis validation results, such as those presented at 
the in-person meeting with the Panel; a comparison of SDOF and MDOF model pushover 
curves should also be provided. The specific approach to fit SDOF backbones, and choice of 
hysteresis models could be refined, but these choices did not appear to have impacted drift 
predictions for the cases we saw, and so ultimately these refinements may not impact Local 
Personal Risk estimates significantly. 
 
For validation of the SDOF-based fragility functions, we suggest that the project team develops 
a fragility function directly for one MDOF model, for comparison with a corresponding SDOF-
based function. A good candidate building would be the URM4L archetype that governs the risk 
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in the area, or a ductile building where the impact of the SDOF conversion is likely to be the 
largest. 
 
The project would benefit from an evaluation of end-to-end interfaces and epistemic 
uncertainties. While the individual model components appear to have been well-studied and 
reviewed, a systematic study of the model interfaces, and the epistemic uncertainties 
associated with each model, would be beneficial. At present, the risk analysis includes 
consideration of some epistemic uncertainties (e.g., maximum possible earthquake magnitude, 
building fragility), but not others such as earthquake source model parameters and building 
inventory. As we deem the confidence intervals on Local Personal Risk estimates to be 
important, a systematic uncertainty study, and resulting expanded logic tree, is recommended. 
Additionally, the metrics used to quantify epistemic uncertainties could be improved relative to 
the current tornado diagram representation. 
 
Finally, while the model sub-components are well documented, there is an opportunity to 
produce some aggregated model predictions for review, and for comparison of models against 
external data sources. An internal comparison of fragility functions for all architypes would be 
useful to evaluate whether the relative fragilities of the various buildings are ordered consistently 
with engineering judgement.  Some suggested external comparisons are: 

● Compare fragility models to empirical fragility functions for similar construction types 
from elsewhere in the world. 

● Compute fatality rates as a function of ground shaking intensity (by combining the 
fragility and fatality models), and compare the results to empirical models (from, e.g., 
PAGER) for similar construction types. 

● Compute regional predictions of the numbers of fatalities from the M>3 earthquakes that 
have happened in the past in Groningen (with the anticipation that the predictions would 
be of essentially zero fatalities). 

These comparisons would not be done with the implication that the external models are 
“correct” for application in Groningen, or that the comparisons should result in close matches. 
After all, the anticipation is that the extensive testing and modeling program has produced 
fragility functions that are better suited for Groningen than any alternatives. Rather, the goal of 
these comparisons would be to provide general confirmation of the reasonableness of the 
results, and a benchmark to evaluate any differences; for example, if the Groningen fragilities 
for unreinforced masonry buildings suggest lower collapse probabilities than masonry fragilities 
from elsewhere in the world, would that relative difference make sense given what is known 
about Groningen construction methods?  

Opportunities for future refinement  
The insights established by the Version 5 models provide a foundation for even further 
exploration of risks and potential mitigation actions in Groningen. In this section we offer 
thoughts on potential opportunities for extension of the work scope, which may be useful if the 
project undertakes further stages of study. 
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Reduce conservatism 
It appears that the project effort has appropriately aimed to characterize expected performance 
of the buildings, rather than taking a conservative view as is the case with building code 
analysis. There are, however, potentially a few subtle sources of conservatism remaining (i.e., 
sources that might result in overestimation of Local Personal Risk), which might be refined in 
future efforts: 

● The large numbers of cycles of loading during testing and analysis may be producing 
conservatism in damage predictions relative to behavior under the very short duration 
shaking anticipated in Groningen. To some extent this may indirectly account for impacts 
of cumulative damage or pre-existing damage to buildings, but nonetheless some further 
evaluation of this issue may yield further insights. 

● It has been assumed that the experimental buildings are near collapse at termination of 
the tests, but they may possibly have substantial remaining capacity. 

● The ground motions used for analysis may be stronger in the demands they produce 
than actual ground motions that could be observed in Groningen. This is addressed to 
some extent by the use of vector ground motion intensity measures. But now that more 
is known about the ground motions contributing to risk, some follow-up study using 
hazard-consistent ground motions would offer the opportunity to better understand this 
issue.  

● Take advantage of any further shake table tests as an opportunity for assessing the 
fidelity of the models and the currently employed fragility functions. Perform blind 
predictions (e.g., before and after knowing the material properties), perhaps sending the 
results to an independent third party before the test, and assess the fidelity of the 
models with an eye for improving the uncertainty bounds employed in the relevant 
fragilities. 

Further refine structural modeling  
As noted above, the structural modeling effort is in general extremely strong given the scope of 
study. Nonetheless, there are opportunities to further explore the impact of modeling 
assumptions on calculated risks. A few opportunities identified by the Panel include: 

● Split building typologies and corresponding fragilities for critical cases (e.g., separate 
one- and two-story unreinforced masonry buildings, or separate older and newer 
variants of broadly defined typologies). 

● Consider the impacts of including foundation flexibility in MDOF models, with an eye to 
differential settlement. 

● Introduce a refined representation of soil-structure interaction in the SDOF model. 
Frequency dependence of stiffness and damping can be described for the purpose of 
time-domain analysis through a lumped-parameter model (LPM). Even with a relatively 
simple LPM the frequency-dependent coupled rocking-sway dynamic impedance can be 
described in the frequency range of interest. Care should then be taken to the way 
foundation input motion is applied, while incorporating the effective SDOF model height 
could be considered to better understand any issues of overturning moment coupled 
with foundation rotation. 
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● Consider the role of non-structural elements on structural response and life safety - in 
particular, internal masonry partitions. 

● Consider developing simplified MDOF models as an alternative to SDOF models. 
Simplified structural models are capable of predicting various failure modes that can 
cause fatalities, but they are not as computationally demanding as refined Finite Element 
Models.  

Study sensitivities in fatality models 
There is an opportunity to better understand the implications of the fatality model, with respect 
to assumptions associated with that model. Parameters that could be explored include: 

● Percent of time that occupants spend inside versus outside of the building; 
● Percent volume loss associated with building collapse modes; 
● Considered radius around the exterior of buildings; 
● Combined impacts of exterior debris from adjacent buildings. 

Extend project scope 

Finally, there are topics that are not the current focus of the NAM modeling effort, but that could 
be well addressed by the models that NAM has developed. We recommend that these topics 
would benefit from study by the project team. 

● Develop fragility functions and fatality models for retrofitted buildings, to evaluate 
benefits and necessary levels of retrofits for risk reduction. There seem to be some 
planned experiments with strengthening works, thus their outcomes could be useful for 
this purpose.   

● Assess index buildings according to NPR. Parallel analyses using NPR and the NAM 
fragility functions, especially of the experimentally tested buildings, will help reconcile 
any differences in assessment results and support informed decision-making in cases 
where the two approaches result in different outcomes. 

● The developed models could be utilized to quantify aggregate risk measures (i.e., group 
risk) rather than individual Local Personal Risk. This scope extension would require 
further refinements to address issues such as correlation of damage states of buildings, 
and spatial correlation of ground motions. 

● Explore the potential impacts of cumulative damage or pre-existing damage to buildings 
mentioned above.  
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Producing clusters 
Batch #8 clusters 

Location map of Groningen production clusters Groningen Gasfield 
§  The Groningen gas field is the 7th largest gasfield in the 

world, based on initial reserves.  Some 70% of the gas 
has already been produced, but based on current 
reserves, it is still 13th in the world ranking,

§  The field was discovered in 1959 and taken into 
production in 1963,  

§  The field is located in rural the north-eastern part of the 
country (Groningen province), close to the city of 
Groningen,

§  The gas contains 14% nitrogen and has a lower calorific 
content than gas from other fields,

§  The field is operated by NAM (a joint venture of Shell 
and Exxonmobil),

§  Some 93% of the gross revenue is paid in taxes to the 
Dutch state.  If the tax income had been put into a bank 
account, it would now contain some 1 trillion Euro.  
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Introduction  
Hazard and Risk Assessment 

§  The	hazard-	and	risk	assessment	spans	from	cause	(gas	produc7on)	to	effect	

(accidents,	harm	and	building	damage).	

§  The	uncertain7es	in	each	step	of	the	assessment	are	iden7fied,	es7mated	and	

consistently	incorporated	in	the	assessment.	

§  A	tradi7onal	Probabilis7c	Seismic	Hazard	and	Risk	Framework	is	used	(based	on	

Cornell,	1968).	

§  Implementa7on	is	based	on	Monte	Carlo	Method	(C-	and	Python	Code)	

§  NAM	has	sought	the	assistance	and	advice	of	external	experts	from	academia	and	

knowledge	ins7tutes	for	each	exper7se	area.		Rigorous	assurance	processes	are	in	

place.	

§  Key	is	the	collec7on	of	data	in	Groningen	to	prepare	a	hazard	and	risk	assessment	

specific	to	the	Groningen	situa7on.		
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Assurance	and	Supervision	of	Studies:	

1. Voluntary: by independent international experts and publication in scientific 

journals
2. Government: Scientific Advisory Committee, SodM, KNMI en Tcbb
3. Public Review: Sharing reports on www.NAM.nl


COOPERATION AND ASSURANCE 
Study and Data Acquisition Plan 
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Gas	produc=on	and		
pressure	 Ground	Movement	
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Subsidence	
Satellite & Network of 
Reflector-GPS Stations

Earthquakes	
70 Shallow Geophone Strings
(KNMI) 

Earthquakes	

Deep Geophone Strings

Subsidence	

10 GPS stations

Building	Vibra=ons	

300+ Building Sensors (TNO) 

Building	Damage	
Trend Analysis

Gravity	
92 locations

Compac=on	and	Faults	

Rock Core and In-situ 
Compaction Monitoring

Moveable Geophone Spread

Field Measurements and Monitoring 

Flexible	Geophone	Network	
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§  Construc7on	prac7ce	in	Groningen	region	is	dis7nct	from	what	is	found	
in	areas	of	the	world	with	a	long	history	of	damaging	earthquakes.		

§  Therefore,	building	classifica7on	and	fragility/fatality	models	developed	
for	other	regions	could	not	be	employed	in	the	seismic	risk	analyses	for	
Groningen.			

§  NAM	decided	to	deploy	an	extensive	programme	of	building	data	
collec7on,	structural	tes7ng	and	numerical	modelling	valida7on/
calibra7on,	that	could	then	feed	the	development	of	the	exposure,	
fragility	and	fatality	models.			

§  In	this	Assurance	Workshop,	we	are	aiming	at	a	review	of	this	en7re	
effort,	from	building	data	gathering	to	the	development	of	the	models 

Principles of the "buildings component” of 
the NAM research programme 
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Risk Norm for Earthquakes  
in The Netherlands 

§  Living	and	working	in	Groningen	
must	be	as	safe	as	elsewhere	in	
the	Netherlands	and	in	
Groningen	the	same	safety	
standards	must	apply	as	
elsewhere	in	the	Netherlands.	

§  The	commiWee	adheres	to	the	generally	accepted	safety	standards	for	all	
kinds	of	risks	in	The	Netherlands:		
§  for	exis7ng	construc7on	to	temporarily	accept	a	mean	individual		

local	personal	risk	(chance	of	death)	that	residents	run	of	1	in	10,000	
years	(10-4)	and	

§  for	new	construc7on	to	accept	a	mean	individual		local	personal	risk	
(chance	of	death)	that	residents	run	of	1	in	100,000	years	(10-5).	
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External	Expert	 Affilia=on	
Jack	Baker	(Chair)	 Stanford	University,	USA	

Matjaz	Dolsek		 University	of	Ljubljana,	Slovenia		

Paolo	Franchin	 University	of	Rome	“La	Sapienza”,	Italy	

Ron	Hamburger		 Simpson	Gumpertz	and	Heger,	USA	

Ihsan	Engin	Bal	 Hanze	Hoogeschool,	Groningen		

Marco	Schotanus	 RUTHERFORD	+	CHEKENE,	USA	

Nico	Luco	 United	States	Geological	Survey,	USA	

Dimitrios	Vamvatsikos		 NTUA,	Greece	

Introduction Assurance Panel 
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Agenda – Morning Day 1 

Start	 End	 Topic	 Speaker	
09:00	 09:30	 Welcome	and	Introduc7on		 Ruud	 Cino	 &	

Thijs	Jurgens	
09:30	 10:30	 Overview	 of	 NAM’s	 Hazard	 and	 Risk	 Assessment	

programme	

Objec7ves	and	Mee7ng	format	

Jan	van	Elk	

10:30	 11:00	 Coffee	break	 		
11:00	 11:20	 Seismological	model	 Steve	Oates	
11:20	 11:40	 Ground	Mo7on	model	 Julian	Bommer	
11:40	 12:00	 Hazard	modelling	and	results	+	Risk	Engine	 Steve	Oates	
12:00	 13:00	 Groningen	Building	Stock	and	Exposure	Database	 Rinke	Kluwer	
13:00	 14:00	 Lunch	 		
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Agenda – Afternoon Day 1 

Start	 End	 Topic	 Speaker	
13:00	 14:00	 Lunch	 		
14:00	 14:30	 Experimental	tes7ng	programme	for	URM	

materials	characterisa7on	at	TU	Delj	
Jan	Rots	

14:30	 15:30	 Experimental	tes7ng	programme	for	URM	
components	and	structures	at	Eucentre	and	LNEC	

Guido	Magenes	
&	Francesco	
Graziok	

15:30	 16:00	 Coffee	break	 		
16:00	 16:30	 Experimental	tes7ng	programme	for	RC	structures	

at	Eucentre	
Rui	Pinho	

16:30	 17:00	 Verifica7on	and	calibra7on	of	numerical	models	
using	test	data	

Rui	Pinho	

17:00	 18:00	 Discussion		 All	
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Agenda – Day 2 
Start	 End	 Topic	 Speaker	
09:00	 09:30	 Summary	of	first	impressions/feedback	from	

Review	Panel	
Jack	Baker	

09:30	 10:15	 Numerical	modelling	of	Groningen	buildings	using	
Finite	Element	Analysis	(with	LS-Dyna	sojware)	

Richard	Sturt	

10:15	 11:00	 Numerical	modelling	of	Groningen	buildings	using	
the	Applied	Element	Method	(with	ELS	sojware)	

Andrea	Penna	

11:00	 11:30	 Coffee	break	 		
11:30	 13:00	 Exposure,	Fragility	and	Consequence	models	 Helen	Crowley	
13:00	 14:00	 Lunch	 		
14:00	 14:30	 Overview	of	risk	results	 Steve	Oates	
14:30	 15:00	 Discussion		 All	
15:00	 15:30	 Coffee	break	 		
15:30	 16:30	 Final	discussions	 All	
16:30	 17:00	 Closure	 Rui	Pinho	&	

Jan	van	Elk	
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Objectives 

To	assure	the	following	elements	of	the	Groningen	Risk	Assessment:	
	
1.  The	building	typologies	classifica7on	and	the	process	used	to	combine	

inspec7on	data	and	inference	rules	in	the	development	of	the	Exposure	
Model		

2.  The	experimental	and	numerical	modelling	programmes	used	in	the	
development	of	the	Fragility	Model,	and	the	underlying	methodology	
behind	the	laWer	

3.  The	use	of	numerical	and	empirical	data	for	the	development	of	the	
Fatality	Model	

4.  The	implementa7on	of	the	above	models,	and	associated	uncertainty,	in	
the	risk	engine		

The	assurance	scope	will	focus	on	fatality	risk	es7ma7on,	rather	than	
non-life	threatening	structural	and	non-structural	damage.		
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Confidentiality 

§  No	Confiden7ality	Arrangement	in	Place	for	the	
Assurance	Workshop.	

§  Request	for	Chatham	House	Rule:	
When	a	mee(ng,	or	part	thereof,	is	held	under	
the	Chatham	House	Rule,	par(cipants	are	free	to	
use	the	informa(on	received,	but	neither	the	
iden(ty	nor	the	affilia(on	of	the	speaker(s),	nor	
that	of	any	other	par(cipant,	may	be	revealed.	

hWps://www.chathamhouse.org/about/chatham-house-rule	
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Transparency 

§  All	reports	(130)	are	published	at	the	“onderzoeksrapporten”	page	of	
www.nam.nl.		Together	more	than	90,000	downloads.	

§  More	than	40	papers	have	been	published	in	respected	peer-

reviewed	journals	(SCImago	Journal	Ranking).					

§  All	raw	data	is	freely	available	for	research.			
§  Rigorous	Assurance	processes	are	in	place.			
§  Latest	update:		

§  Hazard,	Building	Damage	and	Risk	Assessment	–	November	2017	

(currently	650	downloads).	
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Summary of the Groningen seismological model 
Probabilistic seismicity forecasts based on a 
model of extreme threshold failures within a 
heterogeneous poro-elastic thin-sheet 

Stephen Bourne, Steve Oates 
Projects & Technology, Shell Global Solutions International

Assurance meeting for Exposure, Fragility and Fatality Models for the 
Groningen building stock
World Trade Center, Schiphol, 21st February, 2018 

1 November 2017  
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Outline 

November 2017  2  

n  Model design 
n  Coulomb stresses induced by poro-elastic thin sheet 

deformations

n  Activity rates as Extreme Threshold Failures
n  Magnitude distributions as Extreme Threshold Failures

n  Aftershocks as Epidemic Type Aftershock Sequences

n  Model inference 
n  Model performance 

n  Summary 
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Model of seismicity induced by poro-elastic reservoir deformations 

November 2017  3 
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Seismological model as a network of physical processes 

June 2017  4 
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Incremental Coulomb stress model 
Event rates and mean magnitude appear to increase with 
incremental Coulomb stress

December 2017  5 

n  Incremental Coulomb stress contours: 0.25, 0.30, 0.35, 0.40 MPa


0.25 
0.25  0.25  0.25 

0.3 
0.3 

0.3 
0.3 0.35 
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Incremental Coulomb stress model 
Event rates and mean magnitude appear to increase with 
incremental Coulomb stress

December 2017  6 

0.25 MPa

0.30 MPa

0.35 MPa

0.40 MPa
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Extreme threshold theory for the probability of fault failure under a 
given incremental Coulomb stress load  

November 2017  7 
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sResolved heterogeneity 
Unresolved heterogeneity 

n  Initial Coulomb stresses
n  Independently and identically 

distributed
n  Due to unresolved frictional 

heterogeneities

n  Extreme Threshold Theory 
n  Failure criterion:  Ci > -ΔC
n  Conditional failure probability: 
  	
	

   

  


Initial Coulomb 
stress, Ci
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F

Tail 
threshold, CtFailure 
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Ct + ΔC

Any 
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Incremental Coulomb stress, ΔC   [MPa] 
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ln p=∑𝑖↑▒(ln 𝛽↓𝑖 − 𝛽↓𝑖 ( 𝑀↓𝑖 − 𝑀↓𝑚𝑖𝑛 + 1/2 ∆𝑀))  

n  Inverse power-law

n  Bayesian inference with uniform priors



n  Likelihood function 

n  Spline interpolation used to estimate 

𝑏↓𝑖 = 𝑏↓𝑚𝑖𝑛 + (∆𝐶↓𝑖 − 𝑆↓0 /𝑆↓1  )↑− 𝑆↓2   

Magnitude model 
Inverse power-law evolution of b-values with smoothed incremental 
Coulomb stress

December 2017  8 

Observed seismicity 
1995-2017

Expected

95% prediction interval 0.5≤ 𝑏↓𝑚𝑖𝑛 ≤3.0

−0.2≤𝑆↓0 ≤2

10↑−3 ≤ 𝑆↓1 ≤10

0.1≤ 𝑆↓2 ≤5

Maximum Likelihood

Posterior
Distribution 

𝛽↓𝑖 = 𝑏↓𝑖  ln(10) 

∆𝐶↓𝑖 
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Model assumptions 

November 2017  9  

n  Reservoir deformations are elastic; plastic deformations are negligible.
n  Fault reactivations are simple Coulomb frictional failures.
n  Frictional fault failures remain limited to the tail of the initial stress distribution.
n  The statistical character of the initial stress tail is invariant.
n  Aftershocks are sufficiently described by the empirical ETAS model.

n  Variations in b-value are an inverse power function of incremental Coulomb stress.
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Magnitude model 
Evolution of the expected b-value map with time 

December 2017  10 
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Magnitude model 
Maximum magnitude distribution 

December 2017  11 

Mmax 

Mmax = 5.4

Mmax = 6.8

Mmax = 4.5

p = 0.11 

p = 0.43 

p = 0.46 

n  Panel of independent experts n  Three-point equivalent re-samplingn  Proposed probability distribution 

Source: Report by panel on Mmax  for Groningen 25th April 2016 
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Model performance 
Temporal density residuals

November 2017  12 

n  Both models are based on Coulomb stress failure – but each represents a different 
type of reservoir heterogeneity 

n  PT: Pressure trend model includes depletion heterogeneity only 
n  EST: Exponential shear strain trend model includes depletion, geometric, elastic and 

frictional heterogeneities

n  EST outperforms PT 


Learn  ForecastLearn  Forecast

95% interval 

median 
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Model performance 
Spatial density residuals

November 2017  13 

n  Learning period: 1995 to 2012 
n  Forecast period: 2012 to 2017 
n  EST model forecasts spatial density consistent with observed spatial density within 

stochastic variability 
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Model performance 
Magnitude distribution and aftershock clustering residuals 

November 2017  14 

Magnitude 

n  Learning period: 1995 to 2012 
n  Forecast period: 2012 to 2017 
n  EST model forecasts magnitudes and aftershocks consistent with observed trends and 

variabilities
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Model criticism 
Prospective Testing

November 2017  15 
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Summary  

November 2017  16  

n  Established a physics-based theory for the exponential shear strain activity rate 
model

n  Pore-elastic thin-sheet theory 
n  Computes smoothed incremental Coulomb stress according to resolvable geometric and 

elastic heterogeneities

n  Extreme thresholds failure theory 
n  Computes induced seismicity rates according to incremental Coulomb stress and the extremes 

of initial Coulomb stress

n  Computes the frequency-magnitude distribution and its dependence on incremental Coulomb 

stress 

n  Bayesian inference for hidden variables
n  Ensemble of realizations for each seismological model

n  Family of alternative seismological models represent different types of reservoir 

heterogeneity 

n  Model performance 
n  Prospective testing provides objective performance ranking of alternative models

n  Analysis of residuals characterizes sources of poor model performance 
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Open access 
publication  

November 2017  17  





Groningen	Seismic	Hazard	and	Risk	Model	Development	
Assurance	Mee;ng	for	Exposure,	Fragility	and	Consequence	Models	

WTC	Schiphol,	21-22	February	2018	

The	Groningen	Ground-Mo;on	Model	for	
the	Predic;on	of	Spectral	Accelera;ons,	

PGA,	PGV	and	Dura;on	
Julian	J	Bommer,	Bernard	Dost,	Ben	Edwards,	Pauline	P	Kruiver,	Michail	N;nalexis,	

Adrian	Rodriguez-Marek,	Elmer	Ruigrok,	Jesper	Spetzler	&	Peter	J	Stafford		



Ground-Mo;on	Recording	Networks	

G-sta;ons	
(borehole	geophones	&	surface	accelerographs)	

B-sta;ons	
(surface	accelerographs)	

Dost	et	al.	(2017)	



Ground-Mo;on	Database	(ML	≥	2.5)	

Hellum		
ML	3.1	

Slochteren		
ML	2.6	

2014																																													2015 	 	 					2016 	 	 								2017	

N
o.
	R
ec
or
ds
	

Database	contains	246	records	from	23	
earthquakes	with	ML	from	2.5	to	3.6;	
ML	equivalent,	on	average,	to	M	in	this	

range	(Dost	et	al.,	2018)	



General	Framework	of	Ground-Mo;on	Model	

Simula;on-based	GMPEs	for	
predic;on	of	amplitudes	at	base	
of	the	North	Sea	forma;on	(NS_B)	

Geometric	spreading	pa[erns—
including	effects	of	high-velocity	
Zechstein	salt	layer—informed	by	

full	waveform	simula;ons	

NS_B	rock	mo;ons	transferred	to	
surface	via	non-linear	frequency-
dependent	amplifica;on	factors	



	

0-50		
metres	

	

	
	
	
	
	
	

	to	800	
Metres	

	
	
	
	
	
	

TNO	GeoTop	model	and	VS	values	from	CPT-based	rela;ons	

Deeper	VS	profile	from	NAM	sonic	
logs	and	VP-VS	conversions	

	
	
	
	
	
	
	

Inversion	of	surface-waves	(ground	
roll)	from	legacy	reservoir	imaging	

Kruiver	et	al.	(2017)	



Shallow	VS	profiles	confirmed	by	in	situ	
measurements	(B-sta;ons)	and	analysis	of	

borehole	recordings	(G-sta;ons)	 Comparison	of	transfer	func;ons	obtained	from	
inversions	of	surface	FAS	and	from	site	response	
analyses	vindicate	assump;on	of	1D	propaga;on	

Noorlandt	et	al.	(2018)	



V5	
Recordings	of	ML	
2.5	to	3.6	EQs	

Δσ,	Q,	R-x,	κNS_B,	AFNS_B	
Finite	rupture	scenarios	

from	M	2.5	to	7.5	

Spectral	accelera;on	at	23	periods	
(0.01	to	5	s)	and	PGV	at	NS_B	as	

func;on	of	ML	and	Rrup	

Simula;ons	

NS_B	

Linear	transfer	&	
amplifica;on	factors	

Inversion	



Mmax	distribu;on	
for	Groningen	field	

Upper	branch	of	
logic-tree	calibrated	
to	match	predic;ons	
from	European	and	
NGA-West2	GMPEs	



V5	
Recordings	of	ML	
2.5	to	3.6	EQs	

Δσ,	Q,	R-x,	κNS_B,	AFNS_B	
Finite	rupture	scenarios	

from	M	2.5	to	7.5	

Spectral	accelera;on	at	23	periods	
(0.01	to	5	s)	and	PGV	at	NS_B	as	

func;on	of	ML	and	Rrup	

Simula;ons	

NS_B	

Non-linear,	frequency-dependent	
site	amplifica;on	factors	for	zones,	
defined	as	a	func;on	of	SaNS_B(T)	

Linear	transfer	&	
amplifica;on	factors	

Inversion	



160	zones	with	unique	AFs	

Rodriguez-Marek	et	al.	(2017)	

Linear	part	of	AFs	at	short	periods	
found	to	depend	on	magnitude	and	

distance	(Stafford	et	al.,	2017)	



Horizontal	Component	Defini;on	

Predic;ve	model	expressed	in	terms	of	
geometric	mean	horizontal	component	

Fragility	func;on	deriva;on	based	on	the	
arbitrary	horizontal	component,	so	in	the	

risk	calcula;ons	an	adjustment	is	needed	for	
the	component-to-component	variability	

(Baker	&	Cornell,	2006)	

Many	near-source	Groningen	recordings	
obtained	show	strong	polarisa;on	

The	model	for	component-to-component	
variability	is	a	func;on	of	distance	and	

converges	to	standard	tectonic	models	at	
larger	magnitudes	



Dura;on	Predic;on	Model	

The	Groningen	ground	mo;ons	display	very	
short	dura;ons	close	to	the	source	and	grow	

rapidly	with	distance,	features	not	well	
captured	by	exis;ng	dura;on	GMPEs	

Groningen-specific	model	derived	from	
EXSIM	;me-histories	at	NS_B	horizon	

combined	with	VS30-based	site	factors	from	
model	of	Afshari	&	Stewart	(2016)	

Magnitude	

Si
gn
ifi
ca
nt
	D
ur
a;

on
	(s
)	



Peer	Review	

V2	GMM	Review	Workshop,	October	2015	
	

Gail	Atkinson,	Hilmar	Bungum,	Fabrice	Co[on,	John	
Douglas,	Jon	Stewart,	Ivan	Wong,	Bob	Youngs	

Finite	Fault	(V3	GMM)	Workshop,	July	2016	
	

Norm	Abrahamson,	Luis	Angel	Dalguer,	Bob	Youngs	

Review	of	V4	
GMM	

	

Abrahamson	
Atkinson	
Bungum	
Co[on	
Douglas	

Stewart	(chair)	
Wong	
Youngs	

Review	of	V5	
GMM	

	

Abrahamson	
Atkinson	
Bungum	
Co[on	
Douglas	

Stewart	(chair)	
Wong	
Youngs	

Revised	version	of	V4	report	
Issues	to	be	addressed	
in	the	development	of	

V5	GMM	

Leber	of	
endorsement	

Addi;ons	to	V5	GMM	
report	and	items	for	
future	research	



“Our	overall	assessment	of	the	
modelling	effort	to	date	is	that	it	has	
produced	a	state-of-the-art	model	
that	it	well	suited	for	its	purpose	of	
regional	ground	mo9on	predic9on	to	
support	hazard	and	risk	studies	in	the	

Groningen	field.”		
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Probabilistic Seismic Hazard Analysis 
Seismic ground motion hazards 
associated with the 24 bcm/year 
Groningen gas production scenario 

Stephen Bourne1, Steve Oates1, Assaf Mar-Or1, Tomas Storck2, Pourya Omidi2, Julian Bommer3 

1 Projects & Technology, Shell Global Solutions International
2 Alten Nederland, Rotterdam 
3 Imperial College, London 

Assurance meeting for Exposure, Fragility and Fatality Models for the 
Groningen building stock
World Trade Center, Schiphol, 21st February, 2018 



1 November 2017  
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Probabilistic seismic hazard model 

2   November 2017 

! Two stochastic simulation models are sampled in the 
hazard model: 

Number, location, 
magnitude and 

rupture dimensions  
of earthquakes 

given gas 
production 

Spectral accelerations 
and duration for a given 
surface site, earthquake 
location, magnitude and 

rupture dimensions

Probabilistic Seismic Hazard

Seismicity 
simulatio

ns

Ground 
motion 

simulatio
ns
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Probabilistic seismic hazard model – unpacked 

3   November 2017 

! Seismological model comprises 5 sequential 
stochastic elements

! Ground motion model comprises 2 sequential 
stochastic elements

Probabilistic Seismic Hazard
Seismological Model

Reservoir 
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aftersho
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Aftershock 
locations and 
magnitudes 
given prior 
mainshocks 

and 
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given event 
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and 
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Near-
surface 
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Surface 
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dimensionsGround Motion Model
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Probabilistic seismic hazard model – further unpacked 

4  
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Logic tree description of epistemic uncertainties 

5  

n  3 factors
n  3 x 4 x 2 levels
n  24 full-factorial combinations 

November 2017 

Mmax	
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Hazard curves 

6 

n  Assessment period: 1-1-2017 to 1-1-2022 
n  Production scenario: 24 bcm/year

Loppersum Groningen 

Mean hazard curve 

95% prediction interval 

PGA   [g]  PGA   [g] 
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Hazard verification – comparison of C and Python code output 

7 

n  Assessment period: 1-1-2017 to 1-1-2022 
n  Production scenario: 24 bcm/year
n  Exceedance probability: 0.21%/year
n  Single logic tree branch 

Difference [g] 
0  0.01 -0.01 
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Mean hazard maps 

8  

PGA PGV 

Max = 0.143 m/sMax = 0.201 g

n  Assessment period: 1-1-2017 to 1-1-2022 
n  Production scenario: 24 bcm/year
n  Exceedance probability: 0.21%/year 
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Mean spectral hazard maps 

9  

n  Assessment period: 1-1-2017 to 
1-1-2022 

n  Production scenario: 24 bcm/year
n  Exceedance probability: 0.21%/year 
n  Colour bar: maps individually auto-

scaled to maximum value 
n  Spatial distribution varies from period to 

period  

PSA(0.01s)  PSA(0.025s)  PSA(0.05s)  PSA(0.075s)  PSA(0.1s) 

PSA(0.125s)  PSA(0.15s)  PSA(0.175s)  PSA(0.2s)  PSA(0.25s) 

PSA(0.3s)  PSA(0.4s)  PSA(0.5s)  PSA(0.6s)  PSA(0.7s) 

PSA(0.85s)  PSA(1.0s)  PSA(1.5s)  PSA(2.0s)  PSA(2.5s) 

PSA(3.0s)  PSA(4.0s)  PSA(5.0s) 
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Uniform hazard spectra 
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Uniform hazard spectra with 95% prediction intervals 

November 2017  11  



Copyright of Shell Global Solutions International

Sensitivity to epistemic uncertainty is dominated by Mmax 

November 2017  12  
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Summary  

November 2017  13  

n  Seismic hazard updated to include the V5 seismological and ground motion models
n  Hazard verification through replication by independent Python and C codes
n  Optimization of MC PSHA code enables 250m resolution, full logic tree simulations 

overnight 
n  Maximum PGA at 0.21%/year exceedance is 0.201 g (for 2017 – 2022) 

n  Development of Probabilistic Liquefaction Hazard Analysis is ongoing
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Exposure Database V5

• The Exposure Database V5 is an extract of a project database and contains information 
specific to the Hazard and Risk Modelling. It consists mainly of the building typology 
classifications and several other building related attributes. 

• This is the fifth update of the exposure database and supersedes V0 (July 2014), 
V1 (March 2015), V2 (September 2015) and V3 (March 2016). 

Introduction
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Extract

Introduction

Column name Description

INDEX Unique index string for each GEM taxonomy string.

GEM_TAXONOMY GEM taxonomy description.

SUM_OF_PROBABILITIES (Expected) number of buildings per taxonomy string based on 
the sum of individual building probabilities.

Category Name Column Name

Adjacency Flags

END_BUILDING
BLOCK_PART_FLAG
BLOCK_PART_UNITS
BLOCK_FLAG
BLOCK_UNITS

Population

SUM_POP_IN_DAY
SUM_POP_IN_NIGHT
SUM_POP_OUT_PAS_DAY
SUM_POP_OUT_PAS_NIGHT
SUM_POP_RUNNERS_OUT_DAY
SUM_POP_RUNNERS_OUT_NIGHT

Structural System Reference Extract

Exposure Database Extract
Category Name Column Name
Building ID BAG_BUILDING_ID
Address coordinates 
(RD New)

POINT_X
POINT_Y

Building year BLDG_YEAR
Footprint Area FOOTPRINT_AREA
Building addresses NUMBER_ADDRESSES
Building footprint length exposed EXPOSED_FOOTPRINT_LENGTH
Building gutter height GUTTER_HEIGHT 

Building use
MAIN_USE
SECONDARY_USE
SPECIAL_USE

Structural Layout
STRUCTURAL_LAYOUT
SL_FLAG

Structural Systems 
SYSTEM_n
S_PROBABILITY_n
S_CONFIDENCE

Strengthening Flag UPGRADING_FLAG
Potential Failure Mechanisms SOFT_STOREY

Opening Percentage

GROUND_OPENING_FRONT
GROUND_OPENING_BACK
GROUND_OPENING_LEFT
GROUND_OPENING_RIGHT
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Scope Area

The area of interest for the Hazard and Risk analysis 
is based on the Slochteren gas field outline. The extract 
boundary for the EDB V5 is a 5 km buffer around the 
gas field outline. 

Total amount of buildings: 257 174.
Total amount of buildings with addresses (with population): 164 032.
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Building Stock



2  // Process
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Available data
• RVS Inspection Data
• EVS Inspection Data
• Drawing Data (TBDB)
• Visual Inspections (JBG)
• Arup Expert

• BAG  
• Dataland
• Parcel
• AHN
• Rijksmonumenten
• Nationale Atlas Volksgezondheid
• Basisregister Instellingen

Process
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Classification: Building Use
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Classification: Overview of Classification Process
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• Building data-mining and geometrical characterization
• Classification into Structural Layouts
• Structural System Inference
• Incorporation of available Inspection Data
• Final Structural System Assignment

Process

Classification: Main Phases
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Classification: Building Data Mining & Geometrical Characterization
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1. Width of Maximum Enclosed Rectangle within the footprint outline

2. Length of Maximum Enclosed Rectangle within the footprint outline

3. Gutter Height

Process

Classification: Data Mining
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Classification: Learning Set
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Sphere Diameter = Confidence

MER_1_X (m)

M
ER

_1
_Y

 (m
)

Process

Classification: Classification Maps
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Classification: Geometrical Characterization
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The Geometric Layouts are further subdivided into 
Structural Layouts using the following classification parameters:

• Gutter Height
• Roof Steepness and Count
• Footprint Area
• Exposed Footprint Length
• Footprint Length
• Adjacency
• Number of Addresses
• Building Function

Process

Classification: Structural Layout Class
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Classification: Structural Layout Class
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Classification: Structural Layout Overview
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The assigned structural layout are verified against the following project datasets:

• Drawing data (technical building database), Arup
• Farm houses, Dataland
• Special geometries, Arup
• Arup desk study data, Arup
• Desk study data, JBG

Assigned structural layout: UHO Assigned structural layout: UBHSDrawing data: UBHS

Classification: Structural Layout Project Data Verification

Process
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Classification: Example Structural Layout process
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Classification: Example Structural Layout process

Process
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Mat_X / Ssy_X / Mat_Y / Ssy_Y / Ext_Wall / Floor_Mat

MAT99
MATO
CR
CR+PC
CR+CIP
MUR
MUR+CLBRS
MUR+CSBRS
MUR+MO
MUR+CB99
MUR+ST99
W
S

L99
LO
LN
LDUAL
LPB
LFM
LFBR
LH
LWAL

EW99
EWO
EWN
EW

F99
FO
FN
FC
FM
FW
FME

Process

Classification: Final Structural System Assignment GEM
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• Inference based Structural System assignment: 
- Structural Systems are assigned through judgement-based inferences 

based on the Structural Layout and building year with a function modifier. 
- For buildings assigned a UBHS Structural Layout, data-driven inferences are applied. 

• Inspection data Structural System assignment: 
- Assignment using full inspection data. 
- Assignment using partial inspection data. 

• Special geometry Structural System assignment.

Process

Classification: Structural System
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Classification: Final Structural System Assignment
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Creation of Expert Judgment inferences using: 
• Online surveys with Dutch Engineers and related evaluation workshops.
• Literature studies on Dutch Structural Systems.
• Investigation on changes in Dutch legislation.

Process

Classification: Determination of Structural System
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Classification: Structural System judgment based inferences
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Classification: Structural System data driven inferences
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Classification Check: Inspections vs Data driven comparison

0 1000 2000 3000 4000 5000 6000

MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FC

MUR+CLBRS/LWAL/MUR+CLBRS/LN/EW/FC

CR+PC/LWAL/CR+PC/LN/EW/FC

CR+CIP/LWAL/CR+CIP/LN/EW/FC

MUR+CLBRS/LWAL/MUR+CLBRS/LN/EW/FW

MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FW

W/LWAL/W/LN/EW/FW

MUR+CLBRS/LWAL/MUR+CLBRS/LN/EWN/FW

W/LWAL/W/LWAL/EW/FW

MUR+CSBRS/LWAL/MUR+CSBRS/LWAL/EW/FC

Other Combinations or incomplete data

Building Counts

St
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m
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Data-Driven Inference

TBDB
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Total amount of buildings with inspection: 26 847.

Process

Classification: Available Inspection Data
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MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FC – 65%
MUR+CSBRS/LWAL/MUR+CSBRS/LWAL/EW/FC – 11%
MUR+CLBRS/LWAL/MUR+CLBRS/LN/EW/FW – 10%

CR+CIP/LWAL/CR+CIP/LWAL/EWN/FC – 5%
CR+CIP/LWAL/CR+CIP/LN/EW/FC – 4%

MUR+CLBRS/LWAL/MUR+CLBRS/LWAL/EWN/FW – 2%
MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FC – 1%

CR+PC/LWAL/CR+PC/LN/EW/FC – 1%
W/LWAL/W/LWAL/EWN/FW – 1%

MUR+CSBRS / LWAL / MUR+CSBRS / LN/  / FC

MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FC – 100%
MUR+CSBRS/LWAL/MUR+CSBRS/LWAL/EW/FC – 0%

MUR+CLBRS/LWAL/MUR+CLBRS/LN/EW/FW – 0%
CR+CIP/LWAL/CR+CIP/LWAL/EWN/FC – 0%

CR+CIP/LWAL/CR+CIP/LN/EW/FC – 0%
MUR+CLBRS/LWAL/MUR+CLBRS/LWAL/EWN/FW – 0%

MUR+CSBRS/LWAL/MUR+CSBRS/LN/EW/FC – 0%
CR+PC/LWAL/CR+PC/LN/EW/FC – 0%

W/LWAL/W/LWAL/EWN/FW – 0%

Process

Classification: Example GEM Strings using Inspection Data
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We also have a number of buildings which have special / unique geometries.
The total amount of special geometries: 1031 buildings. 
Of the 1031 building, 149 or ~ 14% have addresses (i.e. may be populated). 

Process

Classification: Special Geometries
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Confidence 
coefficient Description

0
Assigned a Structural System only through its building year as no layout or 

function data was available. 

1
Assigned a Structural System through function related inferences. This occurs 

when data is missing for the building’s  Structural Layout.

2
Assigned a Structural System through Structural-Layout- based inferences. 

This occurs when data is missing for the building’s function.

3

Assigned a Structural System through Structural-Layout-based inferences and 

function related inferences, from data driven inferences or through special 

geometries.

4 Assigned a Structural System partially through inspection data. 

5 Assigned a full Structural System through inspection data.

Process

Classification: Confidence Flag
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WBA



37 Process



38 Process



39 Process



40 Process



3  // Results
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Results Geometric Layout
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Results Structural Layout
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Results Structural Layout



45 Results

Results Structural System
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0 10000 20000 30000 40000 50000 60000 70000 80000 90000

MUR+CSBRS

MUR+CLBRS

MUR+MO

MUR+CB99

W

S

CR+PC

CR+CIP

MAT99

MATO

MUR+CSBRS MUR+CLBRS MUR+MO MUR+CB99 W S CR+PC CR+CIP MAT99 MATO
building_year<1945 5292 41325 5 0 1340 749 57 234 11270 3
1945<=building_year<=1985 43088 19802 2 39 1139 3041 3224 6339 37101 20
building_year>1985 33717 1446 1 0 2478 4295 4111 2853 34199 6

Results Structural System

Results
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• Population data (NCG, November 2016): number of residents per BAG_VBO_ID
• School data (DUO, oktober 2016): number of pupils/students per educational institute
• Day Care data  (https://www.landelijkregisterkinderopvang.nl oktober 2016)
• Time use report ‘Met het oog op de tijd’ (Sociaal Cultureel Planbureau, 2013): specification how people in 

The Netherlands spend their time
• Footfall data for a selection of buildings (Tony Taig, October 2015): number of passers-by per 

BAG_BUILDING_ID, during day and night
• Calculation factor for runners-out (Tony Taig, February 2016): multiplication factor times people inside, 

during day and night 
• Mapping table (NAM, February 2016): identify buildings with guests/customers/patients (specified per 

Dataland object code).

Results

Population: Input Data
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Population
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Thank You



Experimental testing programme for URM materials characterisation at TU 
Delft 

 
Assurance meeting Hazard & Risk, Schiphol, 21-22 February 2018 

•  Samira Jafari, Rita Esposito, Jan Rots et al., TU Delft 

•  Collaboration with Beatriz Zapico-Blanco, Arup, and 
with EU Centre and TU/e 

 
 







4 Challenge the future 

Aim and scope 

•  To feed constitutive/computational masonry models in ELS 
and LS-Dyna with representative materials input 
parameters, so that – after validation against structural 
tests – the models can be projected towards H&R fragility 

•  Strength, stiffness and toughness (softening, complete 
stress-strain laws) 

•  Tension, shear and compression 

•  Orthotropy included 

•  Applicable to continua and discontinua 

•  Lab and in-situ 

•  Existing and replicated masonry 



(Indirect) tension 

Flexural and bond wrench tests 



Compression 



Shear 

Triplet tests 


𝐺↓𝑓
𝑠𝑖  



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings 

Source pie chart: TU Delft Open Course Ware, Introduction to Seismic Essentials in Groningen 
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Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings 

Current research project 
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Tested at TU/eLab inspection In-situ inspection

Overview of the houses tested in 2014-2017  

Type Code Y.o.C. Quality 
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Solid HOG-H1 1912 Poor - - - 1 - - 7 6 6 
Solid WIR-H1 1920 Good 3 2 - 3 3 9 6 6 12 
Solid MID-H1.1 1920 Good 3 - - - - 9 - - 6 
Solid MID-H1.2 1920 Good 3 - - - - 9 - - - 
Solid ROE-S1.1 1922 Good 5 - - - 3 9 6 6 6 
Solid ROE-S1.2 1922 Good - - - - 3 9 6 - 6 
Solid MOL-H1 1932 Poor 3 - - - - 9 - 5 6 
Solid MOL-H2 1932 Poor 3 - - - - 9 - - - 
Solid WIL-H2 1952 Good 3 6 - 3 3 9 6 - 6 
Solid ROE-S2 1955 Good 5 - - 3 3 9 6 - 6 
Solid BEA-S1 1955 Poor 5 - - 3 3 9 6 6 5 

Solid KWE-H2 1958 Good 4 - - 1 3 9 6 6 6 

Solid ROE-S3 1985 Good 2 - - 2 2 9 6 6 5 
Perforated TRIA-S2 1984 Poor 6 - 3 4 3 6 4 - - 

Solid ROE-S3-I 1988 Poor 4 - - 2 2 9 - - - 

Perforated TIL-H2 1990 Good - - 3 3 3 - 13 6 6 

perforated BEA-S2 2001 Good 8 - - 3 2 10 5 - 6 

Frogged HOO-H2 2013 Poor 5 - - - 2 9 3 6 6 

CS
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WIL-H1 1952 Poor 2 3 - - - 10 - 4 12 
BEA-H1 1958 Poor 2 2 - - - 9 2 6 12 
ZIJL-H1 1976 Poor 6 - 2 1 - 7 6 - 11 
LAG-H1 1978 Good 3 3 - - 2 9 5 6 12 
SCH-H1 1978 Good 5 - - - 3 9 2 6 6 
TRIA-S1 1984 Poor 5 - 1 - 3 6 8 - - 
TIL-H1 1990 Poor 3 3 - - - 5 - 6 6 
KWE-H1 1995 Poor - - - - - - - 6 6 

Tested at TU/eLab inspection In-situ inspection
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Type Code Y.o.C. Quality 

Compression Four-point-bending 

Shear 
Bond 
wrenc

h 

Brick 

Vert. Horiz. OOP1 OOP2 IP Comp
. 

Bendi
ng 

Cl
ay
	b
ric
k	
m
as
on

ry
 

Solid HOG-H1 1912 Poor - - - 1 - - 7 6 6 
Solid WIR-H1 1920 Good 3 2 - 3 3 9 6 6 12 
Solid MID-H1.1 1920 Good 3 - - - - 9 - - 6 
Solid MID-H1.2 1920 Good 3 - - - - 9 - - - 
Solid ROE-S1.1 1922 Good 5 - - - 3 9 6 6 6 
Solid ROE-S1.2 1922 Good - - - - 3 9 6 - 6 
Solid MOL-H1 1932 Poor 3 - - - - 9 - 5 6 
Solid MOL-H2 1932 Poor 3 - - - - 9 - - - 
Solid WIL-H2 1952 Good 3 6 - 3 3 9 6 - 6 
Solid ROE-S2 1955 Good 5 - - 3 3 9 6 - 6 
Solid BEA-S1 1955 Poor 5 - - 3 3 9 6 6 5 

Solid KWE-H2 1958 Good 4 - - 1 3 9 6 6 6 

Solid ROE-S3 1985 Good 2 - - 2 2 9 6 6 5 
Perforated TRIA-S2 1984 Poor 6 - 3 4 3 6 4 - - 

Solid ROE-S3-I 1988 Poor 4 - - 2 2 9 - - - 

Perforated TIL-H2 1990 Good - - 3 3 3 - 13 6 6 

perforated BEA-S2 2001 Good 8 - - 3 2 10 5 - 6 

Frogged HOO-H2 2013 Poor 5 - - - 2 9 3 6 6 

CS
	b
ric
k	
m
as
on

ry
 

WIL-H1 1952 Poor 2 3 - - - 10 - 4 12 
BEA-H1 1958 Poor 2 2 - - - 9 2 6 12 
ZIJL-H1 1976 Poor 6 - 2 1 - 7 6 - 11 
LAG-H1 1978 Good 3 3 - - 2 9 5 6 12 
SCH-H1 1978 Good 5 - - - 3 9 2 6 6 
TRIA-S1 1984 Poor 5 - 1 - 3 6 8 - - 
TIL-H1 1990 Poor 3 3 - - - 5 - 6 6 
KWE-H1 1995 Poor - - - - - - - 6 6 

Tested at TU/eLab inspection In-situ inspection

Overview of the houses tested in 2014/2017  

Tested at TU/eLab inspection In-situ inspection
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Type Code Y.o.C. Quality 
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Type Code Y.o.C. Quality 
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ZIJL-H1 1976 Poor 6 - 2 1 - 7 6 - 11 
LAG-H1 1978 Good 3 3 - - 2 9 5 6 12 
SCH-H1 1978 Good 5 - - - 3 9 2 6 6 
TRIA-S1 1984 Poor 5 - 1 - 3 6 8 - - 
TIL-H1 1990 Poor 3 3 - - - 5 - 6 6 
KWE-H1 1995 Poor - - - - - - - 6 6 

Overview of the houses tested in 2014/2017  

Tested at TU/eLab inspection In-situ inspection

Good quality 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

Concrete outcomes of material tests 
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Overview test results 
Compared with mean values tabulated in NEN-NPR 9998:2017  

Material properties of 
Clay brick masonry 
 

Unit 

Clay masonry pre 1945 Clay masonry post 1945 

All Poor 
quality 

Good 
quality 

NPR 
2017 

All Poor 
quality 

Good 
quality 

NPR 
2017 

Compressive strength 
of masonry in the 

Vertical MPa 10 4 12 
8.50 

15 11 20 
10.00 

Horizontal MPa 11 - 11 11 - 11 

Elastic chord modulus 
of masonry 

Vertical GPa 5 3 8 
5.00 

8 5 10 
6.00 

Horizontal GPa 9 - 9 5 - 5 
Fracture energy in 
compression 

Vertical N/mm 12 8 19 
20.00 

21 15 26 
15.00 

Horizontal N/mm 31 - 31 32 - 32 
Masonry bending strength with the 
moment vector parallel to the bed 
joints and in the plane of the wall 

MPa - - - 0.15 0.43 0.33 0.52 0.3 

Masonry bending strength with the 
moment vector orthogonal to the bed 
joint and in the plane of the wall 

MPa 0.62 0.41 0.83 0.55 1.18 1.01 1.24 0.85 

Masonry (bed joint) initial shear 
strength MPa 0.31 0.21 0.34 0.30 0.47 0.39 0.53 0.40 

Masonry (bed joint) shear friction 
coefficient - 0.80 0.59 0.90 0.75 0.76 0.71 0.79 0.75 
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Overview test results 
Compared with mean values tabulated in NEN-NPR 9998:2017  

Material properties of 
CS brick masonry 
 

Unit 
CS brick masonry pre 1985 

CS element  masonry post 
1985 

All Poor 
quality 

Good 
quality 

NPR 
2017 

All Poor 
quality 

Good 
quality 

NPR 
2017 

Compressive strength 
of masonry in the 

Vertical MPa 9 8 14 
7.0 

13.93 - 13.93 
10.00 

Horizontal MPa 7 6 7 9.42 - 9.42 

Elastic chord modulus 
of masonry 

Vertical GPa 7 6 9 
4.00 

8313 - 8313 
7.50 

Horizontal GPa 4 5 3 7701 - 7701 
Fracture energy in 
compression 

Vertical N/mm 18 14 25 
15.00 

20.9 - 20.9 
20.00 

Horizontal N/mm 18 18 19 12.8 - 12.8 
Masonry bending strength with the 
moment vector parallel to the bed 
joints and in the plane of the wall 

MPa 0.13 0.13 - 0.15 0.58 - 0.58 0.6 

Masonry bending strength with the 
moment vector orthogonal to the bed 
joint and in the plane of the wall 

MPa 0.59 0.59 - 0.55 0.73 - 0.73 1.0 

Masonry (bed joint) initial shear 
strength MPa 0.26 0.28 0.28 0.25 0.83 - 0.83 0.80 

Masonry (bed joint) shear friction 
coefficient - 0.79 0.77 0.82 0.60 1.48 - 1.48 0.80 

Replicated masonry 
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Overview test results 
Compared with mean values tabulated in NEN-NPR 9998:2017  

Material properties of 
CS brick masonry 
 

Unit 
CS brick masonry pre 1985 

CS element  masonry post 
1985 

All Poor 
quality 

Good 
quality 

NPR 
2017 

All Poor 
quality 

Good 
quality 

NPR 
2017 

Compressive strength 
of masonry in the 

Vertical MPa 9 8 14 
7.0 

13.93 - 13.93 
10.00 

Horizontal MPa 7 6 7 9.42 - 9.42 

Elastic chord modulus 
of masonry 

Vertical GPa 7 6 9 
4.00 

8313 - 8313 
7.50 

Horizontal GPa 4 5 3 7701 - 7701 
Fracture energy in 
compression 

Vertical N/mm 18 14 25 
15.00 

20.9 - 20.9 
20.00 

Horizontal N/mm 18 18 19 12.8 - 12.8 
Masonry bending strength with the 
moment vector parallel to the bed 
joints and in the plane of the wall 

MPa 0.13 0.13 - 0.15 0.58 - 0.58 0.6 

Masonry bending strength with the 
moment vector orthogonal to the bed 
joint and in the plane of the wall 

MPa 0.59 0.59 - 0.55 0.73 - 0.73 1.0 

Masonry (bed joint) initial shear 
strength MPa 0.26 0.28 0.28 0.25 0.83 - 0.83 0.80 

Masonry (bed joint) shear friction 
coefficient - 0.79 0.77 0.82 0.60 1.48 - 1.48 0.80 

Replicated masonry 
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Average=11.86	

Example: indication of distribution,                            
compressive strength clay brick masonry 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

•  Compressive strength 
•  Young’s modulus 
•  Shear modulus 
•  Fracture energy in compression 

Concrete outcomes of material tests Details compressive tests 
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Horizontal compression test Vertical compression test 
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Overview of experiments as input to the seismic assessment & upgrading of URM buildings Horizontal compression test - Replicated masonry 2014-2017 
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Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings Estimation of the Young’s modulus 

• E1 is the secant elastic modulus evaluated at 1/3 of the maximum stress; 
• E2 is the secant elastic modulus evaluated at 1/10 of the maximum stress; 
• E3 is the chord elastic modulus evaluated between 1/10 and 1/3 of the 

maximum stress. 
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G f-c 
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1. Defining the load increment 2. Finding the corresponding values of stress  3. Finding the mean values 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02

N
or

m
al

 st
re

ss
 [M

Pa
]

Normal Strain [-]

CS brick masonry - Vertical Compression 

Experimental
Peak Stress

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02

N
or

m
al

 st
re

ss
 [M

Pa
]

Normal Strain [-]

CS brick masonry - Vertical Compression 

Experimental

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02

N
or

m
al

 st
re

ss
 [M

Pa
]

Normal Strain [-]

CS brick masonry - Vertical Compression 

Experimental
Mean
Mean+STD
Mean-STD



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings Histogram representation of compressive strength 

0	

0.5	

1	

1.5	

2	

2.5	

3	

3.5	

4	

4.5	

5	

[0
-2
]	

[2
-4
]	

[4
-6
]	

[6
-8
]	

[8
-1
0]
	

[1
0-
12
]	

[1
2-
14
]	

[1
4-
16
]	

[1
6-
18
]	

[1
8-
20
]	

[2
0-
22
]	

[2
2-
24
]	

[2
4-
26
]	

[2
6-
28
]	

[2
8-
30
]	

[3
0-
32
]	

[3
2-
34
]	w
ei
gh
te
d	
su
m
	o
f	s
pe

ci
m
en

s'	
nu

m
be

r	

Compressive	strength	(MPa)	

Overview	of	ver^cal	compressive	strength	of	clay	masonry	
from	48	objects	

Average=10.8			[Before	1945]	

Average=14.3					[A`er	1945]	



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings Histogram representation of compressive strength 

0	

0.5	

1	

1.5	

2	

2.5	

[0
-2
]	

[2
-4
]	

[4
-6
]	

[6
-8
]	

[8
-1
0]
	

[1
0-
12
]	

[1
2-
14
]	

[1
4-
16
]	

[1
6-
18
]	

[1
8-
20
]	

[2
0-
22
]	

[2
2-
24
]	

[2
4-
26
]	

[2
6-
28
]	

[2
8-
30
]	

[3
0-
32
]	

[3
2-
34
]	

w
ei
gh
te
d	
su
m
	o
f	s
pe

ci
m
en

s'	
nu

m
be

r	

Compressive	strength	(MPa)	

Overview	of	ver^cal	compressive	strength	of	clay	masonry	
from	16	objects	

Average=10.8		[Before	1945]	

Average=14.8				[A`er	1945]	



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings 

y = 492x
R² = 0.42
y = 494x

R² = -0.41
y = 480x
R² = 0.690

2000

4000

6000

8000

10000

12000

14000

16000

0 10 20 30
Ch

or
d 

Yo
un

g’
s m

od
ul

us
 (M

Pa
)

Mean compressive strength (MPa)

Correlation between f'm and E3
Clay brick masonry

Linear (All)

Linear (Good)

Linear (Poor)

y = 571x
R² = 0.09
y = 566 x
R² = -1.2
y = 606 x
R² = 0.380

2000

4000

6000

8000

10000

12000

14000

16000

0 10 20 30

Ch
or

d 
Yo

un
g’

s m
od

ul
us

 (M
Pa

)

Characteristic compressive strength (MPa)

Correlation between f'm,k and E3
Clay brick masonry

Linear (All)

Linear (Good)

Linear (Poor)

Correlations between compression properties 

E = 600 fk                                       
fk= 1.645 fm - σ 



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings 

Masonry type  f'm,v/ f'm,h   E3,v/ E3,h   Gf-c,v/ Gf-c,h 

Clay 
brick 
masonry 

Existing <1945 1.33 - - 
1945> 1.87 2.26 0.60 

Replicated 
Perforated 1.97 1.74 1.50 
Solid-single wythe 1.07 1.43 0.81 
Solid-double wythe 1.17 0.69 1.20 

Orthotropic behaviour in compression  

Perforated brick 

Frogged brick 

Solid brick 

Single and 
 double wythe 
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Masonry type  f'm,v/ f'm,h   E3,v/ E3,h   Gf-c,v/ Gf-c,h 

CS 
masonry 

Existing-  
Brick masonry 

<1985 1.53 1.62 1.26 
1985> 1.17 1.28 0.58 

Replicated Brick masonry 0.78 1.32 0.73 
Element masonry 1.48 1.08 1.63 

CS brick masonry CS element masonry 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

Details tensile (bending) tests 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

•  Bending strength for plane of failure parallel to the bed joints 
•  Bending strength for plane of failure perpendicular to the bed joints 
•  Uniaxial tensile strength parallel to the bed joints 
•  Uniaxial tensile strength perpendicular to the bed joints 
•  Fracture energy in tension parallel to the bed joints 
•  Fracture energy in tension perpendicular to the bed joints 

Tensile behaviour 



Rita Esposito & Francesco Messali 
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Tensile behaviour 
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Tensile behaviour 
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d
1 

Orthotropic behaviour in bending 

Masonry type 

Orthogonality ratio 
in bending 

fx1 fx2 fx2/ fx1 
MPa MPa - 

CS 
masonry 
 

Existing 
(brick) 

<1985 0.13 0.59 4.2 
1985> - - - 

Replicated Brick masonry 0.21 0.76 3.6 
Element masonry 0.58 0.73 1.3 

NPR 2017 CS brick 0.15 0.55 3.7 
CS element 0.60 1.0 1.7 

CS brick masonry CS element masonry 
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d
1 

Orthotropic behaviour in bending 

Masonry type 

Orthogonality ratio 
in bending 

fx1 fx2 fx2/ fx1 
MPa MPa - 

Clay brick 
masonry 

Existing <1945 - 0.62 - 
>1945 0.43 1.18 2.9 

Replicate
d 

Perforated 0.40 1.12 2.8 
Solid-single wythe 0.16 0.65 4.1 
Solid-double wythe 0.14 0.41 2.9 

NPR 
2017 

<1945 0.15 0.55 3.7 
>1945 0.30 0.85 2.8 

Single and 
 double wythe 

Perforated brick 

Frogged brick 

Solid brick 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

Details shear tests 
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Compressive behaviour 

Tensile behaviour 

Shear behaviour 

•  Initial bed joint shear strength 
•  Bed joint shear friction coefficient 
•  Fracture energy in shear (bed joint) 

Shear tests for different confinement 
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Masonry type fv0 µ 
MPa - 

CS 
masonry 

Existing 
(brick) 

<1985 0.28 0.79 
1985> 0.11 0.70 

Replicated Brick masonry 0.14 0.48 
Element masonry* 0.83 1.48 

NPR 2015 CS brick 0.25 0.60 
CS element 0.80 0.80 
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Masonry type fv0 µ 
MPa - 

Clay 
masonry 

Existing 
(brick) 

<1945 0.30 0.80 
1945> 0.47 0.76 

Replicated 
Perforated 0.15 0.48 
Solid-single wythe* 0.20 0.69 Solid-double wythe* 

NPR 2015 <1945 0.30 0.75 
>1945 0.40 0.75 
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d
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Correlation between cohesion and bond flexural strength 
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In-situ investigations 2015, E-modulus correlation,      
double-flat jack tests and lab compression tests 
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Weak correlation between DT and SDT 
Further research is ongoing 

In-situ investigations 2015, cohesion correlation,             
shove tests and triplet tests 
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Overview of experiments as input to the seismic assessment & upgrading of URM buildings New slightly destructive test method: tests on cores 
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Replicated clay brick  masonry 



59 Challenge the future 



60 Challenge the future 



Rita Esposito & Francesco Messali 
Overview of experiments as input to the seismic assessment & upgrading of URM buildings Further research 

 

 

 
 

Thank you for your attention 
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•  Flexural strength 
•  Elastic modulus 
•  Stress-strain 

relationship in 
bending  

•  Compressive 
strength 

•  Stress-strain 
relationship in 
compression 

•  Young’s modulus  
•  Stress-strain 

relationship in 
compression 

Current research project Properties of masonry unit 
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•  Flexural strength •  Compressive 
strength 

•  Young’s modulus  
•  Stress-strain 

relationship in 
compression 

Properties of mortar 
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Destructive test Non-destructive test Slightly-destructive test 

Characterising the material behaviour of existing masonry 
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Destructive test Non-destructive test Slightly-destructive test 

• Single flat jack test 
• Double flat jack test 
• Shove test 

 

• Directly providing 
properties 

• Invasive 
• Costly 
• Technical challenges 
 

 

• Slightly destructive 
• Reliability method 
• Skilled technician 
• Accurate acquisition 
system 

 

• Non-destructive 
• Technically efficient 
• Reliability method 

 

• Rebound hammer on 
brick 

• Rebound hammer on 
mortar 

• Ultrasonic tests on 
masonry/brick 

 

• Compression tests in two 
orthogonal directions 

• Out-of-plane bending 
tests in two orthogonal 
directions 

• In-plane bending test 
• Bond wrench test 
• Shear-compression test 

 

Characterising the material behaviour of existing masonry 





Experimental Testing Programme for URM 

Components and Structures at 
EUCENTRE and LNEC

Assurance Meeting on Exposure, Fragility and Fatality Models 

for the Groningen Building Stock

21-22 February 2018, Schiphol Airport, Amsterdam



NAM’s seismic risk model for the Groningen Field

Fragility 
Curves* * *

Seismicity 
Model

GMPE
Exposure 

Model

Number, 
magnitude, 

mechanism and 
location of 

earthquakes

Log-normal 
distribution of PGA 
values for a given 

earthquake

Location and 
classification of 
buildings in and 
around the gas 

field

Probability, for  each 
building class, 

reaching a damage 
state DSi as a 

function of seismic 
shaking

Risk/Scenario 
Analysis*

Probability of 
reaching a loss SLi

as a function of DS

Seismic Hazard

Building Risk

Injury or Loss Risk

(courtesy of Stephen Bourne)

EUCENTRE’s 
involvement



Use/ 
development/

improvement of 

NUMERICAL 
MODELS

EXPERIMENTAL 
TESTING
• on original in-situ 

URM (material
properties)

• on replicated URM 
(large scale testing)

CROSS VALIDATIONS

• Numerical vs numerical
• Numerical vs experimental



Full scale 

dynamic

shaking table

tests on 

buildings

•Mechanical properties of 

materials (components and 

assemblage of components)

•In-plane behaviour

on masonry

structural elements

• Numerical modelling

•Out-of-plane behaviour of 

structural elements

• Mechanical

behaviour of 

connections (floor-to-

wall, wall-to-wall…)

•Structural layout 

(geometry, floor and 

roof typology…)

Research  on the seismic behaviour of URM buildings



Project aiming at assessing the vulnerability of 

Groningen buildings subjected to induced seismicity.

Experimental campaign:

 Characterization tests on materials, components and 

small assemblages (laboratory & in-situ);

 8 In-Plane cyclic tests;

 9 OOP shaking table tests on full-scale URM piers;

 3 shaking table tests on full-scale URM buildings;

 1 collapse test of a roof structure.

The experimental campaign



Material Characterization

Laboratory and In-situ



Complementary Laboratory Tests

All campaigns accompanied by complementary material characterization tests:

 Units:

 Compression;

 Flexural Tension.

 Mortar:

 Compression;

 Flexural Tension.

 Masonry (assemblages):

 Compression;

 OOP flexural strength;

 Bond strength;

 Direct shear strength;

 Torsional.



Laboratory Tests

Torsional Shear Test



In-situ Tests

TYPICAL URM TERRACED HOUSES

In-situ characterization of materials and portion of 

URM, by means of mildly invasive tests:

Single Flatjack

Test

Compressive 

stress state

Double Flatjack

Test

Masonry Elastic 

Modulus

Shove

Test

Shear  Strength at 

brick/mortar interface



Rebound Hammer Test 

&

Penetrometric Test on Mortar

Indications on the quality of the 

bricks and mortar

Ultrasonic Test

Indications on the quality of the 

bricks and the masonry

In-situ Tests



Dynamic Identification

Dynamic properties of the 

building unit

Thermography

&

Video Endoscopy

To better understand the 

geometry, the discontinuities 

and the position of steel ties

In-situ Tests

In situ mechanical properties database



Structural Component Tests 

In-plane Cyclic Tests

Calcium Silicate and Clay



2 Slender Piers

Double Fixed:

EC_COMP_1

σv = 0.52 MPa

EC_COMP_2

σv = 0.70 MPa

In-plane Tests - Calcium Silicate

1110
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7
0
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4500
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4
0
0

102
2

7
0
6

450

4022

4
0
0

2200

1200

1200

4400

2000

1 Pier

Cantilever:

EC_COMP_3

σv = 0.30 MPa



Test Set-up



EC_COMP_2

EC_COMP_1

First cracking 

0.20% of drift

Failure

2% of drift

Failure Mechanisms

Failure

0.25% of drift



EC_COMP_3

First cracking 0.05% of drift Failure 0.30% of drift

Failure Mechanisms



In-plane Tests - Clay

3 Slender Piers Double Fixed:

 EC_COMP_1, σv = 0.52 MPa;

 EC_COMP_2, σv = 1.2 MPa;

 EC_COMP_3, σv = 0.86 MPa.

2 Squat Piers Double Fixed:

 EC_COMP_4, σv = 0.3 MPa;

 EC_COMP_5, σv = 0.3 MPa.

Built with the Dutch cross

brickwork bond

1.2 m 2.74 m

2.71 m



EC_COMP_1 (0.5 MPa)

 Pure rocking response;

 First crack for 0.2% 

wall-drift ratio;

 Ultimate drift capacity 

of 3%;

 No shear damage.

Failure Mechanisms



EC_COMP_2 (1.2 MPa) EC_COMP_3 (0.86 MPa)

 Hybrid rocking-shear 

behavior;

 First flexural cracks for 

0.2% drift ratio;

 Toe crushing at 0.5%;

 Shear damage at 1% 

(diagonal crack at 45°);

 Ultimate drift of 1.25%.

 Hybrid rocking-shear 

behavior;

 First flexural cracks 

for 0.15% drift ratio;

 Shear damage at 1%;

 Ultimate drift of 1.25% 

(unable to sustain any 

vertical loads).

Failure Mechanisms



EC_COMP_5 (0.3 MPa)

EC_COMP_4 (0.3 MPa)

 First flexural crack at drift 

ratio 0.02%;

 First diagonal shear 

crack at 0.05%;

 Ultimate drift of 0.32% 

with typical shear 

damage.

 First shear crack at 0.05% 

due to sliding;

 Ultimate drift of 1.5% with 

typical shear failure and 

partial collapse.

Failure Mechanisms



Identification of the 

Local Damage Levels 

(LDLs)

 ϑCR: first visible crack (structural crack, no plaster’s crack)

 ϑVmax: maximum value of lateral strength

 ϑU: strength degradation equal to 20%

ϑNC: end of the test (before the collapse of the specimen)

ϑCR ϑNCϑNC

ϑVMAX

ϑUϑU

EC COMP2_4 – Clay
h=2.71m, L=2.74m, t=0.208 m, σv=0.3MPa, double fixed

ϑCR

ϑNC

ϑVMAX

ϑU



Summary of the LDLs in 

relation to the failure modes

 ϑCR: first visible crack (structural crack, no plaster’s crack)

 ϑVmax: maximum value of lateral strength

 ϑU: strength degradation equal to 20%

ϑNC: end of the test (before the collapse of the specimen)



Summary of the LDLs

ϑCR ϑU

ϑVMAX ϑNC



Out-of-plane Shaking Table Tests

One-Way and Two-Way Bending



Out-of-Plane Failures

Cavity wall buildings could be particularly vulnerable: 

 High slenderness of the masonry leaves;

 Possible inefficiency of the anchoring system (deteriorated and too widely spaced);

 Low level of acting axial load;

 Lack of wall to floor and wall to roof connection.

 

    

      

 

One-way Bending Two-way Bending Top portion Cantilever 
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OOP One-way Bending

Incremental dynamic tests on full-scale specimens:

 2 CS single leaf walls;

 3 cavity walls: two (2 ties/m2) and one (4 ties/m2).



Uni-directional shaking table test inducing pure OOP one-way bending action in specimens:

 Inner leaf loaded through the top steel beam pulled down by means of steel rods in series 

with a spring system;

 Mechanical braces transferring the dynamic input and allowing the wall uplift;

 Adjustable safety system to prevent the specimen collapse.

Test Set-up



Instrumentation

 Accelerometers;

 Potentiometers;

 Wire Potentiometers.

CS Leaf

Loaded

Clay Leaf

Unloaded



Input Signals



Failure Mechanisms

CAV_03_02 CAV_01_04CAV_01_02

CAV_03_02 CAV_01_04CAV_01_02SIN_03_00 / SIN_01_00

CAV_03_02 CAV_01_04CAV_01_02

CAV_03_02 CAV_01_04CAV_01_02SIN_03_00 / SIN_01_00

CAV_03_02 CAV_01_04CAV_01_02

CAV_03_02 CAV_01_04CAV_01_02SIN_03_00 / SIN_01_00

CAV_03_02 CAV_01_04CAV_01_02

CAV_03_02 CAV_01_04CAV_01_02SIN_03_00 / SIN_01_00

RWA

(0.5 g)

Gr-2

(0.7 g)

CAVITY 0.1 MPa

4 ties/m2

SINGLE LEAF

0.1 and 0.3 MPa

CAVITY 

0.1 MPa, 4 ties/m2

CAVITY 

0.3 MPa, 2 ties/m2

CAVITY

0.1 Mpa, 2 ties/m2



Force - Displacement

CAVITY 0.1 MPa, 2 ties/m2 CAVITY 0.1 MPa, 4 ties/m2 CAVITY 0.3 MPa, 2 ties/m2

SINGLE LEAF, 0.3 MPa SINGLE LEAF, 0.1 MPa



Incremental dynamic tests on full-scale specimens:

 3 CS single leaf U-shaped walls;

 1 Clay single leaf U-shaped wall;

 1 Cavity U-shaped wall (2 ties/m2).

OOP Two-way Bending

CS 

FIXED ON TOP

σv = 0.05 MPa

CS 

FREE ON TOP

CS 

WINDOW

FREE ON TOP

CLAY 

FREE ON TOP

CAVITY

FREE ON TOP

Boundary Conditions

4
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1101

2
7

5
4



Masonry Behaviour

Clay: Stepped cracks

Calcium Silicate: Line cracks

Out-of-plane Flexural Strength Test



Uni-directional shaking table test inducing pure OOP two-way bending action in specimens:

 Adapted version of one-way bending set-up;

 Return walls;

 Spring system;

 Top beam: fixed and free.

Test Set-up



Instrumentation

Accelerations and displacements

 Accelerometers;

 Potentiometers;

 Wire Potentiometers;

 Optical acquisition.



Input Signals



CS

FIXED ON TOP

σv = 0.05 MPa

CS

WINDOW

FREE ON TOP

Failure Mechanisms

SSW 300%

(1.42 g)

FEQ2-DS4 200%

(0.62 g)

CS

FREE ON TOP



CLAY

FREE ON TOP

CAVITY

FREE ON TOP

(CS)

CAVITY

FREE ON TOP

(CLAY)

Failure Mechanisms

FEQ2-DS4 500%

(1.71 g)



Incremental Dynamic Response

 Relatively brittle behavior, if compared to quasi-static tests in literature;

 Higher vulnerability for longer duration motions.



Force - Displacement

Willis 2004

Griffith & Vaculik 2007



On going investigations: 

 Parametric studies on torsional shear strength of masonry.

 Correlation with other standardized characterisation tests?

Analytical Treatment

 VG, mVG: both use mechanical model developed in Willis 2004, Vaculik 2007;

 mVG: different only in terms of tu (tu=ttor i.e. experimentally obtained results);

 AS 3700: Empirical model.

Very good agreement with shake table results.

CSW-000-RF

CSW-000-RF*



Torsional tests
Line 

Cracks

Stepped

Cracks

Diagonal

Cracks

Higher values than Willis, 2004
CS fmt ≈ 1 MPa

Clay fmt ≈ 0.4 MPa



Full-Scale Buildings
EUC_Build 1 - 2

LNEC_Build 1 - 2 - 3 



EUC_Build1

280282

568
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280 282
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1

512 512

280 282

568

88
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280282
76

1

512512

FULL-SCALE CAVITY-WALL BUILDING



Construction Phases

Walls of first storey Laying of the R.C. slab above the first storey

South side East and West side



Construction Phases

Veneer and Timber Roof

East and West side



Accelerometers:

 Mono-directional;

 Bi-directional;

 Tri-directional.

Instrumentation



Traditional and Wire Potentiometers:

 Floor displacements and rotations;

 OOP wall displacements.

Instrumentation



3D Optical Acquisition

Instrumentation



Input Signals



EQ2-200% (0.305 g)

4 views 1 view

Deformed Shapes



Failure Mechanisms



Failure Mechanisms



Failure Mechanisms



Force - Displacement



 

 

    

    

 

	

 Envelope curve

 Damage accumulation

 Finite number of test

Identification of Performance Limits

 

 

    

    

 

	

 DS1, no structural damage;

 DS2, minor structural damage;

 DS3, moderate structural damage;

 DS4, heavy structural damage;

 DS5, very heavy structural damage with 

partial or total collapse.



Evolution of the Building Performance
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Moderate damaged structure DS3
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LNEC_Build1
FULL-SCALE CAVITY BUILDING

Equal to the 1st floor of

EUC_Build1 



Instrumentation

Traditional and Wire Potentiometers Accelerometers



Input Signals

Horizontal Vertical



Failure Mechanisms

External 

Clay brick 

masonry



FEQ2-300% (0.630g): Collapse Mechanism

Failure Mechanisms

Inside

Outside



Failure Mechanisms

Partial Collapse in Two-way Bending

FEQ2-300% ( H-PTA = 0.495 g, V-PTA = 0.234 g)

First negative response peak Positive response peak Triggering of the failure 

mechanism



Failure Mechanisms
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Force - Displacement
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Damage States
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Qualitative definition of damage states (DS):

 DS0, no damage;

 DS1, no structural damage;

 DS2, minor structural damage;

 DS3, moderate structural damage;

 DS4, heavy structural damage;

 DS5, very heavy structural damage with 

partial or total collapse.



Performance Levels
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DS0 DS1

DS2

DS3 DS4 DS5

Damage limits were associated 

to quantitative EDPs defined in 

each sub-system and the overall 

building:

 Accelerations;

 Displacements/drift

(peak and residual).



LNEC_Build2

One gable made with CS single leaf (plastered) and the other made with cavity wall. 

ROOF SUBSTRUCTURE

Equal to the roof

of EUC_Build1 



Failure Mechanisms

Gable - CS Gable - Clay

FEQ2-600% (1.138 g): Collapse Mechanism



Pushover Tests



EUC_Build2

 Nearly 50% of URM building stock; date back to before World War II;

 No seismic design or detailing; limited available information on the seismic performance;

 Irregular plan configurations; wide openings; flexible floors; and steep pitched roofs.

FULL-SCALE PRE 1940s DETACHED HOUSE



West South NorthEast

Specimen overview:

 Dimensions: 5.8 x 5.3 x 6.2 m;

 Weight: 33 t;

 Double-wythe solid clay-brick walls, 

200-mm thick;

 1 story (2.9 m) plus an attic (3.3 m), 

large asymmetrical openings, 

reentrant corners;

 Flexible timber diaphragms.

EUC_Build2



Construction Details

 Contractors from the Groningen area;

 Materials shipped from the Netherlands;

 The Dutch cross brickwork bond was 

adopted;

 208×100×50 mm solid clay bricks;

 10-mm-thick fully mortared head and bed 

joints;

 Lintels above all openings.

timber beam (below the 

interior masonry wythe)

300-mm-deep brick flat 

arch (below the exterior wythe)

The Dutch cross bond



Floor Diaphragm

Connection 

between every 

other diaphragm 

joist and 

longitudinal walls

Connection 

between 

diaphragm end 

joists and 

transverse walls

Flexible timber diaphragm:

 spruce timber floorboards;

 timber joists.

Steel ties between walls and 

diaphragm

Construction Details



Pitched Roof

 Timber roof supported on 

trusses resting on longitudinal 

walls;

 Gables unloaded, not 

intentionally restrained against 

overturning.

+290

[units of cm]

Roof trusses spanning 

between the E and 

outermost W wall

Roof trusses spanning 

between the E and 

reentrant W wall

Construction Details

Construction

Timelapse

(Duration: 4 weeks)



Instrumentation

 Accelerometers;

 Potentiometers;

 3D optical acquisition system.



Input Signals

2 realistic seismic scenarios for the Groningen region:

 SC1: scenario #1, comparable to the 2012 Huizinge event

5-75% significant duration = 0.39 s, PGA = 0.096 g;

 SC2: scenario #2, maximum expected event

5-75% significant duration = 1.73 s, PGA = 0.155 g.



Hysteretic Response and Deformed Shapes

SC2 - 400%

(0.68g)



Damage Observation

a

b c
d

e f

g
h

j
i

 Slender piers (West and East walls): flexural cracks at both ends (a, b);

 Squat pier (East wall): flexural cracks at base and sliding (c);

 Lintels: diffuse cracks and block de-cohesion (d);

 North gable: horizontal crack above openings, residual sliding, and block de-cohesion due 

to out-of-plane response (e);

 South gable: horizontal cracks at base due to overturning (f);

 Transverse walls: X cracks due to steel ties restraining out-of-plane mech. (g, h);

 Participation of longitudinal walls to transverse walls out-of-plane mech.(i, j).



Failure Mechanisms

South-East view

North-West view



Damage States

Qualitative definition of damage states (DS):

 DS1, no structural damage;

 DS2, minor structural damage;

 DS3, moderate structural damage;

 DS4, heavy structural damage;

 DS5, very heavy structural damage with 

partial or total collapse.

Three sub-systems:

 Gables-roof 

assembly;

 East wall;

 West wall.



Performance Levels

Damage limits were associated 

to quantitative EDPs defined in 

each sub-system and the overall 

building:

 Accelerations;

 Displacements/drift

(peak and residual).



Critical Remarks

 Incremental dynamic excitations, with input representative of induced seismicity scenarios 

for the Groningen region in the Netherlands:

 no structural damage for input comparable to the 2012 event (PGA ≈ 0.1 g);

 the building suffered only minor damage up to PGA of 0.23 g;

 reached its near-collapse state at a PGA of 0.68 g.

 Gable walls are the most vulnerable components of this type of structures: 

 out-of-plane overturning;

 significant residual dislocation of the North half-hipped gable.

 The two longitudinal façades exhibited different vulnerabilities and independent response 

due to the flexible floor diaphragm.



Full-scale Buildings Comparison

EUC_Build1

LNEC_Build1

EUC_Build2

DL0 DL1 DL2 DL3 DL4 DL5

No Damage

No 

Structural 

Damage

Minor 

Structural 

Damage

Moderate 

Structural 

Damage

Extensive 

Structural 

Damage

Collape

θ [%] - 0.07 0.12 0.34 0.88 -

PGV [mm/s] - 77 123 164 218 -

PGA [g] - 0.137 0.170 0.243 0.307 -

θ [%] 0.04 0.11 0.13 0.30 0.60 4.43

PTV [mm/s] 33 86 141 200 272 419

Est. PGV [mm/s] 31 77 123 164 218 327

PTA [g] 0.056 0.170 0.270 0.276 0.330 0.490

Est. PGA [g] 0.050 0.137 0.170 0.243 0.307 0.460

θ [%] - 0.01 0.04 0.25 0.94 -

PGV [mm/s] - 110 297 346 444 -

PGA [g] - 0.140 0.392 0.500 0.942 -



The prototype incorporates two additional distinctive features:

 An internal wall; 

 Two slender chimneys.

LNEC_Build3

UNDER CONSTRUCTION

TYPICAL DETACHED HOUSE OF THE GRONINGEN REGION (LOPPERSUM)



Numerical Model

LNEC_Build3







EUC_Build6

2018
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Seismic behaviour of ‘light-retrofitted’ terrace house
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for the Groningen Building Stock 

 
21-22 February 2018, Schiphol Airport, Amsterdam 

Experimental testing programme for RC 
structures at Eucentre 



-  The	decision	on	next	structures	to	be	tested	should	
not	just	consider	buildings	with	highest	building	count/
occupancy,	but	also	what	one	suspects	to	be	the	most	
fragile	building	typology	(because	ILPR	is	principal	risk	
metric)	

-  Focus	thus	further	on	most	fragile	building	typologies	
(URM,	RC	precast	and	tunnel-form	cast-in-place)	and	
their	details/connecGons	

-  Check	modelled	ulGmate	capaciGes	against	test	data	
(including	under-reinforced	RC	walls)	

Feedback	from	past	review	exercises:	



Cast-in-place	RC	structures		

(tunnelbouw)	



Cast-in-place	RC	structures	



Cast-in-place	RC	structures		



Cast-in-place	RC	test	specimen	



Cast-in-place	test	specimen:	construcGon	



Cast-in-place	test	specimen:	construcGon	



Cast-in-place	test	specimen:	construcGon	



Cast-in-place	test	specimen:	instrumentaGon	
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Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	specimen:	tesGng	(longitudinal)	



Cast-in-place	test	specimen:	test	results	
(longitudinal	direcGon)		



Cast-in-place	specimen:	tesGng	(transverse)	



Cast-in-place	test	specimen:	test	results	
(transverse	direcGon)		



Precast	RC	structures	



Precast	RC	structures	



Precast	RC	structures	



Precast	RC	structures	



Precast	RC	structures:	connecGons	details	



Precast	RC	test	specimens	



Precast	test	specimens:	construcGon	



Precast	test	specimens:	construcGon	



Precast	test	specimens:	construcGon	



Precast	test	specimens:	construcGon	



Precast	test	specimens:	construcGon	



Precast	test	specimens:	safety	restrainers	



Precast	test	specimens:		
stability	wall	instrumentaGon	
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Precast	test	specimens:		
out-of-plane	tesGng	of	RC	wall/slab	panels	



Precast	test	specimens:		
out-of-plane	tesGng	of	RC	wall/slab	panels	



Precast	test	specimens:		
standard	mortar	characterisaGon	tests	



Precast	test	specimens:		
concrete-mortar	staGc	fricGon	characterisaGon	tests	



Precast	test	specimens:		
concrete-felt	cyclic	fricGon	characterisaGon	tests	



Precast	test	specimens:		
concrete-felt	cyclic	fricGon	characterisaGon	tests	



Precast	test	specimens:		
concrete-felt	cyclic	fricGon	characterisaGon	tests	
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Precast	test	specimens:		
cyclic	tesGng	of	two-wall	connectors	



Precast	test	specimens:		
cyclic	tesGng	of	two-wall	connectors	



Precast	test	specimens:		
cyclic	tesGng	of	two-wall	connectors	
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Precast	test	specimens:		
cyclic	tesGng	of	two-wall	connectors	



Precast	test	specimens:		
cyclic	tesGng	of	three-wall	connectors	



Precast	test	specimens:		
cyclic	tesGng	of	three-wall	connectors	



Precast	test	specimens:		
cyclic	tesGng	of	three-wall	connectors	



Precast	specimen:	tesGng	(dynamic)	



Precast	specimen:	tesGng	(dynamic)	



Precast	specimen:	post-test	shoring	



Precast	specimen:	permanent	driJ	



Precast	specimen:	ruptured	connecGons	



Precast	test	specimen:	response	curves	



Precast	test	specimen:		
“retrofiMng”	of	cyclically	tested	structure	



Verifica(on	and	calibra(on	of	
numerical	models	using	test	data	



Several	modelling	teams	involved:	



Different	modelling	strategies	and	tools:	



TASK	1:	Reproducing	exis(ng	experimental	results	

-  Kick-start	exchange	of	knowledge/experience	between	
modelling	teams	

-  Iden(fy	poten(al	inconsistencies	on	modelling	assump(ons	
(e.g.	connec(ons,	flange	effects,	etc.)	

-  First	assessment	of	capabili(es,	advantages	and	limita(ons	of	
each	of	the	different	modelling	strategies	

-  6	case-studies	considered	

-  LS-Dyna,	Tremuri,	Diana	



Benchmark	test Behaviour	inves7gated 

Ispra	wall	panel	x2	(Anthoine	et	al.,	1995)	
-  LOWSTA	
-  HIGHSTA	

In-plane	 behaviour	 of	 unreinforced	 clay	 brick	 masonry	 wall	 panels	
under	quasi-sta(c	cyclic	loading.	

Pavia	full	building	(Magenes	et	al.,	1995)	 In-plane	behaviour	of	 full-scale	 two-storey	building	under	quasi-sta(c	
cyclic	loading.	

ESECMaSE	 in-plane	 cyclic	 calcium	 silicate	 panel	
(Magenes	et	al.,	2008)	

In-plane	behaviour	of	unreinforced	calcium	silicate	block	masonry	wall	
panels	under	quasi-sta(c	cyclic	loading.	

ESECMaSE	full-scale	calcium	silicate	half-building	
(Anthoine	&	Caperan,	2008)	

Behaviour	 of	 full-scale	 calcium	 silicate	 brick	 half-building	 under	
pseudo-dynamic	loading.	

Australia	 out-of-plane	 one-way	 spanning	 wall	
(Doherty	et	al.,	2002)	

Out-of-plane	behaviour	of	one-way	spanning,	single-leaf,	unreinforced	
clay	brick	masonry	wall	panels	under	quasi-sta(c	and	dynamic	loading.	

Australia	 out-of-plane	 two-way	 spanning	 wall	
(Griffith	et	al.,	2007)	

Out-of-plane	behaviour	of	two-way	spanning,	single	leaf,	unreinforced	
clay	brick	masonry	wall	panels	under	quasi-sta(c	loading.	

Considered	literature	case-studies	



URM	building	tested	in	Pavia	(Magenes	et	al.,	1995)	

Cyclic	tes(ng	in	longitudinal	
direc(on	



Experiment	 LS-DYNA solid element model	

LS-DYNA shell element model	

DIANA 

TREMURI damage legend: 

TREMURI 

URM	building	tested	in	Pavia	(Magenes	et	al.,	1995)	



TASK	2:	Blind	and	post-test	predic(on	of	Groningen-
specific	component	lab	tests	

-  Calibra(on	or	development	of	cons(tu(ve	models	so	as	to	cater	
for	the	specific	characteris(cs	of	construc(on	materials	used	in	
Groningen	buildings	(e.g.	crushing	of	calcium-silicate	brick	walls)	

-  Checking	capability	of	adequately	modelling	boundary	
condi(ons	at	element	level	(e.g.	links	in	masonry	cavity	walls,	
connectors	between	precast	panels,	etc.)	and	their	failure	
modes	(e.g.	rupture,	punching,	sliding,	etc.)	

-  15	specimens	considered	

-  LS-Dyna,	Tremuri,	Diana,	ELS	



URM	walls:	example	blind	predic(on	results	



URM	walls:	example	post-dic(on	results	



URM	walls:	cracks	paZern	modelling	



TASK	3:	Blind	and	post-test	predic(on	of	Groningen-
specific	tests	of	complete	structural	assemblies		

-  Check	capability	in	adequately	modelling	connec(ons	between	
structural	elements	(e.g.	walls,	floors,	roofs,	etc.),	mass	
distribu(on,	load	paths,	failure	modes,	shear	and	displacement	
capacity,	etc.	

-  8	full-scale	specimens	considered	

-  LS-Dyna,	Tremuri,	Diana,	Abaqus,	ELS	



Cast-in-place	test	specimen:	blind	predic(on	
(longitudinal	direc(on)		



Cast-in-place	test	specimen:	post-dic(on	
(longitudinal	direc(on)	



Cast-in-place	test	specimen:	blind	predic(on	
(transverse	direc(on)		



Cast-in-place	test	specimen:	post-dic(on	
(transverse	direc(on)	
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2.1.3.8 EQ2 @ 400% 

 

1st Floor Hysteresis 1 

 

1 1st floor hysteresis is taken as the total base shear vs 1st floor average displacement relative to the base. Displacement is the same as that which is used to produce displacement time history (see Appendix A1.2) 

  

URM	detached	house	specimen:	blind	predic(on	
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1st Floor Hysteresis 1 

 

1 First floor hysteresis is taken as the total base shear vs 1st floor average displacement relative to the base. Displacement is the same as that which is used to produce displacement time history (see Appendix A2.1)  

URM	detached	house	specimen:	post-dic(on	



Terraced	house	collapse	tes(ng:	blind	predic(on	



Terraced	house	collapse	tes(ng:	blind	predic(on	
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Lab 

 

Arup / LS-DYNA Eucentre / TreMuri 

 

Magnified 10x  

TU Delft / DIANA Mosayk /ELS 

 

Magnified x25 

 

Magnified 2x 

Figure 26  Deflected shape at either moment of collapse or moment of maximum slab uplift / peak drift: LNEC-
BUILD-1 lab specimen (top) and four Consultants’ post-test refined numerical models  
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The second floor hysteresis graphs in Figure 30 below further illustrate the improvement in 
the simulations in comparison to the Consultants’ blind predictions shown in Figure 23. 
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Figure 30  Second floor hysteresis for each of the four Consultant’s post-test refined simulation compared 
against the LNEC-BUILD-1 lab result. 

  

Terraced	house	collapse	tes(ng:	post-dic(on	



TASK	4:	Cross-model	valida(on	for	actual	buildings		

-  Check	modelling	assump(ons		

-  10	exis(ng	buildings	considered	

-  LS-Dyna	and	Tremuri	employed	(and	now	also	ELS)	



Type	C	house	

Zijlvest	

Julianalaan	

Trial	House	1	

Kwelder	

Trial	House	2	

Some	of	the	buildings	considered	in	the	cross-
model	valida(on	exercise			



Example	applica(on	of	verified	numerical	tools	
for	collapse	mode	and	debris	area	es(ma(on	



Example	building	

URM	detached	house	

ELS	model	



Par(al	collapse	modelling	(PGA	=	0.7g)	



Complete	collapse	modelling	
	(three	different	records	with	PGA	0.7g	to	1.25g)	





Verifica(on	and	calibra(on	of	
numerical	models	using	test	data	



Several	modelling	teams	involved:	



Different	modelling	strategies	and	tools:	



TASK	1:	Reproducing	exis(ng	experimental	results	

-  Kick-start	exchange	of	knowledge/experience	between	
modelling	teams	

-  Iden(fy	poten(al	inconsistencies	on	modelling	assump(ons	
(e.g.	connec(ons,	flange	effects,	etc.)	

-  First	assessment	of	capabili(es,	advantages	and	limita(ons	of	
each	of	the	different	modelling	strategies	

-  6	case-studies	considered	

-  LS-Dyna,	Tremuri,	Diana	



Benchmark	test Behaviour	inves7gated 

Ispra	wall	panel	x2	(Anthoine	et	al.,	1995)	
-  LOWSTA	
-  HIGHSTA	

In-plane	 behaviour	 of	 unreinforced	 clay	 brick	 masonry	 wall	 panels	
under	quasi-sta(c	cyclic	loading.	

Pavia	full	building	(Magenes	et	al.,	1995)	 In-plane	behaviour	of	 full-scale	 two-storey	building	under	quasi-sta(c	
cyclic	loading.	

ESECMaSE	 in-plane	 cyclic	 calcium	 silicate	 panel	
(Magenes	et	al.,	2008)	

In-plane	behaviour	of	unreinforced	calcium	silicate	block	masonry	wall	
panels	under	quasi-sta(c	cyclic	loading.	

ESECMaSE	full-scale	calcium	silicate	half-building	
(Anthoine	&	Caperan,	2008)	

Behaviour	 of	 full-scale	 calcium	 silicate	 brick	 half-building	 under	
pseudo-dynamic	loading.	

Australia	 out-of-plane	 one-way	 spanning	 wall	
(Doherty	et	al.,	2002)	

Out-of-plane	behaviour	of	one-way	spanning,	single-leaf,	unreinforced	
clay	brick	masonry	wall	panels	under	quasi-sta(c	and	dynamic	loading.	

Australia	 out-of-plane	 two-way	 spanning	 wall	
(Griffith	et	al.,	2007)	

Out-of-plane	behaviour	of	two-way	spanning,	single	leaf,	unreinforced	
clay	brick	masonry	wall	panels	under	quasi-sta(c	loading.	

Considered	literature	case-studies	



URM	building	tested	in	Pavia	(Magenes	et	al.,	1995)	

Cyclic	tes(ng	in	longitudinal	
direc(on	



Experiment	 LS-DYNA solid element model	

LS-DYNA shell element model	

DIANA 

TREMURI damage legend: 

TREMURI 

URM	building	tested	in	Pavia	(Magenes	et	al.,	1995)	



TASK	2:	Blind	and	post-test	predic(on	of	Groningen-
specific	component	lab	tests	

-  Calibra(on	or	development	of	cons(tu(ve	models	so	as	to	cater	
for	the	specific	characteris(cs	of	construc(on	materials	used	in	
Groningen	buildings	(e.g.	crushing	of	calcium-silicate	brick	walls)	

-  Checking	capability	of	adequately	modelling	boundary	
condi(ons	at	element	level	(e.g.	links	in	masonry	cavity	walls,	
connectors	between	precast	panels,	etc.)	and	their	failure	
modes	(e.g.	rupture,	punching,	sliding,	etc.)	

-  15	specimens	considered	

-  LS-Dyna,	Tremuri,	Diana,	ELS	



URM	walls:	example	blind	predic(on	results	



URM	walls:	example	post-dic(on	results	



URM	walls:	cracks	paZern	modelling	



TASK	3:	Blind	and	post-test	predic(on	of	Groningen-
specific	tests	of	complete	structural	assemblies		

-  Check	capability	in	adequately	modelling	connec(ons	between	
structural	elements	(e.g.	walls,	floors,	roofs,	etc.),	mass	
distribu(on,	load	paths,	failure	modes,	shear	and	displacement	
capacity,	etc.	

-  8	full-scale	specimens	considered	

-  LS-Dyna,	Tremuri,	Diana,	Abaqus,	ELS	



Cast-in-place	test	specimen:	blind	predic(on	
(longitudinal	direc(on)		



Cast-in-place	test	specimen:	post-dic(on	
(longitudinal	direc(on)	



Cast-in-place	test	specimen:	blind	predic(on	
(transverse	direc(on)		



Cast-in-place	test	specimen:	post-dic(on	
(transverse	direc(on)	
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2.1.3.8 EQ2 @ 400% 

 

1st Floor Hysteresis 1 

 

1 1st floor hysteresis is taken as the total base shear vs 1st floor average displacement relative to the base. Displacement is the same as that which is used to produce displacement time history (see Appendix A1.2) 

  

URM	detached	house	specimen:	blind	predic(on	
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1st Floor Hysteresis 1 

 

1 First floor hysteresis is taken as the total base shear vs 1st floor average displacement relative to the base. Displacement is the same as that which is used to produce displacement time history (see Appendix A2.1)  
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Terraced	house	collapse	tes(ng:	blind	predic(on	



Terraced	house	collapse	tes(ng:	blind	predic(on	
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Figure 26  Deflected shape at either moment of collapse or moment of maximum slab uplift / peak drift: LNEC-
BUILD-1 lab specimen (top) and four Consultants’ post-test refined numerical models  

Terraced	house	collapse	tes(ng:	post-dic(on	



Terraced	house	collapse	tes(ng:	post-dic(on	



  

Client: Nederlandse Aardolie Maatschappij Arup Project Title: Groningen Earthquakes - Structural Upgrading 
LNEC-BUILD-1: Modelling Predictions and Analysis Cross Validation 

 

229746_031.0_REP2004 | Issue | 8 September 2017  
 

Page 32 
 

The second floor hysteresis graphs in Figure 30 below further illustrate the improvement in 
the simulations in comparison to the Consultants’ blind predictions shown in Figure 23. 
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Figure 30  Second floor hysteresis for each of the four Consultant’s post-test refined simulation compared 
against the LNEC-BUILD-1 lab result. 
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-  Check	modelling	assump(ons		

-  10	exis(ng	buildings	considered	

-  LS-Dyna	and	Tremuri	employed	(and	now	also	ELS)	
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1. Applied Element Method (AEM) overview

• Numerical method initially proposed by Meguro & Tagel-Din (2000)

• It could be classified as a rigid body spring model

• Distinct element code according to Cundall & Hart (1992)

▪ Automatic detection of element contact/collision

▪ Finite displacements and rotations modelling

• Suitable for the modelling of highly nonlinear behaviour, cracks initiation and propagation, 

element separation and collision

• Implemented in the Extreme Loading for Structures (ELS) commercial software (ASI, 2017)

4
Numerical induced collapse of multi-storeys RC buildings (AEM benchmarks)



1. Applied Element Method (AEM) overview

• Rigid body element assembly

• Rigid blocks connected by linear or nonlinear springs

• Overall behavior deformable

• Normal and Shear springs (Kn, Ks)

5

Multi-scale discretisation of a plane element and domain influence

of a set of springs in a 3-D space (Malomo et al., 2018)
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2. AEM for masonry structures

• Simplified micro-modelling approach (as described in Lourenço (2002) [4])

• Dimensionless mortar layers 

• Brick and mortar springs in series

• Normal and Shear springs for both brick and mortar (Kbn, Kbs, Kmn, Kms, )

7

1. Joint cracking (Km)

2. Sliding (Km)

3. Cracking of unit direct tension (Kb)

4. Shear-compression failure (Km, Kb)

5. Brick splitting (Km, Kb)

Discretisation of a masonry segment according to the AEM (Malomo et al., 2018)

Typical brick-mortar failure mechanisms (Lourenco et al., 1995)



2. AEM for masonry structures

• Simplified micro-modelling approach (as described in Lourenço (2002))

• Specific mechanical properties of both brick and mortar are needed

• Derivation of material properties through empirical formulae (if no sufficient experimental 

parameters are available)

• Simplified composite interface cap model (Lourenço et al., 1995)

• Mohr-Coulomb shear slip failure

• Cohesion and bond degradation

• Interlocking phenomena modelling

8

Compressive hardening/softening (a), Khoo-Hendry strength envelope (b)

cohesion (c) and bond degradation (d) (Malomo et al., 2018)

Malomo D, Pinho R, Penna A (2018). Using the Applied Element Method for Modelling

Calcium-Silicate Brick Masonry Subjected to In-Plane Cyclic Loading, Earthquake 

Engineering & Structural Dynamics (in press) 
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3. Modelling of the in-plane cyclic response of URM piers

Brief description of tests and specimens:

• A total of 3 Calcium Silicate (CS) and 5 Clay (CL) full-scale brick masonry specimens were 

subjected to cyclic shear-compression loading protocols (Graziotti et al., 2015)

• Different aspect ratios and vertical overburden were considered, as summarised below:

10

CS

CL

Double-wyhte

Dutch cross bond

Single-wyhte 

Stretcher bond



3. Modelling of the in-plane cyclic response of URM piers

Brief description of tests and specimens:

• A total of 3 Calcium Silicate (CS) and 5 Clay (CL) full-scale brick masonry specimens were 

subjected to cyclic shear-compression loading protocols (Graziotti et al., 2015)

• Different aspect ratios and vertical overburden were considered, as depicted below:
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CS

CL

CS-Comp-1-2 CS-Comp-3

CL-Comp-1-2-3 CL-Comp-4-5

Squat walls loading protocol

Slender walls loading protocol



3. Modelling of the in-plane cyclic response of URM piers

Modelling assumptions:

• Actual “brick-texture” meshing for masonry 

• Each brick was discretized in two sub-elements, allowing the development flexural and shear 

cracks in the middle

• The properties of mortar and bricks were inferred by means of empirical formulae (Brooks et 

al. 1998; Matysek et al. 1996; Cieleski et al. 1999; Uniform Building Code, 1991)

• The loading and foundation RC beams were explicitly modelled and discretised using a 

coarse mesh since according to the AEM no transition mesh elements are needed, as depicted 

below:

12

AEM mesh discretisation approach (Malomo et al., 2018)



3. Modelling of the in-plane cyclic response of URM piers

Calcium silicate brick masonry walls - comparisons with experimental results
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3. Modelling of the in-plane cyclic response of URM piers

Clay brick masonry walls - comparisons with experimental results
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3. Modelling of the in-plane cyclic response of URM piers

Clay brick masonry walls - comparisons with experimental results
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Final considerations:

• The AEM models adequately captured the in-plane response of both CS and CL specimens

• The crack patterns have been reproduced faithfully in most of the cases

• Acceptable numerical results were obtained without altering the experimental material 

properties

• The toe-crushing mechanism was not captured satisfactorily, leading to an underestimation of 

the dissipated energy especially for the case of slender piers

CL-Comp-5

Fixed-fixed

σ=0.30 MPa
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4. Modelling of the out-of-plane dynamic response of URM piers

Brief description of tests and specimens:

• Two different types of full-scale specimens (i.e. CS single leaf and cavity walls) were tested 

dynamically, in their out-of-plane direction at the Eucentre laboratory in Pavia, Italy 

(Graziotti et al. 2015)

• A different distribution of ties was employed for the cavity walls

• Different types of ground motions were selected, scaled, and incrementally imposed to the 

full-scale wall specimens (starting from Gr1), where:

• Gr1: Groningen record (Crowley et al. 2015), representing a potentially realistic excitation of a wall located at the 

ground floor.

• Gr2: Floor accelerograms obtained with the software TREMURI, representing a possible dynamic excitation of a wall 

located at first floor.

• RWA: pulse excitation with a frequency of 4 Hz.

17

CS_Comp4 CAV_Comp6 CAV_Comp7CAV_Comp5



4. Modelling of the out-of-plane dynamic response of URM piers

Brief description of tests and specimens:

• At the bottom of each wall, a reinforced concrete (RC) foundation was anchored to the shake-

table with screwed steel rods

• A rigid steel beam connected the CS wall to a rigid steal frame anchored to the shake-table, 

assuring a negligible amplification in height of the seismic input applied to the shake-table

18

CS_Comp4 CAV_Comp5

CAV_Comp6 CAV_Comp7

Test-rig setup Collapse of 

CAV_Comp5



4. Modelling of the out-of-plane dynamic response of URM piers

Modelling assumptions:

• In the ELS framework, a given seismic input can be assigned only if an element is fully fixed. 

Thus, a slab was seismically excited and the dynamic inputs were consequently transmitted 

by a rigid link connected to the top beam with negligible amplification

• The vertical compression was assured by two pre-stressed link connecting the top and the 

foundation beam

• The steel ties were modelled as 3D beam elements with bilinear behaviour, with an ultimate 

tensile strength equal to the experimentally-recorded one, i.e. 4.3 kN. Moreover, in order to 

avoid interpenetration between elements, the idealisations reported above were adopted:

19AEM model (Mosayk, 2017a)

Experimental cavity wall connector 

(a) and numerical idealisation (b)

Experimental stresses along the 

cavity wall connector (a) and 

numerical idealisation (b)

(a) (b) (a) (b)



4. Modelling of the out-of-plane dynamic response of URM piers

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the ridge beam [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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4. Modelling of the out-of-plane dynamic response of URM piers

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the ridge beam [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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4. Modelling of the out-of-plane dynamic response of URM piers

Final considerations:

• Out-of-plane one-way bending of masonry walls is a very brittle response mechanism, hence 

the comparisons previously depicted can be considered as encouraging, with the numerical 

models producing results that appear to be within the range of their experimental counterparts

• It is worth noting that such numerical results were obtained without altering the experimental 

material properties (i.e. the latter has been directly employed for the analyses)

• The positive impression on the numerical vs. experimental comparison reported above is 

further confirmed by the comparisons shown in Table 4 below, where it can be observed that 

the AEM models estimated values of collapse ground acceleration that feature differences 

with respect to the tests observations in the range of 7-15%
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5. Numerical results for EUC-BUILD1

Brief description of test and specimen:

• The test-house was a full-scale two-storey building, with a timber roof and RC slabs, 5.82 m 

long, 5.46 m wide and 7.76 m high with a total mass of 56.4 tons

• The walls, supported by a steel-concrete composite foundation, consisted of two URM leaves

• The inner loadbearing leaf was made of  CS bricks whereas the external leaf was a clay brick 

CL veneer without any loadbearing function

24

Elevation views of the specimen’s CS inner leaf (Graziotti et al., 2015) 

Plan view of the ground floor (left) and details of roof structure (right) 

(Graziotti et al., 2015) 



5. Numerical results for EUC-BUILD1

Brief description of test and specimen:

• The inner CS masonry was continuous along the entire perimeter of the house, while the 

outer clay brick leaf was not present in the South façade.

• Two different records were imposed: EQ1 (from 25 to 100%) and EQ2 (from 100 to 200%) 

• The building experienced a substantial level of damage (compared to that observed under 

lower intensity shaking) after the test EQ2@200%
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Significant damage detected at EQ2@150 and EQ2@200 to the East, 

West, North and South CS inner walls (Graziotti et al., 2015) 

Damage pattern at end of testing

(Graziotti et al., 2015)



5. Numerical results for EUC-BUILD1

Modelling assumptions:
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Input Modelling assumption

Boundary condition Structure connected by mortar interfaces to a fixed slab

Roof diaphragm
Nailed connection between planks and beams modelled as equivalent spring 

interfaces characterised by an elastic-perfectly-plastic behaviour

Wall ties Elastic-perfectly-plastic beam elements

First floor slab-front/back inner leaves connection Mortar interface

Second floor slab-front/back inner leaves connection
Weak mortar interface (since the gap between the slab and the wall was filled 

after the temporary supports removal, i.e. after RC slab deflection)

Timber beam-front/back outer leaves connection
Weak mortar interface (since the gap between the slab and the wall was filled 

after the temporary supports removal, i.e. after RC slab deflection)

First and second floor slab and end/party walls 

connection
Mortar interface

Connection between roof girders and end/party walls Mortar interface plus elastic-perfectly plastic L-steel anchors 

Wall-to-wall connection 45-degrees connections between adjacent walls



5. Numerical results for EUC-BUILD1

Screenshots of the numerical model:

27

Screenshots of the EUC-BUILD1 numerical model (Mosayk, 2017b)



5. Numerical results for EUC-BUILD1

Numerical results:

• The following plots represent a comparison between the experimental (in red) PGA vs inter-

storey drift (IDR) and PGA vs roof IDR against their numerical counterparts (in grey)
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5. Numerical results for EUC-BUILD1

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the attic floor [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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5. Numerical results for EUC-BUILD1

Final considerations

• The AEM adequately captured the overall hysteretic behaviour of the specimen

• Numerical and experimental near-collapse condition occurred at the same loading phase

• The roof response was satisfactorily replicated, as reported in the associated  IDA curve
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6. Numerical results for EUC-BUILD2

Brief description of test and specimen:

• The in-plan dimensions of the specimen were 5.33 m x 5.77 m, with a height of about 6.23 m

• The total mass was 32.6 t

• The loadbearing structural system is provided by 208-mm-thick, double-wythe unreinforced 

masonry walls, characterized by a Dutch cross bond pattern
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Elevation views of the specimen (Graziotti et al., 2016) 

Plan view of the ground floor (left), Dutch cross bond representation 

and details of roof structure (right) (Graziotti et al., 2016) 



6. Numerical results for EUC-BUILD2

Brief description of test and specimen:

• Two different records were imposed: EQ1 (from 25 to 100%) and EQ2 (from 50 to 400%) 

• The tested building behaviour was mainly governed by the out-of-plane response of the 

gables, albeit diffuse damage was also observed with activation of both in-plane and out-of-

plane failure mechanisms involving all of the façades of the building
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Significant damage detected at EQ2@300 and EQ2@400 (Graziotti et al., 2016) 

Damage pattern at end of testing 

(Graziotti et al., 2016) 
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6. Numerical results for EUC-BUILD2

Modelling assumptions:
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Input Modelling assumption

Boundary condition Structure connected by mortar interfaces to a fixed slab

Roof diaphragm Equivalent membrane elements

First-floor diaphragm/wall connection Mortar interface

Timber beam/wall connection Mortar interface

Connection between roof girders and 
wooden diaphragm

Nailed connection between membrane and beams modelled as equivalent 
spring interfaces characterised by an elastic-perfectly-plastic behaviour  

Wall-to-wall connection 45-degrees connections between adjacent walls

Double-leaf brickwork
The influence of brick arrangement was not accounted (i.e. no 

perpendicular bricks to the bed joints were introduced)



6. Numerical results for EUC-BUILD2

Screenshots of the numerical model:

35

Screenshots of the EUC-BUILD2 numerical model (Mosayk, 2017b)



6. Numerical results for EUC-BUILD2

Numerical results:

• The following plots represent a comparison between the numerical (in red) PGA vs inter-

storey drift (IDR) and PGA vs roof IDR against their experimental counterparts (in grey)
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6. Numerical results for EUC-BUILD2

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the attic floor[mm] versus base shear [kN] and their numerical counterparts 

(in black)
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6. Numerical results for EUC-BUILD2

Final considerations

• The overall hysteretic response was predicted accurately by the model

• The damage and the crack patterns were adequately captured

• The simulation of this particular type of roof is still challenging
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7. Numerical results for LNEC-BUILD1

Brief description of test and specimen:

• LNEC-BUILD1 basically consists in the upper portion of EUC-BUILD1, and it is 5.82 m 

long, 5.46 m wide and 4.93 m high with a total mass of 31 t

• The cavity-wall system consisted in an inner loadbearing leaf made of calcium silicate (CS) 

bricks (supporting the first floor reinforced concrete slab) whereas the external leaf was a 

clay brick (CL) veneer without any loadbearing function
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Elevation views of the specimen’s CS inner leaf (Tomassetti et al. 2017a)

Plan view of the ground floor (left) and

details of roof structure (right) (Tomassetti et al. 2017a)



7. Numerical results for LNEC-BUILD1

Brief description of test and specimen:

• Two different records were imposed: EQ1 (from 25 to 100%) and EQ2 (from 50 to 300%) 

• No relevant damage was detected until EQ1@150, when the front/back inner CS leafs started 

rocking

• During EQ2@300, an OOP mechanism of the South CS wall occurred, and the test was 

stopped. This phenomenon was associated to the loss of boundary conditions of the wall, due 

to the RC slab uplift caused by the increase in the rocking demand of the longitudinal piers
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Significant damage detected at EQ2@300 (Tomassetti et al. 2017a)
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7. Numerical results for LNEC-BUILD1

Modelling assumptions (prior to the test, blind prediction mode):
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Input Modelling assumption

Boundary condition Structure connected by mortar interfaces to a fixed slab

Roof diaphragm
Nailed connection between planks and beams modelled as 

equivalent spring interfaces characterised by an elastic-
perfectly-plastic behaviour

Wall ties Elastic-perfectly-plastic beam elements

Attic floor slab and front/back inner leaves connection Mortar interface (active after the static/gravity loading stage)

Timber beam and front/back outer leaves connection Mortar interface (active after the static/gravity loading stage)

Attic floor slab and end/party walls connection Mortar interface

Connection between roof girders and end/party walls Mortar interface plus elastic-perfectly plastic L-steel anchors 



7. Numerical results for LNEC-BUILD1

Screenshots of the numerical model:
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Screenshots of the LNEC-BUILD1 numerical model (Mosayk, 2017c)



7. Numerical results for LNEC-BUILD1

Numerical results prior to the test (blind prediction mode):

• The following plots represent a comparison between the experimental (in red) PGA vs inter-

storey drift (IDR) and PGA vs roof IDR against their numerical counterparts (in grey)
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7. Numerical results for LNEC-BUILD1

Numerical results prior to the test (blind prediction mode):

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the ridge beam [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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Attic displacement [mm] vs base shear [kN] 

Attic displacement [mm] vs base shear [kN]

and deformed shape of AEM model at instant of peak deformation (magnified x5)

(Mosayk, 2017c)

Deformed shape of AEM model at instant of 

peak deformation (magnified x5)



7. Numerical results for LNEC-BUILD1

Modelling assumptions (after the test, refined model):

46

Input Modelling assumption

Boundary condition Structure connected by mortar interfaces to a fixed slab

Roof diaphragm
Nailed connection between planks and beams modelled as equivalent spring 

interfaces characterised by an elastic-perfectly-plastic behaviour

Wall ties Elastic-perfectly-plastic beam elements

Attic floor slab-front/back inner leaves 
connection

Cracked mortar interface accounting for the damage occurred during 
transportation phases (active after the static/gravity loading stage)

Timber beam-front/back outer leaves 
connection

Cracked mortar interface accounting for the damage occurred during 
transportation phases (active after the static/gravity loading stage)

Attic floor slab and end/party walls 
connection

Mortar interface

Connection between roof girders and 
end/party walls

Mortar interface plus elastic-perfectly plastic L-steel anchors 

Wall-to-wall connection 45-degrees connections between adjacent walls



7. Numerical results for LNEC-BUILD1

Numerical results after the test (refined model):

• The following plots represent a comparison between the experimental (in red) PGA vs inter-

storey drift (IDR) and PGA vs roof IDR against their numerical counterparts (in grey)
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7. Numerical results for LNEC-BUILD1

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the ridge beam [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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Attic displacement [mm] vs base shear [kN] Partial collapse of the AEM model
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7. Numerical results for LNEC-BUILD1

Numerical results:

• The numerical model successfully predicted the RC slab uplift and thus the loss of contact 

between RC slab and CS party wall (which resulted in the alteration of the initial boundary 

conditions of the wall). Since this phenomenon was not expected, the vertical displacement of 

the RC slab was not recorded by the laboratory instrumentation. However, the numerical 

prediction of 30 mm seems to be reasonable
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Experimental failure mechanisms and numerical RC slab uplift



7. Numerical results for LNEC-BUILD1

Final remarks:

• The blind prediction model shown an acceptable agreement with its experimental counterpart, 

although the partial OOP collapse was not captured

• The post-test refined model adequately represented the overall dynamic response of the 

specimen, although it overestimated the stiffness of the roof in the last cycle

• The predicted area of debris was comparable with the experimental one
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Experimental failure mechanisms and numerical RC slab uplift
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8. Numerical results for LNEC-BUILD2

Brief description of test and specimen:

• The full-scale test specimen LNEC-BUILD2 built in the LNEC laboratory in Lisbon is the 

roof substructure of the EUC-BUILD1 specimen tested in the Eucentre laboratory in 2015

• The seismic input introduced at the base of LNEC-BUILD2 specimen corresponded to the 

second floor accelerations that had been recorded during the EUC-BUILD1 test

• The aim of this test was to enhance further the knowledge of the seismic response of a 

flexible roof diaphragm + gable walls substructure up to collapse

52Plan view of the LNEC-BUILD2 specimen (left) and details of roof structure (right) 

(Tomassetti et al. 2017b) 

Elevation views of the LNEC-BUILD2 specimen (Tomassetti et al. 2017b) 



8. Numerical results for LNEC-BUILD2

Brief description of test and specimen:

• Two different records were imposed: EQ1 (from 50 to 150%) and EQ2 (from 50 to 600%) 

• The first visible damage associated to shake-table motion was detected during test 

EQ1@100%

• The specimen collapsed in OOP fashion: the East gable (single leaf) wall had a full collapse 

towards the interior of the model.

53
Evolution of the crack pattern in the gable walls along the test stages 

(Tomassetti et al. 2017b) 



8. Numerical results for LNEC-BUILD2

Modelling assumptions:
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Rigid rotation of the board due to nails slip, 

board shear deformation, board flexural deformation.Screenshot of the numerical model

Input Modelling assumption

Boundary condition Structure connected by mortar interfaces to a fixed slab

Beam/plank connection
Nailed connection between planks and beams modelled as 

equivalent spring interfaces characterised by an elastic 
behaviour

Plank elements
Bilinear material with an equivalent shear modulus 

accounting for flexural and shear deformations and an 
equivalent yield stress

Wall ties Elastic-perfectly-plastic beam elements

RC slab/wall connection Mortar interface

Connection between roof girders and end/party walls Mortar interface plus elastic-perfectly plastic L-steel anchors 



8. Numerical results for LNEC-BUILD2

Numerical results:

• The following plot represents a comparison between the experimental (in grey) horizontal 

displacement at the ridge beam [mm] versus base shear [kN] and their numerical counterparts 

(in black)
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Final considerations:

• The AEM predicted adequately the dynamic response of the structure

• The in-plane mechanism of the plank-joists assembly was successfully captured 

• The OOP collapse mechanisms, unlike the test, started on the cavity wall side

• The debris area was slightly overestimated (+15% c.a.)
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8. Numerical results for LNEC-BUILD2

Ridge displacement [mm] vs base shear [kN] Global collapse of the AEM model
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8. Index buildings

Scope:

• The fragility and consequence models used in NAM’s hazard and risk assessment are 

developed using single degree of freedom (SDOF) models

• The hysteretic response of these SDOF models is calibrated using the nonlinear dynamic 

analysis results of multi-degree-of-freedom (MDOF) models of index buildings from the 

Groningen region (Crowley and Pinho, 2017)

• Thus, a series of nonlinear dynamic analyses were perfomed using 11 different ground 

motions, which have been selected to cover a range of intensities, described in terms of 

AvgSa (Kohranghi et al., 2017), Arias Intensity, PGA and spectral acceleration at 0.1 seconds.

Building considered:

• In this framework, mainly the “terraced house” building typology has been scrutinized, 

except for Nieuwstraat (detached house typology)

• Thus, the following URM structures were considered:

1. Zijlvest 25 (real building, Loppersum, NL - UBH- MUR/LN/MUR/LWAL/EW/FC)

2. Julianalaan 52 (real building, Delfzijl, NL - UBH-MUR/LN/MUR /LWAL/EW/FC)

3. EUC-BUILD-1 (test specimen)

4. LNEC-BUILD1 (test specimen)

5. Nieuwstraat (real building, Loppersum, NL- UBH-MUR/LN/MUR /LWAL/EWN/FW)
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8. Index buildings

Ground motions:

• The metadata of the 11 ground motions that have been applied to all models presented herein 

is given in the Table below

• The horizontal component has been applied in the weak direction of each model, where this is 

identified a priori as that which is expected to have the lowest strength (i.e. base shear 

capacity).  The other two components (horizontal and vertical) have also been applied to all 

models.
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8. Index buildings

Brief description of Zijlvest:

• Zijlvest 25 is terraced house which was built in 

1976.

• The structure consists mainly of concrete and 

masonry, with timber roof joists.

• The building is a two-storey structure, with 

large openings at the ground floor

• A cavity wall system characterises this 

building typology, where the inner loadbearing 

walls are made of calcium silicate bricks. The 

outer veneer, instead, is made of clay bricks.

• CS and CL wall are connected by means of 

steel connectors (ties)

60



8. Index buildings

Numerical results for Zijlvest (one unit):

• Zijlvest was characterized by an asymmetrical distribution of the longitudinal walls at the 

ground floor. Thus due to the different in-plane strengths, the global response was mainly 

governed by torsional behaviour and flexural mechanisms

• Due to the large ground-floor openings, a soft-storey response was observed

• Considering the abovementioned 11 ground motions, the structure exhibited slightly 

damage at the end of the records only for 2 seismic inputs

• The near collapse condition or partial collapse was reached  for 6 records

• Global collapse was reached for the last 3 inputs
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8. Index buildings

Brief description of Julianalaan:

• Julianalaan is composed by two adjacent units, 

which are almost identical in plan. Each house 

is square in plan; approximately 6.5m x 6.5m.

• The houses comprise two habitable storeys

plus an attic, accessible by a ladder. The 

building is a two-storey structure, with large 

openings at the ground floor

• A cavity wall system characterises this 

building typology, where the inner loadbearing 

walls are made of calcium silicate bricks. The 

outer veneer, instead, is made of clay bricks.

• CS and CL wall are connected by means of 

steel connectors (ties)
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8. Index buildings

Numerical results for Julianalaan (one unit):

• The overall structural response was governed by the flexural response of the longitudinal 

walls

• The in-plane demand of the longitudinal piers induced OOP failure of the transversal ones

• Considering the abovementioned 11 ground motions, the structure exhibited slightly 

damage at the end of the records only for 2 seismic inputs

• The near collapse condition or partial collapse was reached  for 6 records

• Global collapse was reached for the last 3 inputs

63OOP partial collapse, inner CS walls damage and hysteretic response 

observed during the N-00407-L seismic input
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8. Index buildings

Numerical results for EUC-BUILD1 building specimen:

• The damage was mainly localised in the longitudinal walls and spandrels, which suffered 

several cracks due to diagonal shear 

• The in-plane demand of the longitudinal piers induced OOP mechanisms of the 

transversal ones

• Considering the abovementioned 11 ground motions, the structure exhibited slightly 

damage at the end of the records for 5 seismic inputs

• The near collapse condition or partial collapse was reached  for 3 records

• Global collapse was reached for the last 3 inputs

64OOP collapse, inner CS walls damage and hysteretic response 

observed during the N-00250-L seismic input
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8. Index buildings

Numerical results for LNEC-BUILD1 building specimen:

• The observed damage was mainly due to the flexural mechanisms of the longitudinal piers

• In few cases, the in-plane demand of the longitudinal piers induced OOP failure 

mechanisms of the transversal ones

• Considering the abovementioned 11 ground motions, the structure exhibited slightly 

damage at the end of the records for 9 seismic inputs

• The near collapse condition or partial collapse was reached  for 2 records

• No global collapses were observed

65
Damage of both inner an outer walls and hysteretic response observed 

during the N-00470-L seismic input
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8. Index buildings

Brief description of Nieuwstraat:

• Nieuwstraat is an unreinforced masonry 

detached house with timber attic and roof 

diaphragms built around 1940.

• The overall height is 6.35 meters, the total 

mass around 100 tons 

• The loadbearing function is provided by 

double wyhte clay brick masonry walls (200-

mm thick)

• The façade openings distribution is irregular

66



8. Index buildings

Numerical results for Nieuwstraat:

• The observed failure modes involved both the OOP mechanisms of the gables and the 

shear damage of the longitudinal walls, but it is worth mentioning the first floor system 

was found to be very vulnerable. Indeed, most of the predicted collapses were caused by 

the partial unseating of the main floor beam.

• Considering the abovementioned 11 ground motions, the structure exhibited slightly 

damage at the end of the records only for the first record

• The near collapse condition or partial collapse was reached  for 7 records

• Global collapse was reached for the last 3 inputs

67Screenshot of roof collapse mechanism observed during record N_00415L 

and hysteresis plots of the 11 recordings in the weak direction



Design of LNEC-BUILD3 full-scale specimen

• A new shake-table test on a URM building is proposed with the view to address some new 

questions that have arisen in the Dutch building fragility assessment, such as chimney 

seismic response and the first floor collapse due to the unseating of main floor beam 

observed in the Nieuwstraat model

• The specimen design was partially driven by the ELS model

• The prototype incorporates two additional distinctive features compared to previous 

investigated typologies (i.e. EUC_BUILD_1/LNEC_BUILD_1, and EUC_BUILD_2): an 

internal wall and two slender chimneys

68
Screenshot of the OOP failure mode of the façade induced by the 

unseating of the main floor beam observed during EQ2@200% record
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Exposure	model	



Local	Personal	Risk	

•  Local	Personal	Risk	(LPR)		
–  the	annual	probability	of	fatality	for	a	hypothe;cal	person	
who	is	con;nuously	present,	without	protec;on,	in	or	near	
a	building	

	
•  ‘Near’	a	building	is	defined	within	5	metres	of	the	façade	of	

the	building	

•  In	the	risk	engine,	we	calculate	the	average	number	of	
people/buildings	in	the	field	with	a	LPR	above	10-4	and	LPR	
above	10-5	

•  We	thus	need	a	model	of	the	loca;on	of	people	across	the	
field	and	the	building	types	they	are	situated	within/near.	



Exposure	Database	

Building	ID	
Coordinates		
Building	Year	
Height	
Footprint	Area	
Structural	Layout	
Structural	System	1	
Probability	Structural	System	1	
Structural	System	2	
Probability	Structural	System	2	
…	
….	
Number	of	people	inside/near	-	day	
Number	of	people	outside/near	-	night		
	
	



Exposure	Model	

Building	ID	
Coordinates		
Building	Typology	1	
Probability	Building	Typology	1	
Building	Typology	2	
Probability	Building	Typology	2	
…	
….	
Number	of	people	inside/near	-	day	
Number	of	people	outside/near	-	night		
	
	



List	of	Building	Typologies	(for	Fragility)	
GEM	Taxonomy	Code Short	code Short	Description
CR+PC/LPB/CR+PC/LPB/EWN/FN/HBET:1,2 PC1L Precast	RC	post	and	beam	low-rise
CR+PC/LPB/CR+PC/LPB/EWN/FN/HBET:3,20 PC1M Precast	RC	post	and	beam	mid	to	high-rise
CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2 PC2L Precast	RC	wall-slab-wall	low-rise	no	cladding
CR+PC/LWAL/CR+PC/LN/EW/FC/HBET:1,2 PC3L Precast	RC	wall-slab-wall	low-rise	with	cladding
CR+PC/LWAL/CR+PC/LN/EW/FC/HBET:3,20 PC3M Precast	RC	wall-slab-wall	mid	to	high-rise	with	cladding
CR+PC/LWAL/CR+PC/LWAL/EWN/FC/HBET:1,2 PC4L Precast	RC	wall-wall	low-rise	no	cladding
CR+PC/LWAL/CR+PC/LWAL/EWN/FC/HBET:3,20 PC4M Precast	RC	wall-wall	mid	to	high-rise	no	cladding
CR+PC/LWAL/CR+PC/LWAL/EW/FC/HBET:1,2 PC5L Precast	RC	wall-wall	low-rise	with	cladding
CR+CIP/LPB/CR+CIP/LPB/EWN/FN/HBET:1,2 RC1L Cast-in-place	RC	post	and	beam	low-rise
CR+CIP/LPB/CR+CIP/LPB/EWN/FN/HBET:3,20 RC1M Cast-in-place	RC	post	and	beam	mid	to	high-rise
CR+CIP/LFM/CR+CIP/LFM/EWN/FC/HBET:1,2 RC2L Cast-in-place	RC	frame	low-rise
CR+CIP/LFM/CR+CIP/LFM/EWN/FC/HBET:3,20 RC2M Cast-in-place	RC	frame	mid	to	high-rise
CR+CIP/LWAL/CR+CIP/LN/EW/FC/HBET:1,2 RC3L Cast-in-place	RC	wall-slab-wall	low-rise	with	cladding
CR+CIP/LWAL/CR+CIP/LN/EW/FC/HBET:3,20 RC3M Cast-in-place	RC	wall-slab-wall	mid	to	high-rise	with	cladding
CR+CIP/LWAL/CR+CIP/LWAL/EWN/FC/HBET:1,2 RC4L Cast-in-place	RC	wall-wall	low-rise	no	cladding
CR+CIP/LWAL/CR+CIP/LWAL/EWN/FC/HBET:3,20 RC4M Cast-in-place	RC	wall-wall	mid	to	high-rise	no	cladding
MUR/LH/MUR/LH/EWN/FW/HBET:1,2 URM1L URM	house	and	timber	post	and	beam	low-rise
MUR/LH/MUR/LH/EWN/FW/HBET:3,20 URM1M URM	house	and	timber	post	and	beam	mid	to	high-rise
MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2 URM2L URM	wall-slab-wall	with	solid	walls	and	timber	floors	low-rise
MUR/LWAL/MUR/LN/EWN/FW/HBET:3,20 URM2M URM	wall-slab-wall	with	solid	walls	and	timber	floors	mid	to	high-rise
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 URM3L URM	wall-slab-wall	with	cavity	walls	and	concrete	floors	low-rise
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV URM4L URM	wall-slab-wall	with	cavity	walls	and	concrete	floors	low-rise	and	large	openings	on	ground	floor	walls
MUR/LWAL/MUR/LN/EW/FC/HBET:3,20 URM3M URM	wall-slab-wall	with	cavity	walls	and	concrete	floors	mid	to	high-rise
MUR/LWAL/MUR/LN/EW/FW/HBET:1,2 URM5L URM	wall-slab-wall	with	cavity	walls	and	timber	floors	low-rise
MUR/LWAL/MUR/LN/EW/FW/HBET:3,20 URM5M URM	wall-slab-wall	with	cavity	walls	and	timber	floors	mid	to	high-rise
MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2 URM6L URM	wall-wall	with	solid	walls	and	timber	floors	low-rise
MUR/LWAL/MUR/LWAL/EWN/FW/HBET:3,20 URM6M URM	wall-wall	with	solid	walls	and	timber	floors	mid	to	high-riseGEM	Taxonomy	Code Short	code Short	Description
MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2 URM7L URM	wall-wall	with	cavity	walls	and	concrete	floors	low-rise
MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20 URM7M URM	wall-wall	with	cavity	walls	and	concrete	floors	mid	to	high-rise
MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2 URM8L URM	wall-wall	with	cavity	walls	and	timber	floors	low-rise
MUR/LWAL/MUR/LWAL/EW/FW/HBET:3,20 URM8M URM	wall-wall	with	cavity	walls	and	timber	floors	mid	to	high-rise
MUR/LWAL/W/LPB/EWN/FN/HBET:1,2 W1L Timber	(glulam)	post	and	beam	with	masonry	infill	walls	low-rise
MUR/LWAL/W/LPB/EWN/FN/HBET:3,20 W1M Timber	(glulam)	post	and	beam	with	masonry	infill	walls	mid	to	high-rise
W/LPB/W/LPB/EW/FN/HBET:1,2 W2L Timber	post	and	beam	low-rise
W/LPB/W/LPB/EW/FN/HBET:3,20 W2M Timber	post	and	beam	mid	to	high-rise
W/LWAL/W/LN/EWN/FW/HBET:1,2 W3L Timber	wall-slab-wall	without	cladding	low-rise
W/LWAL/W/LN/EW/FW/HBET:1,2 W4L Timber	wall-slab-wall	with	cladding	low-rise
W/LWAL/W/LN/EW/FW/HBET:3,20 W4M Timber	wall-slab-wall	with	cladding	mid	to	high-rise
W/LWAL/W/LWAL/EWN/FW/HBET:1,2 W5L Timber	wall-wall	without	cladding	low-rise
W/LWAL/W/LWAL/EWN/FW/HBET:3,20 W5M Timber	wall-wall	without	cladding	mid	to	high-rise
W/LWAL/W/LWAL/EW/FW/HBET:1,2 W6L Timber	wall-wall	with	cladding	low-rise
W/LWAL/W/LWAL/EW/FW/HBET:3,20 W6M Timber	wall-wall	with	cladding	mid	to	high-rise
S/LPB/S/LPB/EWN/FN/HBET:1,2 S1L Steel	post	and	beam	with	no	floor	low	rise
S/LPB/S/LPB/EWN/FN/HBET:3,20 S1M Steel	post	and	beam	with	no	floor	mid	rise
S/LFM/S/LFM/EWN/FC/HBET:1,2 S2L Steel	frame	with	concrete	floor	low-rise
S/LFM/S/LFM/EWN/FC/HBET:3,20 S2M Steel	frame	with	concrete	floor	mid	to	high-rise
S/LFBR/W/LPB/EWN/FN/HBET:1,2 W7L Timber	(glulam)	post	and	beam	with	steel	bracing	low-rise
S/LFBR/W/LPB/EWN/FN/HBET:3,20 W7M Timber	(glulam)	post	and	beam	with	steel	bracing	mid	to	high-rise
S/LFBR/S/LPB/EWN/FN/HBET:1,2 S3L Steel	portal	frame	with	bracing	in	one	direction	low-rise
S/LFBR/S/LPB/EWN/FN/HBET:3,20 S3M Steel	portal	frame	with	bracing	in	one	direction	mid	to	high-rise
S/LFBR/S/LFBR/EWN/FN/HBET:1,2 S4L Steel	braced	frame	with	no	floor	low-rise
S/LFBR/S/LFBR/EWN/FN/HBET:3,20 S4M Steel	braced	frame	with	no	floor	mid	to	high-rise
S/LFBR/S/LFBR/EWN/FC/HBET:1,2 S5L Steel	braced	frame	with	concrete	floor	low-rise
S/LFBR/S/LFBR/EWN/FC/HBET:3,20 S5M Steel	braced	frame	with	concrete	floor	mid	to	high-rise

Pre-cast	RC	

Cast-in-place	
RC	

Unreinforced	
masonry	

Timber	

Steel	

•  Added	a	height	range	aYribute	
•  Mapped	floors	to	either	concrete	or	;mber	
•  A	small	number	of	buildings	had	an	

unusual/unknown	combina;on	of	
aYributes	and	so	they	were	mapped	to	
predominant	building	types.	

•  Separated	terraced	houses	with	concrete	
floors	and	cavity	walls	into	two	typologies	
as	a	func;on	of	openings	at	ground	floor	



From	Exposure	Database	to	Model	

Julianalaan	52	

Type	C	

Zijlvest	25	EUC-BUILD1	

LNEC-BUILD1	

•  In	a	exposure	database	there	were	almost	60k	buildings	with	
the	MUR/LWAL/MUR/LN/EW/FC	structural	system	(i.e.	
terraced-like	buildings	with	cavity	walls	and	concrete	floors).	

•  The	maximum	ground	floor	opening	ra;o	(%)	of	these	buildings	
was	obtained	from	the	terraced	building	database	(TBDD):	



From	Exposure	Database	to	Model	

•  Hence	MUR/LWAL/MUR/LN/EW/FC	buildings	with	max.	
ground	floor	opening	ra;os	≥	80%	were	separated	into	
another	structural	system	(iden;fied	using	the	‘change	in	
ver;cal	structure’	aYribute	of	the	GEM	Building	Taxonomy).	

•  This	data	was	available	for	6635	inspected	buildings,	whereas	
an	inference	rule	based	on	this	data	was	applied	to	the	
buildings	for	which	this	informa;on	was	not	available.	
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Distribu:on	of	Building	Typologies	



Index	Buildings	Represen:ng	Building	Types	
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Table 2.2 Structural Systems of the Index Building Models

Index Building Name GEM Taxonomy String

Precast RC post and beam* CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2
Precast RC wall-slab-wall* CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2
Cast-in-place RC post and beam* CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2
Cast-in-place RC wall-slab-wall* CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2
De Haver MUR/LH/MUR/LH/EWN/FW/HBET:1,2
Solwerderstraat 55 MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2
Julianalaan 52 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Type C MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Zijlvest 25 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV
Koeriersterweg 20-21 MUR/LWAL/MUR/LN/EW/FC/HBET:3,20
Nieuwstraat 8 MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2
Kwelder 1 MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2
Schuitenzandflat 2-56 MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20
Badweg 12 MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2
Kwelder 8 W/LWAL/W/LWAL/EW/FW/HBET:1,2
Steenweg 19 S/LFM/S/LFM/EWN/FC/HBET:1,2
Glulam portal frame* S/LFBR/W/LPB/EWN/FN/HBET:1,2
Beneluxweg 15 S/LFBR/S/LPB/EWN/FN/HBET:1,2

* Generic model

Figure 2.2 URM index building models, clockwise from top left: De Haver, Koerier-
sterweg 20-21, Julianalaan 52, Type C, Zijlvest 25, Solwerderstraat 25

Chapter 2. Seismic Performance of Buildings from the Groningen Field 11

Figure 2.3 URM index building models, clockwise from top left: Nieuwstraat 8,
Kwelder 1, Schuitenzandflat 2-56, Badweg 12

Figure 2.4 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8
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Table 2.2 Structural Systems of the Index Building Models

Index Building Name GEM Taxonomy String

Precast RC post and beam* CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2
Precast RC wall-slab-wall* CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2
Cast-in-place RC post and beam* CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2
Cast-in-place RC wall-slab-wall* CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2
De Haver MUR/LH/MUR/LH/EWN/FW/HBET:1,2
Solwerderstraat 55 MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2
Julianalaan 52 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Type C MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Zijlvest 25 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV
Koeriersterweg 20-21 MUR/LWAL/MUR/LN/EW/FC/HBET:3,20
Nieuwstraat 8 MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2
Kwelder 1 MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2
Schuitenzandflat 2-56 MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20
Badweg 12 MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2
Kwelder 8 W/LWAL/W/LWAL/EW/FW/HBET:1,2
Steenweg 19 S/LFM/S/LFM/EWN/FC/HBET:1,2
Glulam portal frame* S/LFBR/W/LPB/EWN/FN/HBET:1,2
Beneluxweg 15 S/LFBR/S/LPB/EWN/FN/HBET:1,2

* Generic model

Figure 2.2 URM index building models, clockwise from top left: De Haver, Koerier-
sterweg 20-21, Julianalaan 52, Type C, Zijlvest 25, Solwerderstraat 25
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Table 2.2 Structural Systems of the Index Building Models

Index Building Name GEM Taxonomy String

Precast RC post and beam* CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2
Precast RC wall-slab-wall* CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2
Cast-in-place RC post and beam* CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2
Cast-in-place RC wall-slab-wall* CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2
De Haver MUR/LH/MUR/LH/EWN/FW/HBET:1,2
Solwerderstraat 55 MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2
Julianalaan 52 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Type C MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Zijlvest 25 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV
Koeriersterweg 20-21 MUR/LWAL/MUR/LN/EW/FC/HBET:3,20
Nieuwstraat 8 MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2
Kwelder 1 MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2
Schuitenzandflat 2-56 MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20
Badweg 12 MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2
Kwelder 8 W/LWAL/W/LWAL/EW/FW/HBET:1,2
Steenweg 19 S/LFM/S/LFM/EWN/FC/HBET:1,2
Glulam portal frame* S/LFBR/W/LPB/EWN/FN/HBET:1,2
Beneluxweg 15 S/LFBR/S/LPB/EWN/FN/HBET:1,2

* Generic model

Figure 2.2 URM index building models, clockwise from top left: De Haver, Koerier-
sterweg 20-21, Julianalaan 52, Type C, Zijlvest 25, Solwerderstraat 25
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Figure 2.3 URM index building models, clockwise from top left: Nieuwstraat 8,
Kwelder 1, Schuitenzandflat 2-56, Badweg 12

Figure 2.4 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8
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Figure 2.5 Non-URM index building models, clockwise from top left: Beneluxweg 15,
Glulam portal frame, RC post and beam (both precast and cast-in-place), Steenweg 19

Table 2.3 Characteristics of Index Building Models

Index Building Name Year of Structural Gutter Footprint
Construction Layout Height (m) area (m2)

Precast RC post and beam N/A WBW 6.5 1880
Precast RC wall-slab-wall N/A UBH 5.52 44 per unit
Cast-in-place RC post and beam N/A WBW 6.5 1880
Cast-in-place RC wall-slab-wall N/A UBH 5.56 44 per unit
De Haver 1900’s WBH 2.9 (house) 3.7 (barn) 194 (house), 1530 (barn)
Solwerderstraat 55 TBD UBA 6.1 113
Julianalaan 52 1950’s UBH 5.4 45 per unit
Type C 1970’s UBH 2.8 70 per unit
Zijlvest 25 1976 UBH 5.5 53 per unit
Koeriersterweg 20-21 TBD UBH 50 per unit TBD
Nieuwstraat 8 1940s UH 3.0 70
Kwelder 1 TBD UH 2.75 98
Schuitenzandflat 2-56 TBD BTN 13.8 720
Badweg 12 1940’s UH 2.8 67
Kwelder 8 TBD? UH 2.75 76
Steenweg 19 2005 WBW 6.5 432
Glulam portal frame N/A WBW 4.0 460
Beneluxweg 15 2001 WBW 3.8 300

with the characteristics of the index buildings, as presented in Table 2.3. The full distribu-
tions of these structural properties are presented in Appendix A and the modal value of
each distribution is presented in Table 2.4. The comparison of Tables 2.3 and 2.4 show that
the majority of the index buildings match the modal characteristics of the structural systems
that they are used to represent within the v5 risk model.

The most predominant structural system in the v5 exposure model is MUR/LWAL/MUR/
LN/EW/FC/HBET:1,2, i.e. unreinforced masonry (MUR) buildings with walls in one di-
rection (LWAL) and no lateral load resisting system in the other direction (LN), cavity walls
(EW), concrete floors (FC) and between 1 and 2 storeys (HEBT:1,2). Initially there were over
55,000 buildings of this structural system in the exposure model, which is around one-third
of the total populated building stock. In order to further distinguish this typology, data on
the maximum opening ratio on the ground floor from inspected buildings was investigated
(see Figure 2.6). As will be presented in Chapter 3, a comparison of the nonlinear dynamic
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Figure 2.3 URM index building models, clockwise from top left: Nieuwstraat 8,
Kwelder 1, Schuitenzandflat 2-56, Badweg 12

Figure 2.4 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8

Index	Buildings	Represen:ng	Building	Typologies	



Distribu:on	of	Building	Typologies	

	
	
	
	
	
	
	
75%	of	all	buildings	are	covered	by	index	buildings	
	
85%	of	all	URM	buildings	are	covered	by	index	buildings	



Coverage	of	Building	Typologies	

Zijlvest	25	

Badweg	12	
Koeriersterweg	20-21	

De	Haver	+	House	
De	Haver	Barn	

Nieuwstraat	8		
EUC-BUILD	4/5	(with	cladding)	

EUC-BUILD	4/5	(no	cladding)	
De	Haver	+	House	

	
	
95%	of	all	buildings	with	LPR	>	10-5	are	covered	by	index	buildings:	

Index	Buildings:	
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Table 2.4 Modal Characteristics of Structural Systems in v5 Exposure Database

Structural System Year of Structural Gutter Footprint
Construction Layout Height (m) Area (m2)

CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2 1980-1999 WBW 3.1-4 >300
CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2 1980-1999 UBH 5.1-6 51-100
CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2 1960-1979 WBW 3.1-4 >300
CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LH/MUR/LH/EWN/FW/HBET:1,2 <1900 WBH 3.1-4 >300
MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2 1920-1939 UBH 4.1-5 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:3,20 1960-1979 UBH 8.1-9 51-100
MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2 1920-1939 UH 3.1-4 51-100
MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2 1980-1999 UH 4.1-5 101-150
MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20 1960-1979 BTN >11 151-200
MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2 1920-1939 UH 3.1-4 101-150
W/LWAL/W/LWAL/EW/FW/HBET:1,2 1980-1999 UH 4.1-5 101-150
S/LFM/S/LFM/EWN/FC/HBET:1,2 1980-1999 UH 3.1-4 101-150
S/LFBR/W/LPB/EWN/FN/HBET:1,2 1980-1999 WBW 3.1-4 >300
S/LFBR/S/LPB/EWN/FN/HBET:1,2 1960-1979 WBW 3.1-4 >300

Table 2.5 Opening Ratios of Buildings with same Structural System

Index Building Max. ground floor
opening ratio (%)

Julianalaan 52 0.71
Type C 0.60
Zijlvest 25 0.95
EUC-BUILD1 0.51
LENC-BUILD1 0.42

analyses and experimental test results of buildings with a MUR/LWAL/MUR/LN/EW/
FC/HBET:1,2 structural system with different opening ratios (i.e. Julianalaan 52, Zijlvest 25,
Type C, EUC-BUILD1, LNEC-BUILD1 as shown in Table 2.5) showed that a reasonable divi-
sion of this structural system into two categories could be made: i) buildings with less than
and equal to 80% opening ratios and ii) buildings with greater than 80% opening ratios at
the ground floor. The majority of buildings with this structural system fall within the former
category and so the name of the system has not been modified. Instead, to identify the build-
ings with maximum ground floor opening ratios greater than 80%, the "change in vertical
structure" attribute of the GEM Building Taxonomy (IRIR+IRVP:CHV) has been used. The
inspected buildings show that around 90% of the buildings constructed with opening ra-
tios greater than 80% were constructed between 1960 and 1980. The percentage of buildings
constructed between 1960 and 1980 with openings greater than 80% at the ground floor has
been found to be around 30%, and so this inference rule has been applied to the exposure
database for buildings that have not yet been inspected and for which the opening ratio is
not yet available.

v5	Exposure	Database	–	distribu;ons	and	mean	proper;es	
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Figure 2.5 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8

Figure 2.6 Non-URM index building models, clockwise from top left: Beneluxweg 15,
Glulam portal frame, RC post and beam (both precast and cast-in-place), Steenweg 19

Table 2.5 Characteristics of index building models

Index Building Name Year of Structural Gutter Footprint
Construction Layout Height (m) area (m2)

Precast RC post and beam N/A WBW 6.5 1880
Precast RC wall-slab-wall N/A UBH 5.52 44 per unit
Cast-in-place RC post and beam N/A WBW 6.5 1880
Cast-in-place RC wall-slab-wall N/A UBH 5.56 44 per unit
De Haver 1900’s WBH 2.9 (house) 3.7 (barn) 194 (house), 1530 (barn)
Solwerderstraat 55 <1945 UBA 6.1 113
Julianalaan 52 1950’s UBH 5.4 45 per unit
Type C 1970’s UBH 2.8 70 per unit
Zijlvest 25 1976 UBH 5.5 53 per unit
Koeriersterweg 20-21 TBD UBH 8.59 50 per unit
Nieuwstraat 8 1940s UH 3.0 70
Kwelder 1 TBD UH 2.75 98
Schuitenzandflat 2-56 TBD BTN 13.8 720
Badweg 12 1940’s UH 2.8 67
Kwelder 8 TBD UH 2.75 76
Steenweg 19 2005 WBW 6.5 432
Glulam portal frame N/A WBW 4.0 460
Beneluxweg 15 2001 WBW 3.8 300

Representa:veness	of	Building	Typologies	
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Table 2.4 Modal Characteristics of Structural Systems in v5 Exposure Database

Structural System Year of Structural Gutter Footprint
Construction Layout Height (m) Area (m2)

CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2 1980-1999 WBW 3.1-4 >300
CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2 1980-1999 UBH 5.1-6 51-100
CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2 1960-1979 WBW 3.1-4 >300
CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LH/MUR/LH/EWN/FW/HBET:1,2 <1900 WBH 3.1-4 >300
MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2 1920-1939 UBH 4.1-5 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:3,20 1960-1979 UBH 8.1-9 51-100
MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2 1920-1939 UH 3.1-4 51-100
MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2 1980-1999 UH 4.1-5 101-150
MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20 1960-1979 BTN >11 151-200
MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2 1920-1939 UH 3.1-4 101-150
W/LWAL/W/LWAL/EW/FW/HBET:1,2 1980-1999 UH 4.1-5 101-150
S/LFM/S/LFM/EWN/FC/HBET:1,2 1980-1999 UH 3.1-4 101-150
S/LFBR/W/LPB/EWN/FN/HBET:1,2 1980-1999 WBW 3.1-4 >300
S/LFBR/S/LPB/EWN/FN/HBET:1,2 1960-1979 WBW 3.1-4 >300

Table 2.5 Opening Ratios of Buildings with same Structural System

Index Building Max. ground floor
opening ratio (%)

Julianalaan 52 0.71
Type C 0.60
Zijlvest 25 0.95
EUC-BUILD1 0.51
LENC-BUILD1 0.42

analyses and experimental test results of buildings with a MUR/LWAL/MUR/LN/EW/
FC/HBET:1,2 structural system with different opening ratios (i.e. Julianalaan 52, Zijlvest 25,
Type C, EUC-BUILD1, LNEC-BUILD1 as shown in Table 2.5) showed that a reasonable divi-
sion of this structural system into two categories could be made: i) buildings with less than
and equal to 80% opening ratios and ii) buildings with greater than 80% opening ratios at
the ground floor. The majority of buildings with this structural system fall within the former
category and so the name of the system has not been modified. Instead, to identify the build-
ings with maximum ground floor opening ratios greater than 80%, the "change in vertical
structure" attribute of the GEM Building Taxonomy (IRIR+IRVP:CHV) has been used. The
inspected buildings show that around 90% of the buildings constructed with opening ra-
tios greater than 80% were constructed between 1960 and 1980. The percentage of buildings
constructed between 1960 and 1980 with openings greater than 80% at the ground floor has
been found to be around 30%, and so this inference rule has been applied to the exposure
database for buildings that have not yet been inspected and for which the opening ratio is
not yet available.

Index	Buildings	

v5	Exposure	Database	–	mean	proper;es	
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Table 2.2 Structural Systems of the Index Building Models

Index Building Name GEM Taxonomy String

Precast RC post and beam* CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2
Precast RC wall-slab-wall* CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2
Cast-in-place RC post and beam* CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2
Cast-in-place RC wall-slab-wall* CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2
De Haver MUR/LH/MUR/LH/EWN/FW/HBET:1,2
Solwerderstraat 55 MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2
Julianalaan 52 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Type C MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Zijlvest 25 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV
Koeriersterweg 20-21 MUR/LWAL/MUR/LN/EW/FC/HBET:3,20
Nieuwstraat 8 MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2
Kwelder 1 MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2
Schuitenzandflat 2-56 MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20
Badweg 12 MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2
Kwelder 8 W/LWAL/W/LWAL/EW/FW/HBET:1,2
Steenweg 19 S/LFM/S/LFM/EWN/FC/HBET:1,2
Glulam portal frame* S/LFBR/W/LPB/EWN/FN/HBET:1,2
Beneluxweg 15 S/LFBR/S/LPB/EWN/FN/HBET:1,2

* Generic model

Figure 2.2 URM index building models, clockwise from top left: De Haver, Koerier-
sterweg 20-21, Julianalaan 52, Type C, Zijlvest 25, Solwerderstraat 25
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Figure 2.5 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8

Figure 2.6 Non-URM index building models, clockwise from top left: Beneluxweg 15,
Glulam portal frame, RC post and beam (both precast and cast-in-place), Steenweg 19

Table 2.5 Characteristics of index building models

Index Building Name Year of Structural Gutter Footprint
Construction Layout Height (m) area (m2)

Precast RC post and beam N/A WBW 6.5 1880
Precast RC wall-slab-wall N/A UBH 5.52 44 per unit
Cast-in-place RC post and beam N/A WBW 6.5 1880
Cast-in-place RC wall-slab-wall N/A UBH 5.56 44 per unit
De Haver 1900’s WBH 2.9 (house) 3.7 (barn) 194 (house), 1530 (barn)
Solwerderstraat 55 <1945 UBA 6.1 113
Julianalaan 52 1950’s UBH 5.4 45 per unit
Type C 1970’s UBH 2.8 70 per unit
Zijlvest 25 1976 UBH 5.5 53 per unit
Koeriersterweg 20-21 TBD UBH 8.59 50 per unit
Nieuwstraat 8 1940s UH 3.0 70
Kwelder 1 TBD UH 2.75 98
Schuitenzandflat 2-56 TBD BTN 13.8 720
Badweg 12 1940’s UH 2.8 67
Kwelder 8 TBD UH 2.75 76
Steenweg 19 2005 WBW 6.5 432
Glulam portal frame N/A WBW 4.0 460
Beneluxweg 15 2001 WBW 3.8 300

Representa:veness	of	Building	Typologies	
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Table 2.4 Modal Characteristics of Structural Systems in v5 Exposure Database

Structural System Year of Structural Gutter Footprint
Construction Layout Height (m) Area (m2)

CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2 1980-1999 WBW 3.1-4 >300
CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2 1980-1999 UBH 5.1-6 51-100
CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2 1960-1979 WBW 3.1-4 >300
CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LH/MUR/LH/EWN/FW/HBET:1,2 <1900 WBH 3.1-4 >300
MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2 1920-1939 UBH 4.1-5 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV 1960-1979 UBH 5.1-6 51-100
MUR/LWAL/MUR/LN/EW/FC/HBET:3,20 1960-1979 UBH 8.1-9 51-100
MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2 1920-1939 UH 3.1-4 51-100
MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2 1980-1999 UH 4.1-5 101-150
MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20 1960-1979 BTN >11 151-200
MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2 1920-1939 UH 3.1-4 101-150
W/LWAL/W/LWAL/EW/FW/HBET:1,2 1980-1999 UH 4.1-5 101-150
S/LFM/S/LFM/EWN/FC/HBET:1,2 1980-1999 UH 3.1-4 101-150
S/LFBR/W/LPB/EWN/FN/HBET:1,2 1980-1999 WBW 3.1-4 >300
S/LFBR/S/LPB/EWN/FN/HBET:1,2 1960-1979 WBW 3.1-4 >300

Table 2.5 Opening Ratios of Buildings with same Structural System

Index Building Max. ground floor
opening ratio (%)

Julianalaan 52 0.71
Type C 0.60
Zijlvest 25 0.95
EUC-BUILD1 0.51
LENC-BUILD1 0.42

analyses and experimental test results of buildings with a MUR/LWAL/MUR/LN/EW/
FC/HBET:1,2 structural system with different opening ratios (i.e. Julianalaan 52, Zijlvest 25,
Type C, EUC-BUILD1, LNEC-BUILD1 as shown in Table 2.5) showed that a reasonable divi-
sion of this structural system into two categories could be made: i) buildings with less than
and equal to 80% opening ratios and ii) buildings with greater than 80% opening ratios at
the ground floor. The majority of buildings with this structural system fall within the former
category and so the name of the system has not been modified. Instead, to identify the build-
ings with maximum ground floor opening ratios greater than 80%, the "change in vertical
structure" attribute of the GEM Building Taxonomy (IRIR+IRVP:CHV) has been used. The
inspected buildings show that around 90% of the buildings constructed with opening ra-
tios greater than 80% were constructed between 1960 and 1980. The percentage of buildings
constructed between 1960 and 1980 with openings greater than 80% at the ground floor has
been found to be around 30%, and so this inference rule has been applied to the exposure
database for buildings that have not yet been inspected and for which the opening ratio is
not yet available.

Index	Buildings	

v5	Exposure	Database	–	mean	proper;es	
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Figure 2.3 URM index building models, clockwise from top left: Nieuwstraat 8,
Kwelder 1, Schuitenzandflat 2-56, Badweg 12

Figure 2.4 Non-URM index building models, left to right: Precast RC wall-slab-wall,
Cast-in-place RC wall-slab-wall, Kwelder 8



Fragility	model	
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debris	caused	by	

collapse	states	(CS1,	
CS2	and	CS3)	

Probability	of	fatality,	
inside	and	outside,	
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by	collapse	of	

chimneys	(empirical)	



Nonlinear	Dynamic	Analysis	

•  A	set	of	11	tri-axial	ground	mo;ons	of	increasing	levels	of	
intensity	was	applied	to	most	index	buildings	(modelled	using	
LS-DYNA,	ELS	and	SeismoStruct).	The	strongest	records	led	to	
collapse	in	all	URM	buildings.	

•  Hystere;c	plots	of	base	shear	versus	anc	(i.e.	highest	level	
before	roof)	displacement	were	used	to	obtain	peak	base	
shear	and	corresponding	displacement	(with	;me	lag)	points:	



SDOF	Models	–	Backbone	Curves	

•  Peak	base	shear	(V)	and	corresponding	anc	displacement	
(Δmax)	points	transformed	to	SDOF	system	with	base	shear	
coefficient	(BSC)	and	SDOF	displacement	(Sd)	given	by:		

•  Post-peak	hystere;c	response	and	collapse	displacement	
used	to	complete	the	SDOF	backbone	curve.	
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where mi is the mass of each floor of the model (noting that the roof mass is added to the
attic/top floor), and �it are the displacements of all floors normalized by �max. The spectral
displacement (Sd) is calculated by dividing the attic/top floor displacement by �t:

Sd =
�max

�t
(3.2)

and the base shear coefficient is estimated by dividing the base shear by the effective mass,
meff , given by Equation 3.3:

meff =
X

mi�it�t (3.3)

The effective height (Heff ) of the SDOF can be calculated as follows:

Heff =

P
mi�ithiP
mi�it

(3.4)

where hi is the height to each floor and m is the total height of the structure.

3.1.2 Backbone curves

The backbone curve of the SDOF model up until peak base shear has been obtained using the
hysteretic points presented in the previous chapter. The reduction of base shear after peak
base shear has been defined considering the post-peak hysteretic behaviour of the buildings,
whilst the base shear is assumed to be zero when the collapse capacity is reached. For a
given model, the global collapse capacity has been taken as the average of the lowest attic
displacement when collapse occurs in those records that lead to global collapse and the
highest attic displacement attained in the analyses that do not lead to collapse. Further
discussion on the identification of the displacement capacity at collapse for each model is
provided in Chapter 4. The backbone curves are plotted in Figures 3.1 to 3.9 in terms of
base shear coefficient and SDOF drift, using the transformation procedure described in the
previous section. Only the weaker direction (with lower base shear coefficient) has been
plotted, as all consequences observed in the 3D models of the buildings are associated with
the SDOF displacement in the weaker direction of the building.

3.1.3 Comparisons with experimental test backbone curves

In order to sanity check the backbone curves for the more predominant structural systems,
comparisons of the numerical backbone curves with those from the experimental tests of full
buildings (EUC-BUILD1, EUC-BUILD2 and LNEC-BUILD1) have been undertaken. More
details on the experimental tests are provided in Graziotti et al. (2015; 2016) and Tomasetti
et al. (2017).
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Chapter 3

Single Degree of Freedom (SDOF)
Models

This chapter describes the calibration of the SDOF model (see Figure 1.3) for each index
building model presented previously in Chapter 3, as well as the dynamic analyses of these
SDOF models for the development of fragility functions, that will be described further in
Chapter 4.

3.1 SDOF Backbone Curves and Hysteretic Models

The points of peak base shear and corresponding attic displacement from each nonlinear
dynamic/static analysis presented in Chapter 2 have been transformed to equivalent SDOF
properties, using the methodology described in the next section. This data has then been
used to produce backbone curves for each index building. These backbone curves, together
with either a Takeda or Multlinear hysteretic model, and springs to represent the stiffness
and damping due to foundation flexibility and radiation damping, comprise the SDOF mod-
els.

3.1.1 Transformation to SDOF

Transformation to an equivalent SDOF system has been undertaken using the transforma-
tion methodology presented in Casarotti and Pinho (2007). The transformation factor, �t,
has been calculated using the results of the analysis that led to the maximum attic displace-
ment (�max) without global collapse. At the time step, t, of maximum displacement, the
transformation factor �t has been calculated as follows:

�t =

P
mi�itP
mi�2

it

(3.1)
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where mi is the mass of each floor of the model (noting that the roof mass is added to the
attic/top floor), and �it are the displacements of all floors normalized by �max. The spectral
displacement (Sd) is calculated by dividing the attic/top floor displacement by �t:

Sd =
�max

�t
(3.2)

and the base shear coefficient is estimated by dividing the base shear by the effective mass,
meff , given by Equation 3.3:

meff =
X

mi�it�t (3.3)

The effective height (Heff ) of the SDOF can be calculated as follows:

Heff =

P
mi�ithiP
mi�it

(3.4)

where hi is the height to each floor and m is the total height of the structure.

3.1.2 Backbone curves

The backbone curve of the SDOF model up until peak base shear has been obtained using the
hysteretic points presented in the previous chapter. The reduction of base shear after peak
base shear has been defined considering the post-peak hysteretic behaviour of the buildings,
whilst the base shear is assumed to be zero when the collapse capacity is reached. For a
given model, the global collapse capacity has been taken as the average of the lowest attic
displacement when collapse occurs in those records that lead to global collapse and the
highest attic displacement attained in the analyses that do not lead to collapse. Further
discussion on the identification of the displacement capacity at collapse for each model is
provided in Chapter 4. The backbone curves are plotted in Figures 3.1 to 3.9 in terms of
base shear coefficient and SDOF drift, using the transformation procedure described in the
previous section. Only the weaker direction (with lower base shear coefficient) has been
plotted, as all consequences observed in the 3D models of the buildings are associated with
the SDOF displacement in the weaker direction of the building.

3.1.3 Comparisons with experimental test backbone curves

In order to sanity check the backbone curves for the more predominant structural systems,
comparisons of the numerical backbone curves with those from the experimental tests of full
buildings (EUC-BUILD1, EUC-BUILD2 and LNEC-BUILD1) have been undertaken. More
details on the experimental tests are provided in Graziotti et al. (2015; 2016) and Tomasetti
et al. (2017).
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where mi is the mass of each floor of the model (noting that the roof mass is added to the
attic/top floor), and �it are the displacements of all floors normalized by �max. The spectral
displacement (Sd) is calculated by dividing the attic/top floor displacement by �t:

Sd =
�max

�t
(3.2)

and the base shear coefficient is estimated by dividing the base shear by the effective mass,
meff , given by Equation 3.4:

meff =
X

mi�it�t (3.3)

BSC =
V

meff
(3.4)

The effective height (Heff ) of the SDOF can be calculated as follows:

Heff =

P
mi�ithiP
mi�it

(3.5)

where hi is the height to each floor and m is the total height of the structure.

3.1.2 Backbone curves

The backbone curve of the SDOF model up until peak base shear has been obtained using the
hysteretic points presented in the previous chapter. The reduction of base shear after peak
base shear has been defined considering the post-peak hysteretic behaviour of the buildings,
whilst the base shear is assumed to be zero when the collapse capacity is reached. For a
given model, the global collapse capacity has been taken as the average of the lowest attic
displacement when collapse occurs in those records that lead to global collapse and the
highest attic displacement attained in the analyses that do not lead to collapse. Further
discussion on the identification of the displacement capacity at collapse for each model is
provided in Chapter 4. The backbone curves are plotted in Figures 3.1 to 3.9 in terms of
base shear coefficient and SDOF drift, using the transformation procedure described in the
previous section. Only the weaker direction (with lower base shear coefficient) has been
plotted, as all consequences observed in the 3D models of the buildings are associated with
the SDOF displacement in the weaker direction of the building.

3.1.3 Comparisons with experimental test backbone curves

In order to sanity check the backbone curves for the more predominant structural systems,
comparisons of the numerical backbone curves with those from the experimental tests of full
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where mi is the mass of each floor of the model (noting that the roof mass is added to the
attic/top floor), and �it are the displacements of all floors normalized by �max. The spectral
displacement (Sd) is calculated by dividing the attic/top floor displacement by �t:

Sd =
�max

�t
(3.2)

and the base shear coefficient is estimated by dividing the base shear by the effective mass,
meff , given by Equation 3.3:

meff =
X

mi�it�t (3.3)

The effective height (Heff ) of the SDOF can be calculated as follows:

Heff =

P
mi�ithiP
mi�it

(3.4)

where hi is the height to each floor and m is the total height of the structure.

3.1.2 Backbone curves

The backbone curve of the SDOF model up until peak base shear has been obtained using the
hysteretic points presented in the previous chapter. The reduction of base shear after peak
base shear has been defined considering the post-peak hysteretic behaviour of the buildings,
whilst the base shear is assumed to be zero when the collapse capacity is reached. For a
given model, the global collapse capacity has been taken as the average of the lowest attic
displacement when collapse occurs in those records that lead to global collapse and the
highest attic displacement attained in the analyses that do not lead to collapse. Further
discussion on the identification of the displacement capacity at collapse for each model is
provided in Chapter 4. The backbone curves are plotted in Figures 3.1 to 3.9 in terms of
base shear coefficient and SDOF drift, using the transformation procedure described in the
previous section. Only the weaker direction (with lower base shear coefficient) has been
plotted, as all consequences observed in the 3D models of the buildings are associated with
the SDOF displacement in the weaker direction of the building.

3.1.3 Comparisons with experimental test backbone curves

In order to sanity check the backbone curves for the more predominant structural systems,
comparisons of the numerical backbone curves with those from the experimental tests of full
buildings (EUC-BUILD1, EUC-BUILD2 and LNEC-BUILD1) have been undertaken. More
details on the experimental tests are provided in Graziotti et al. (2015; 2016) and Tomasetti
et al. (2017).

SDOF	drir	=	Sd/Heff	



SDOF	Models	–	Backbone	Curves	



SDOF	Models	–	Some	Consistency	Checks	

•  Backbone	data	has	been	obtained	from	EUC-BUILD1	and	
LNEC-BUILD1	(both	same	structural	system)	and	transformed	
to	equivalent	SDOFs.	

EUC-BUILD1	 LNEC-BUILD1	



•  Type	C	has	one	storey	–	similar	base	shear	coefficient	and	
collapse	displacement	to	LNEC-BUILD1	(also	one	storey)	

•  Lower	displacement	capacity	of	Julianalaan	52	(two	storeys)	
expected	due	to	higher	axial	load	on	ground	floor	piers.	

SDOF	Models	–	Some	Consistency	Checks	



•  OpenSees	Hystere;c	(which	can	model	Takeda	behaviour)	and	
Mul;-linear	hysteresis	models	used.	The	degraded	unloading	
s;ffness	(of	Hystere;c)	and	damping	values	were	modified	for	
each	system.		

•  A	consistency	check	of	the	OpenSees	SDOF	maximum	
displacement	response	and	transformed	MDOF	response	was	
undertaken,	mainly	to	ensure	collapse	predicted	under	same	
records	and	average	ra;o	of	displacements	was	≈	1.	

SDOF	Models	–	Hystere:c	Response	



SDOF	Models	–	SSI	Parameters	

•  Most	probable	founda;on	types	have	been	iden;fied	for	each	
URM	structural	system	considering	structural	layout,	age,	soil	
s;ffness	(exposure	database).	

•  Impedance	func;ons	developed	by	Mosayk	(2015)	have	been	
used	to	assign	the	horizontal	spring	s;ffness	and	damping	at	
the	base	of	the	SDOF	models,	considering	its	fundamental	
period	of	vibra;on.	 Deliverable(D3( 89(
!
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SDOF	Models	–	Cloud	Analysis	

•  Nonlinear	dynamic	analysis	of	the	SDOF	models	has	been	
undertaken	considering	hundreds	of	records.			

•  Mul;variate	linear		
(censored)	regression		
to	obtain	an		
equa;on	that	describes		
displacement	response	
(Sd)	given	a	vector		
of	intensity	measures.	
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘D|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).
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assessment for the Groningen field. In particular, the magnitude range has been taken to be
between 3.5 and 6.5, and epicentral distances up to 60 km have been used.

The latest ground-motion prediction equation (GMPE) for the risk assessment (Bommer et
al. 2016) predicts the arbitrary component of spectral acceleration. This choice of compo-
nent, as opposed to the geometric mean, has allowed the spectral acceleration at a given
period of vibration for a given horizontal component of ground shaking to be directly plot-
ted against its predicted nonlinear dynamic response, thus requiring less dynamic analyses
to predict the dispersion in response with a given level of confidence (see e.g. Baker and
Cornell 2006). For this reason, it has been possible to separately use both horizontal com-
ponents of recordings in the aforementioned databases. The records have been scaled only
when most of the original records were not strong enough to push the structure beyond the
yield displacement.

3.3.2 Nonlinear regression

The nonlinear dynamic analyses of each SDOF system have been undertaken in OpenSees
(McKenna et al. 2000). Given that the focus is currently on predicting the nonlinear behav-
ior after structural damage, all pre-yield response data has been removed; the aleatory vari-
ability in the pre-yield response is much lower than its post-yield counterpart (and is zero
when the same damping is considered in the SDOF system and spectral ordinates), and so
removing these points helps to create a set of data that is more likely to be homoscedastic.
Furthermore, the aforementioned assumption of a linear relationship between the logarithm
of response and the IM is also more reasonable when the data is focused only on the nonlin-
ear response. Nevertheless, for each SDOF model, it has been checked that the hypothesis
of a linear relationship and homoscedasticity was reasonable.

Once the maximum nonlinear dynamic displacement response of a given SDOF (Sd) is ob-
tained from all n ground-motion records, each response (di) is plotted against a scalar/vector
intensity measure (IM=[IMi, i=1:m] where m indicates the number of variables that define
the vector) and the statistical parameters corresponding to the lognormal distribution of
Sd|IM can be extracted. In particular, the expected value, E[ln Sd|IM ], is modelled by a
linear regression equation (Equation 3.5) with parameters b0 and bi (i=1,. . . ,m), while the
standard deviation or dispersion, (Equation 3.6) is estimated by the standard error of the
regression:

E[lnSd|IM ] = ln ⌘Sd|IM = b0 + b1 ln(IM1) + b2 ln(IM2) + ...+ bm ln(IMm) (3.5)

�Sd|IM ⇡

sPn
i (ln(di)� ln ⌘Sd|IM )2

n� (m+ 1)
(3.6)



 

87 
 

Once the censored linear regression has been undertaken for each response period 
spectral acceleration, and the most efficient IM selected, its dependence with respect 
to moment magnitude, epicentral distance and significant duration was then tested. 
The standard residuals from the linear regression were plotted against moment 
magnitude, logarithm of epicentral distance and logarithm of 5-75% significant 
duration, after which a standard linear regression was carried out (see Figure 6.3). It 
is noted that the censored observations were not used in this regression.  
 
The statistical significance of the regression estimate was quantified using the p-
value, and a value lower than 0.05 for any of the three parameters was considered 
as demonstrating a statistical significance between the residuals and that parameter 
(see e.g. Luco and Cornell, 2007). In such case, the use of spectral acceleration 
alone was deemed to be an insufficient intensity measure for the prediction of the 
nonlinear response.  
 

 
Figure 6.3. Illustrative plot of standard residuals of linear regression against moment 

magnitude (M), epicentral distance (R) and 5-75% significant duration (d) 
 
For many of the SDOF systems, the use of spectral acceleration at a given period of 
vibration was found to be a sufficient intensity measure. In those cases where it was 
insufficient, it was found to be predominantly insufficient in terms of duration, 
frequently insufficient in terms of epicentral distance and rarely insufficient in terms 
of magnitude. To address the cases where the initial IM was insufficient, a multiple 
linear (censored) regression was undertaken, by including the insufficient 
parameter(s) as additional regression variables. It was found that in the majority of 
cases, including first the significant duration as an additional regression parameter 
led to a sufficient intensity measure in terms of magnitude and distance and thus it 
was not necessary to include these parameters as additional variables. For 
simplicity, it was thus decided to use a vector intensity measure of spectral 
acceleration, Sa(T), and 5-75% significant duration, DS5-75, in those cases where the 
former (scalar) IM was insufficient, thus leading to the following model: 
 

ln A = C( + C" ln UV(W) + C$ln	(AXYZ[Y) 
 

(6.7) 

SDOF	Model	–	Cloud	Analysis	

•  Scalar	intensity	measure	checked	for	sufficiency	–	i.e.	linear	
regression	of	residuals	against	parameters	of	the	events/
ground	mo;ons	(M,	R,	D5-75),	p-value	should	be	>	0.05	
(coefficient	of	regression	is	not	sta;s;cally	significant)	

•  If	insufficient,	consider	various	vector	intensity	measures:	
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘D|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).



SDOF	Models	–	Building	Variability	

•  Cloud	plots	have	been	developed	using	an	index	building	that	
is	considered	to	represent	the	median	building	of	a	given	
structural	system.	

•  The	varia;on	in	s;ffness	and	strength	of	buildings	within	a	
given	structural	system	is	assumed	to	increase	the	dispersion	
of	the	regression.	

•  An	assumed	building	to	building	(B-B)	dispersion	of	0.1	has	
been	combined	(through	SRSS)	with	the	record-to-record	(R)	
variability	obtained	from	the	cloud	regression.	

	



SDOF	Models	–	Building	Variability	

•  To	check	this	simple	assump;on,	the	cloud	plots	of	two	
buildings	of	same	structural	system,	but	different	values	of	
s;ffness	and	strength,	were	compared.	

•  Similar	regression	coefficients	and	values	of	dispersion	(0.44	and	
0.45).	Increased	dispersion	of	order	of	0.1	seems	reasonable.	

Julianalaan	52	
(two	storeys)	

Type	C	
(one	storey)	



SDOF	Models	–	Limit	State	Variability	
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Chapter 4

Damage and Collapse Fragility
Functions

4.1 Introduction

The regression analyses described in the previous chapter allow equations to be derived
that relate the level of shaking with an estimate of the displacement response of an equiv-
alent SDOF system (Sd). By identifying the thresholds to damage or collapse in terms of
SDOF displacements (or drifts, obtained by dividing the SDOF displacement by the ef-
fective height of the SDOF), it is possible to produce fragility functions that describe the
proabbility of exceeding a number of distinct damage/collapse states. The variability in
these damage/collapse state thresholds (�DL) should be accounted for in the dispersion of
the response, and can be combined with the the record-to-record variability (�R) and the
building-to-building variability in terms of the stiffness and strength of the backbone curve
(�BB):

�s =
q

�2
R + �2

BB + �2
DL (4.1)

The damage/collapse state threshold variability has been assumed constant here for the
simplification of the risk engine, even though it is expected that there is a higher variability
at collapse than at low levels of damage. In future versions of the engine, the variation of
dispersion with intensity and damage state may be considered. Studies have shown how
this variability at collapse is between X and Y - refer to publications in BEE paper. A value
of 0.3 has been assumed herein. Dymiotis (2002)

The probability of exceeding the limit displacement to each structural damage or collapse
state i under a given level of ground shaking is calculated as follows:

PeDLDSi
= 1� �

✓
ln(DLDSi)� ln ⌘D|IM

�s

◆
(4.2)

From	cloud	analysis	
(around	0.4)	 0.1	 0.3	

•  The	main	variability	that	influences	the	fragility	func;ons	is	the	
damage/collapse	state	threshold	variability	(βDL).	

•  A	value	of	dispersion	of	0.3	has	been	assumed	based	on	values	
in	the	literature	(e.g.	Dymio;s,	2002;	Borzi	et	al.,	2008).		

•  The	total	response	dispersion	is	thus:	



•  In	addi;on	to	the	aleatory	variability	in	the	displacement	response,	
an	epistemic	(model)	uncertainty	has	been	included	in	the	analyses.		

•  This	model	uncertainty	accounts	for	inaccuracies	in	the	structural	
models	used	to	represent	the	response	of	a	‘real’	median	building	
of	a	given	structural	system.	It	is	modelled	with	a	logic	tree	through	
a	discrete	three-point	distribu;on	(Miller	and	Rice,	1983).	

•  Based	on	recommenda;ons	in	FEMA	P-58,	and	considering	that	
large	scale	tes;ng	and	valida;on	of	sorware	for	URM	buildings	has	
been	undertaken:		

βm	=	0.27	for	URM	
βm	=	0.47	for	non-URM	

•  Par;al	correla;on	of	model	uncertainty	between	structural	systems	
may	exist,	however	it	is	currently	conserva;vely	modelled	as	fully	
correlated	across	all	structural	systems.		

	

SDOF	Models	–	Model	Uncertainty	



SDOF	Models	–	Model	Uncertainty	
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PeDLCSi
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where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).

+	1.73	βm	
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘D|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).

+	0	βm	
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘D|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).

-	1.73	βm	

w	=	0.17	

w	=	0.17	

w	=	0.66	



•  In	addi;on	to	the	aleatory	variability	in	the	displacement	response,	
an	epistemic	(model)	uncertainty	has	been	included	in	the	analyses.		

•  This	model	uncertainty	accounts	for	inaccuracies	in	the	structural	
models	used	to	represent	the	response	of	a	‘real’	median	building	
of	a	given	structural	system.	It	is	modelled	with	a	logic	tree	through	
a	discrete	three-point	distribu;on	(Miller	and	Rice,	1983).	

•  Based	on	recommenda;ons	in	FEMA	P-58,	and	considering	that	
large	scale	tes;ng	and	valida;on	of	sorware	for	URM	buildings	has	
been	undertaken:		

βm	=	0.27	for	URM	
βm	=	0.47	for	non-URM	

•  Par;al	correla;on	of	model	uncertainty	between	structural	systems	
may	exist,	however	it	is	currently	conserva;vely	modelled	as	fully	
correlated	across	all	structural	systems	in	the	risk	engine.		

	

SDOF	Models	–	Model	Uncertainty	



Fragility	Func:ons	

•  Probability	of	exceeding	the	displacement	limit	(DL)	to	each	
structural	damage	(DS)	or	collapse	(CS)	state:	

•  Displacement	limits	for	each	damage	and	collapse	state	have	
been	iden;fied	from	a	combina;on	of	analy;cal	modelling,	
experimental	tests	and	proposed	values	in	literature.	

•  Assump;ons:	
–  Damage	states	are	sequen;al.	
–  Collapse	states	are	sequen;al.	
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Chapter 4

Damage and Collapse Fragility
Functions

4.1 Introduction

The regression analyses described in the previous chapter allow equations to be derived
that relate the level of shaking with an estimate of the displacement response of an equiv-
alent SDOF system (Sd). By identifying the thresholds to damage or collapse in terms of
SDOF displacements (or drifts, obtained by dividing the SDOF displacement by the ef-
fective height of the SDOF), it is possible to produce fragility functions that describe the
proabbility of exceeding a number of distinct damage/collapse states. The variability in
these damage/collapse state thresholds (�DL) should be accounted for in the dispersion of
the response, and can be combined with the the record-to-record variability (�R) and the
building-to-building variability in terms of the stiffness and strength of the backbone curve
(�BB):

�s =
q
�2
R + �2

BB + �2
DL (4.1)

The damage/collapse state threshold variability has been assumed constant here for the
simplification of the risk engine, even though it is expected that there is a higher variability
at collapse than at low levels of damage. In future versions of the engine, the variation of
dispersion with intensity and damage state may be considered. Studies have shown how
this variability at collapse is between X and Y - refer to publications in BEE paper. A value
of 0.3 has been assumed herein. Dymiotis (2002)

The probability of exceeding the limit displacement to each structural damage or collapse
state i under a given level of ground shaking is calculated as follows:

PeDLDSi
= 1� �

✓
ln(DLDSi)� ln ⌘Sd|IM

�s

◆
(4.2)
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘Sd|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).



Damage	Limit	States	

•  Damage	Limit	States	(illustra;ve)	

DS2	

DS3	

DS4	
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Figure 4.14 Definition of the damage states on the experimental backbone curve. The damage states are 
associated with crack pattern of the West-side CS wall  

Table 4.3 compares the experimental and analytical damage states as proposed by Calvi (1999) 
and by Lagomarsino and Cattari (2015). In particular, a comparison in terms of sub-system scale 
variable (i.e. inter-storey drift 𝜃ଵ) and global scale variable (i.e. V/Vmax ratio) is proposed for each 
damage state.  
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Damage	Limit	States	

e.g.	URM	Buildings	(from	shake	table	tests)	
•  DS2:	minor	structural	damage.	It	has	been	determined	as	the	

onset	of	cracking	in	primary	resis;ng	elements.	The	observed	
damage	could	be	easily	repaired.	

•  DS3:	significant	structural	damage.	This	level	of	performance	
was	associated	with	damage	observed	in	all	the	piers	
contribu;ng	to	the	in-plane	response	of	the	building.		

•  DS4:	severe	damage	leading	to	demoli;on	associated	to	loss	
of	s;ffness	and	strength	of	the	structural	elements	
contribu;ng	to	the	lateral	resistance.		
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Table 4.1 SDOF drift limits for each damage state, as observed in the URM shake table
tests

Shake Table Test ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

EUC-BUILD1 0.09 0.26 0.77
LNEC-BUILD1 0.13 0.30 0.59
EUC-BUILD2 0.01 0.25 0.94

Average 0.08 0.27 0.77

The damage states for URM buildings are defined as follows:

DS2: minor structural damage. It has been determined a the onset of cracking in primary
resisting elements. The observed damage could be easily reparied .
DS3: significant structural damage. This level of performance was associated with a damage
observed in all the piers contributing to the in-plane response of the building.
DS4: severe damage leading to demolition associated to loss of stiffness and strength of the
structural elements contributing to the laterial resistance.

After each stage of the shake table testing sequence, detailed surveys were carried out and
have allowed the maximum achieved top floor (attic) drift (%) at which a given level of dam-
age was not observed to be obtained. These values have been used to identify the attic limit
state displacements for each damage state (DLi), which have been transformed to SDOF
drift levels by dividing by the transfomration factor and the effective height, using Equa-
tions 3.1 and 3.4, respectively. It is noted that the values reported in Table 4.1 are slightly
different to those reported in Graziotti et al (2017?) as the SDOF system calculations used
herein assume that the roof mass is located at the attic height.

In order to calculate the threshold SDOF displacements (Sdi) for each building typology, the
average SDOF drifts reported in Table ?? have been multiplied by the effective height of
each building typology.

As mentioned previously, the thresholds to damage states presented above are not the final
values used for each building typology as they have been considered together with the col-
lapse limit state displacements to produce sequential damage/collapse states, as presented
later in this chapter.

4.2.2 Reinforced Concrete (RC) Buildings

The drift levels at which damage is predicted to occur in reinforced concrete buildings has
been informed by the recent cyclic and dynamic tests on cast-in-place and precast RC speci-
mens (see EUCENTRE 2017a, 2017b and 2017c). The results in terms of the damage descrip-
tions and levels of attic displacement and associated SDOF drift have been used to identify
the appropriate damage limits for the fragility functions.

The damage states are defined for the cast-in-place specimen as follows:



Damage	Limit	States	

•  Comparison	with	values	from	literature	–	wide	range	of	
values	for	DS2,	more	agreement	for	DS3	and	DS4.	

•  We	have	used	the	average	values	from	the	shake	table	tests,	
as	they	are	based	on	materials	from	the	region.	
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Table 4.1 SDOF drift limits for each damage state, as observed in the URM shake table
tests

Source ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

EUC-BUILD1 0.09 0.26 0.77
LNEC-BUILD1 0.13 0.30 0.59
EUC-BUILD2 0.01 0.25 0.94
Average 0.08 0.27 0.77
Calvi (1999) 0.3 0.5 1.0
Lagomarsino & Cattari (2015) 0.15-0.3 0.25-0.5 0.55-0.7
Borzi et al. (2008) 0.13 0.35 0.72

Average 0.08 0.27 0.77

The damage states for URM buildings are defined as follows:

DS2: minor structural damage. It has been determined a the onset of cracking in primary
resisting elements. The observed damage could be easily reparied .
DS3: significant structural damage. This level of performance was associated with a damage
observed in all the piers contributing to the in-plane response of the building.
DS4: severe damage leading to demolition associated to loss of stiffness and strength of the
structural elements contributing to the laterial resistance.

After each stage of the shake table testing sequence, detailed surveys were carried out and
have allowed the maximum achieved top floor (attic) drift (%) at which a given level of dam-
age was not observed to be obtained. These values have been used to identify the attic limit
state displacements for each damage state (DLi), which have been transformed to SDOF
drift levels by dividing by the transfomration factor and the effective height, using Equa-
tions 3.1 and 3.4, respectively. It is noted that the values reported in Table 4.1 are slightly
different to those reported in Graziotti et al (2017?) as the SDOF system calculations used
herein assume that the roof mass is located at the attic height.

In order to calculate the threshold SDOF displacements (Sdi) for each building typology, the
average SDOF drifts reported in Table ?? have been multiplied by the effective height of
each building typology.

As mentioned previously, the thresholds to damage states presented above are not the final
values used for each building typology as they have been considered together with the col-
lapse limit state displacements to produce sequential damage/collapse states, as presented
later in this chapter.

4.2.2 Reinforced Concrete (RC) Buildings

The drift levels at which damage is predicted to occur in reinforced concrete buildings has
been informed by the recent cyclic and dynamic tests on cast-in-place and precast RC speci-
mens (see EUCENTRE 2017a, 2017b and 2017c). The results in terms of the damage descrip-
tions and levels of attic displacement and associated SDOF drift have been used to identify
the appropriate damage limits for the fragility functions.



Damage	Limit	States	

•  Non-URM	Structural	Systems	–cyclic	tests	on	RC	buildings	and	
values	from	HAZUS	(FEMA,	2004)	
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Table 4.2 SDOF drift limits for each damage state, as observed in the RC cyclic tests

Shake Table Test ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

EUC-BUILD3 (cast-in-place) 0.8 1.25 3.0
EUC-BUILD4 (pre-cast) 0.14 0.50 1.15

Table 4.3 SDOF drift limits for each damage state, based on values in HAZUS (FEMA,
2004)

Structural System ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

Cast-in-place wall-slab-wall mid-rise 0.54 0.84 2.0
Cast-in-place frame low-rise 0.4 0.64 1.6
Cast-in-place frame mid to high-rise 0.27 0.43 1.1
Cast-in-place post and beam low-rise 0.4 0.64 1.6
Cast-in-place post and beam mid to high-rise 0.27 0.43 1.1
Precast post and beam low-rise 0.4 0.64 1.6
Precast post and beam mid to high-rise 0.27 0.43 1.1

DS2: full-depth hairline cracks at base of walls, and also cracks appearing at wall-slab joints.
DS3: Hairline cracks lengthen and extend, though with limited opening. Strength degreda-
tion begins.
DS4: Wider crack have appeared and spread, and the strength drop is of the order of 20%.

The damage states are defined for the precast specimen as follows:

DS2: narrow cracks initiate around the connectors.
DS3: sliding of the slabs above walls and permanent flexural deformation in the connectors
leading to residual displacements. Strength degradation initiates.
DS4: Heavy damage with permanent crack opening of 1 cm between transverse and stabil-
ity walls. The structure is considered to be near collapse.

The values of SDOF drift at which each of the aforementioned damage states were reached
in the EUC-BUILD 3 and EUC-BUILD4 cyclic tests are presented in Table 4.2.

The values presented in Table 4.2 have been used for the low-rise precast wall-slab-wall
and low-rise and mid-to-high rise cast-in-place wall-slab-wall structural systems in the v5
exposure model. For all other structural systems, the recommendations of HAZUS (FEMA,
2004) for pre-code RC buildings have been used, as presented in Table 4.3.

4.2.3 Timber and Steel Buildings

Unlike the URM and RC building types, which require bespoke damage limit states (as they
feature a number of construction details that are not typically found in other parts of the
world), standard limit state definitions are assumed to apply to the timber and steel con-
structions. The SDOF drift limit states to damage recommended by HAZUS (FEMA, 2004)
have been adopted herein. The following desciptions of the damage states are provided in
HAZUS, whilst the damage limits/thresholds to each damage state are provided in Table
4.4 in terms of SDOF drift.
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Table 4.4 SDOF drift limits to damage for steel and timber systems, based on values in
HAZUS (FEMA, 2004)

Structural System ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

Wood, Light Frame 0.32 0.79 2.45
Steel, Light Braced Frame 0.4 0.64 1.6
Steel, Moment Frame low-rise 0.48 0.76 1.62
Steel, Moment Frame mid to high-rise 0.32 0.51 1.1
Steel, Braced Frame low-rise 0.4 0.64 1.6
Steel, Braced Frame mid to high-rise 0.27 0.43 1.1

4.3 Collapse Limit States

4.3.1 Reliability of collapse modelling

A number of collapse states have been observed in the majority of the nonlinear dynamic
analyses presented in Chapter 2. In order to check the reliability of the software packages
used to identify collapse of URM buildings (both LS-DYNA and ELS), various experimental
tests up until collapse have been undertaken. These include both in-plane and out-of-plane
testing of URM solid and cavity walls and the top storey of a URM terraced building with
cavity walls and a concrete floor. The performance of the software is reported in (Refs to
various reports), and whilst only the ELS collapse was able to predict collapse of the top
storey of the terraced building, LS-DYNA has performed consistently well across all collapse
tests.

Show a couple of figures such as photo of LS-DYNA and ELS models at collapse compared
with LNEC test?

4.3.2 Collapse states from dynamic analysis of URM buildings

A detailed description of the collapse mechanisms observed in each of the nonlinear dy-
namic analyses that have been run in either LS-DYNA or ELS, described in Chapter 2, has
been produced. The time in the analysis at which the collapse mechanism was initiated has
been identified, and the maximum attic displacement up until that point in the analysis has
been reported. It has been possible to identify a weaker direction of the building in all mod-
els; this is the direction that has a lower base shear capacity and in which global collapse is
initiated. This direction has thus been used for the development of the fragility functions,
and so the attic displacement in this weaker direction has been extracted in all cases.

Some of the older models have been run with incremental dynamic analysis (IDA), rather
than with a suite of records with increasing levels of intensity. For these models some un-
usual behaviour has been observed, with a given collapse mechanism occurring much ear-
lier as the IDA progresses, and this is believed to be due to unrealistic ground motions being
created through scaling. For these models, the displacement for a given mechanism has been
taken from the results of the lowest intensity ground shaking for which it has been observed.
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Table 4.2 SDOF drift limits for each damage state, as observed in the RC cyclic tests

Cyclic Test ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

EUC-BUILD3 (cast-in-place) 0.8 1.25 3.0
EUC-BUILD4 (pre-cast) 0.14 0.50 1.15

Table 4.3 SDOF drift limits for each damage state, based on values in HAZUS (FEMA,
2004)

Structural System ✓SDOF,DL2 (%) ✓SDOF,DL3 (%) ✓SDOF,DL4 (%)

Cast-in-place wall-slab-wall mid-rise 0.54 0.84 2.0
Cast-in-place frame low-rise 0.4 0.64 1.6
Cast-in-place frame mid to high-rise 0.27 0.43 1.1
Cast-in-place post and beam low-rise 0.4 0.64 1.6
Cast-in-place post and beam mid to high-rise 0.27 0.43 1.1
Precast post and beam low-rise 0.4 0.64 1.6
Precast post and beam mid to high-rise 0.27 0.43 1.1

DS2: full-depth hairline cracks at base of walls, and also cracks appearing at wall-slab joints.
DS3: Hairline cracks lengthen and extend, though with limited opening. Strength degreda-
tion begins.
DS4: Wider crack have appeared and spread, and the strength drop is of the order of 20%.

The damage states are defined for the precast specimen as follows:

DS2: narrow cracks initiate around the connectors.
DS3: sliding of the slabs above walls and permanent flexural deformation in the connectors
leading to residual displacements. Strength degradation initiates.
DS4: Heavy damage with permanent crack opening of 1 cm between transverse and stabil-
ity walls. The structure is considered to be near collapse.

The values of SDOF drift at which each of the aforementioned damage states were reached
in the EUC-BUILD 3 and EUC-BUILD4 cyclic tests are presented in Table 4.2.

The values presented in Table 4.2 have been used for the low-rise precast wall-slab-wall
and low-rise and mid-to-high rise cast-in-place wall-slab-wall structural systems in the v5
exposure model. For all other structural systems, the recommendations of HAZUS (FEMA,
2004) for pre-code RC buildings have been used, as presented in Table 4.3.

4.2.3 Timber and Steel Buildings

Unlike the URM and RC building types, which require bespoke damage limit states (as they
feature a number of construction details that are not typically found in other parts of the
world), standard limit state definitions are assumed to apply to the timber and steel con-
structions. The SDOF drift limit states to damage recommended by HAZUS (FEMA, 2004)
have been adopted herein. The following desciptions of the damage states are provided in
HAZUS, whilst the damage limits/thresholds to each damage state are provided in Table
4.4 in terms of SDOF drift.



Collapse	Limit	States	

•  Collapse	Limit	States	(illustra;ve)	

CS1	

CS2	

CS3	



Collapse	Limit	States	

•  Collapse	has	been	explicitly	modelled	with	LS-DYNA	and	
Extreme	Loading	for	the	URM	buildings.	

•  For	non-URM	buildings	the	collapse	state	has	been	iden;fied	
by	the	exceedance	of	displacements	due	to	e.g.	excessive	
rota;on	of	joints,	unsea;ng.	

•  The	SDOF	displacement	in	the	weak	direc;on	of	the	building	
at	the	occurrence	of	up	to	three	collapse	states	has	been	
iden;fied.		

•  The	collapse	debris	(inside	and	outside)	has	also	been	inferred	
from	the	analyses,	for	the	fatality	model.	



Collapse	Limit	States	

•  MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2	

Appendix C. Collapse Mechanisms of URM Index Buildings 77

C.6 Nieuwstraat 8

Both ELS and LS-DYNA models have been produced for this index building. The collapse
mechanisms observed in both software were related to the unseating of the timber floor
from the solid URM walls, however only the ELS model has been used as the LS-DYNA
was still being checked at the time of developing the fragility and consequences models. The
collapse states observed in the LS-DYNA model of Badweg 12 from partial gable collapse
up global collapse are shown in Figures C.13, C.14 and C.15. The lowest attic displacements
and associated SDOF drift limits observed for each collapse state are reported in Table C.6.
All three collapse states are used in the derivation of the fragility and consequence models.

Figure C.13 Collapse state 1 of ELS Nieuwstraat 8 model

Figure C.14 Collapse state 2 of ELS Nieuwstraat 8 model

Table C.6 SDOF drift limits for the collapse states of Nieuwstraat 8

Collapse State Description Attic displacement (mm) ✓SDOF

Almost complete failure of floor 26.4 0.88
Almost complete failure of floor and wall collapse around windows 35.4 1.18
Global collapse 104 3.47



Collapse	Limit	States	

•  MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2	
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C.9 Badweg 12

The collapse states observed in the LS-DYNA model of Badweg 12 from partial gable col-
lapse up global collapse are shown in Figures C.22, C.23 and C.24. The lowest attic displace-
ments and associated SDOF drift limits observed for each collapse state are reported in Table
C.9.

Figure C.22 Collapse state 1 of LS-DYNA Badweg 12 model: out-of-plane failure of
external gable leaf

Figure C.23 Collapse state 2 of LS-DYNA Badweg 12 model: out-of-plane failure of
external gable leaf and part of longitudinal walls

Table C.9 SDOF drift limits for the collapse states of Badweg 12

Collapse State Description Attic displacement (mm) ✓SDOF

OOP failure of external gable wall leaf 2.34 0.085
OOP failure of external gable wall leaf and part of longitudinal walls 9.52 0.34
Global collapse 17 0.59



Fragility	Func:ons	
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(a) URM4L (b) URM3M

(c) URM6L (d) URM7L

(e) URM7M (f) URM8L

(g) W6L (h) S2L

Figure E.2 Fragility functions for each structural system (cont.)
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Chapter 4

Damage and Collapse Fragility
Functions

4.1 Introduction

The regression analyses described in the previous chapter allow equations to be derived
that relate the level of shaking with an estimate of the displacement response of an equiv-
alent SDOF system (Sd). By identifying the thresholds to damage or collapse in terms of
SDOF displacements (or drifts, obtained by dividing the SDOF displacement by the ef-
fective height of the SDOF), it is possible to produce fragility functions that describe the
proabbility of exceeding a number of distinct damage/collapse states. The variability in
these damage/collapse state thresholds (�DL) should be accounted for in the dispersion of
the response, and can be combined with the the record-to-record variability (�R) and the
building-to-building variability in terms of the stiffness and strength of the backbone curve
(�BB):

�s =
q

�2
R + �2

BB + �2
DL (4.1)

The damage/collapse state threshold variability has been assumed constant here for the
simplification of the risk engine, even though it is expected that there is a higher variability
at collapse than at low levels of damage. In future versions of the engine, the variation of
dispersion with intensity and damage state may be considered. Studies have shown how
this variability at collapse is between X and Y - refer to publications in BEE paper. A value
of 0.3 has been assumed herein. Dymiotis (2002)

The probability of exceeding the limit displacement to each structural damage or collapse
state i under a given level of ground shaking is calculated as follows:

PeDLDSi
= 1� �

✓
ln(DLDSi)� ln ⌘Sd|IM

�s

◆
(4.2)
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PeDLCSi
= 1� �

✓
ln(DLCSi)� ln ⌘Sd|IM

�s

◆
(4.3)

where

ln ⌘Sd|IM = b0 + b1 ln(Sa[T1]) + b2 ln(DS5�75) + b3 ln(Sa[T2]) (4.4)

and �() is the cumulative distribution function of the standard normal distribution, b0 to b3

are coefficients obtained from multivariate linear regression, DL is the displacement limit of
each damage or collapse state (provided in metres), T1 and T2 are periods of vibration, and
�s is the total dispersion (due to record-to-record variability, backbone stiffness and strength
variability and damage/collapse state threshold variability). Sa(T) is the spectral accelera-
tion (in g) for a given period of vibration (T1 or T2) and DS5�75 is the 5-75% significant
duration (in seconds), as provided by the hazard calculations of the risk engine.

The damage and collapse states presented herein are sequential. Only the collapse states are
used in the fatality risk calculations, whereas both damage and collapse states are used to
define repair costs. The following two sections present the separate definition of the damage
and collapse states, and then their combination into sequential states for each typology is
presented.

4.2 Damage Limit States

The damage states considered herein have mainly been defined considering damage ob-
served in experimental tests, but they are consistent with the EMS98 damage scale (Grunthal
et al., 1998) where damage state 1 (DS1) refers to slight non-structural damage comprising
hairline cracks in plaster and partition walls, DS2 refers to slight structural damage, DS3 to
moderate damage, DS4 to extensive damage. The main difference is that collapse states are
not considered as part of these standard damage scales, and are treated separately, as dis-
cussed in the following section. The current efforts to identify damage thresholds have not
yet enabled a robust evaluation of the threshold to DS1, and thus only structural damage
states (from DS2 to DS4) are considered in this report.

4.2.1 Unreinforced Masonry (URM) Buildings

The drift levels at which damage occurs in the URM buildings has been informed by the
large testing campaign that has been carried out on components and structures that match
the construction practies and materials used in the Groningen field (see refs XYZ). A specific
report focusing on the damage observed in the numerous tests has been compiled (Graziotti
et al 2017?), and the results in terms of the damage desriptions and levels of attic displace-
ment have been used to identify SDOF drift limits to damage (✓SDOFDLi).



Fragility	Func:ons	

•  Preliminary	consistency	checks	on	fragility	func;ons	based	on	
average	annual	collapse	(CS3)	rate	
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Figure 4. Hazard curves used for this study 
(IM=Sa(T1)). 

 

6.2. Results and discussion 
The annual probabilities of exceeding onset of 
damage and of collapse computed for all 
buildings using the methodology just presented 
are listed in Table 4 and Table 5, respectively.  

 
Table 4. Annual probability of onset of damage 
(IM=Sa(T1)). 

No. of 
storeys 

ades [g] 

0.0 0.2 0.4 

3 2.50x10-4 1.34x10-4 1.04x10-4 
5 2.70x10-4 1.38x10-4 1.09x10-4 
 

Table 5. Annual probability of collapse (IM=Sa(T1)). 

No. of 
storeys 

ades [g] 
0.0 0.2 0.4 

3 9.50x10-5 1.67x10-5 1.07x10-5 
5 1.78x10-4 7.34x10-5 2.97x10-5 
 
Predictably, for a structure of a given total 

number of floors the annual probability of 
reaching one of the two limit states decreases 
with the considered design ground motion, ades. 
Also it appears that structures of different heights 
designed to the same ades seem to have similar 
values of the annual probability of reaching or 
exceeding the same limit state, here collapse or 
yielding. This is probably due to the fact that 
both sets of structures experience yielding at 
almost the same interstorey drift threshold and 
exhibit similar post-yield behaviour.  

7. FINAL REMARKS 
This paper studies the structural fragility of 
buildings designed according to the European 
regulation, in order to identify key aspects that 
impact the development of risk-targeted hazard 
maps, such as the uncertainty in building 
capacity and the annual probability of reaching 
or exceeding relevant damage states. 

Two sets of regular reinforced concrete 
frame structures of three and five storeys 
designed according to the most recent regulations 
in force in Europe have been considered in this 
study. Within a given group of structures the 
differences in element dimensions and number of 
rebars were caused exclusively from the design 
ground acceleration level considered. Numerical 
finite-element models have been constructed and 
subjected to a nonlinear dynamic analysis in 
order to assess the building's seismic 
performance.  

The results presented herein show that the 
probability of collapse at the design ground 
motion, ades, for buildings designed according to 
the newest regulation should be around 10-3 to 
10-2. These values are similar to those other 
previously published studies (e.g. (Luco et al. 
2007) but significantly higher than those 
proposed by Ulrich et al. (2014). The latter study 
for similar buildings has suggested values 
ranging from 10-7 to 10-5. Hence it is 
recommended that future investigations on risk 
targeted design ground motions execute thorough 
sensitivity analysis on buildings with different 
characteristics in order to correctly constrain the 
value of this parameter.  

To conclude, the results of this study 
contribute to the understanding of the seismic 
performance of new structures designed 
according to modern codes, and consequently to 
the increase of the robustness and reliability of 
the risk-targeted hazard methodology. However, 
more research is needed. 
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Chapter 2. Seismic Performance of Buildings from the Groningen Field 10

Table 2.2 Structural Systems of the Index Building Models

Index Building Name GEM Taxonomy String

Precast RC post and beam* CR+PC/LPB/CR+PC/LPB/EWN/FC/HBET:1,2
Precast RC wall-slab-wall* CR+PC/LWAL/CR+PC/LN/EWN/FC/HBET:1,2
Cast-in-place RC post and beam* CR+CIP/LPB/CR+CIP/LPB/EWN/FC/HBET:1,2
Cast-in-place RC wall-slab-wall* CR+CIP/LWAL/CR+CIP/LN/EWN/FC/HBET:1,2
De Haver MUR/LH/MUR/LH/EWN/FW/HBET:1,2
Solwerderstraat 55 MUR/LWAL/MUR/LN/EWN/FW/HBET:1,2
Julianalaan 52 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Type C MUR/LWAL/MUR/LN/EW/FC/HBET:1,2
Zijlvest 25 MUR/LWAL/MUR/LN/EW/FC/HBET:1,2/IRIR+IRVP:CHV
Koeriersterweg 20-21 MUR/LWAL/MUR/LN/EW/FC/HBET:3,20
Nieuwstraat 8 MUR/LWAL/MUR/LWAL/EWN/FW/HBET:1,2
Kwelder 1 MUR/LWAL/MUR/LWAL/EW/FC/HBET:1,2
Schuitenzandflat 2-56 MUR/LWAL/MUR/LWAL/EW/FC/HBET:3,20
Badweg 12 MUR/LWAL/MUR/LWAL/EW/FW/HBET:1,2
Kwelder 8 W/LWAL/W/LWAL/EW/FW/HBET:1,2
Steenweg 19 S/LFM/S/LFM/EWN/FC/HBET:1,2
Glulam portal frame* S/LFBR/W/LPB/EWN/FN/HBET:1,2
Beneluxweg 15 S/LFBR/S/LPB/EWN/FN/HBET:1,2

* Generic model

Figure 2.2 URM index building models, clockwise from top left: De Haver, Koerier-
sterweg 20-21, Julianalaan 52, Type C, Zijlvest 25, Solwerderstraat 25
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Chimney	Collapse	Fragility	Func:ons	

•  Results	of	empirical	study	by	Taig	and	Pickup	(2016)	have	
been	employed.		

•  Lognormal	distribu;ons	have	been	fit	to	the	bands	to	produce	
lower,	middle	and	upper	branch	fragility	func;ons.		  
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Figure A3.1 Overview of Empirical Data and V1 Chimney Failure Probability Assumptions  
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CHIMNEY FRAGILITY - Overview of Empirical Data & 
Assumptions

Canterbury 2010/11 ( failures out of over 1000 chimneys)
Kalgoorlie (7 failures out of 132 chimneys)
Dowrick (1000's failures out of 10's of 1000's chimneys)
UK Experience (~100 failures out of 100's of 1000s chimneys)
Liege Other (4500 failures out of 47760 chimneys)
Liege Flemalle (465 failures out of 5773 chimneys)
Liege St Nicholas (2904 failures out of 9829 chimneys)
V1 Post-1920
V1 Pre-1920
Roermond Post-1960 (1 failures out of 1045 chimneys)
Roermond 1920-59 (18 failures out of 1330 chimneys)
Roermond Pre-1920 (82 failures out of 1557 chimneys)
FEMA (1000's failures out of 10's of 1000's chimneys)
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Table A3.2  Chimneys – V1 Assumed Probabilities of Failure for Each PGA Band 

 
Figure A3.2  Chimneys – V1 Assumed Probabilities of Failure for Each PGA Band 

 

Notes on the basis for the values in Table A3.2 and Figure A3.2: 

1. At the lower end of the shaking range, there is large uncertainty as to the failure 
probabilities to be anticipated in the Groningen region. On the one hand, the evidence 
from local earthquakes at Huizinge and Roswinkel, and from UK earthquakes of EMS 
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1920 onward

Pre-1920

lower higher lower higher
0.05-0.1g 0.001 0.03 0.0001 0.003
0.1-0.2g 0.005 0.2 0.001 0.03
0.2-0.3g 0.066 0.35 0.01 0.15
0.3-0.4g 0.2 0.6 0.05 0.45
0.4-0.5g 0.357 0.8 0.15 0.6
0.5-0.6g 0.502 0.9 0.3 0.7
0.6-0.7g 0.619 0.9 0.4 0.8
0.7-0.8g 0.7 0.9 0.5 0.8
0.8-0.9g 0.7 0.9 0.6 0.8
>0.9g 0.7 0.9 0.6 0.8

PGA band 1920 onwardPre-1920

HRA	model	
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Fatality	Risk	

•  Assump;ons	made	when	calcula;ng	fatality	risk:	
–  Structural	collapse	states	are	sequen;al.	
–  Chimney	collapse	only	contributes	to	the	probability	of	
dying	outside	the	building.		

–  Chimney	collapse	and	structural	collapse	are	assumed	to	
be	independent.		

•  Probability	of	dying,	under	given	level	of	ground	shaking:	
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Figure 5.3 Case C

5.2 Fatality Functions

5.2.1 Methodology

The following assumptions are made when calculating fatality risk:

• Structural collapse states are sequential.

• Chimney collapse only contributes to the probability of dying outside the building.

• Chimney collapse and structural collapse are assumed to be independent.

The probability of dying inside the building, under a given level of ground shaking, due to
structural collapse is calculated as follows:

Pdinside
= (PeDLCS1 � PeDLCS2)⇥ Pdinside|CS1

+ (PeDLCS2 � PeDLCS3)⇥ Pdinside|CS2

+PeDLCS3 ⇥ Pdinside|CS3

(5.4)

where Pdinside|CSi
refers to the probability of dying inside given structural collapse state i.

The probability of dying outside the building, under a given level of ground shaking, is
calculated as follows

Pdoutside = (PeDLCS1 � PeDLCS2)⇥ Pdoutside|CS1
+ (PeDLCS2 � PeDLCS3)⇥ Pdoutside|CS2

+PeDLCS3 ⇥ Pdoutside|CS3
+ (1� PeDLCS1)⇥ Pdoutside|ChC

(5.5)

where Pdoutside|CSi
refers to the probability of dying outside given structural collapse state

i and Pdoutside|ChC
refers to the probability of dying outside due to chimney collapse. The

latter is calculated using the chimney fatality input data as follows:
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where �() is the cumulative distibution function of the standard normal distribution, PGA
is the level of peak ground acceleration (or spectral acceleration at 0.01 seconds) in terms of
g, PGAchd is the median PGA of the chimney collapse vulnerability function (in terms of g)
and �chd is the standard deviation (referred to as ’beta chd’ in the .csv files).

For the calculation of Local Personal Risk, it is suggested that the inside local personal risk
(ILPR) and the outside local personal risk (OLPR) are first calculated separately based on the
above input, and then a total LPR is calculated using the following preliminary proposal:

LPR = 0.99⇥ ILPR+ 0.01⇥OLPR (9)

The possibility to use alternative ways to combine the inside and outside LPR will probably
also need to be coded.

The weights of the logic tree branches for the fatality model are as follows:

• Fatality_URM_Lower = 0.25

• Fatality_URM_Middle = 0.5

• Fatality_URM_Upper = 0.25

• Fatality_nonURM_Lower = 0.25

• Fatality_nonURM_Middle = 0.5

• Fatality_nonURM_Upper = 0.25

Mean Cost Ratio Model

The input to the mean cost ratio (also often referred to as mean damage ratio) model is
provided for each building typology in the following six .csv files

• CR_URM_Lower_date.csv

• CR_URM_Middle_date.csv

• CR_URM_Upper_date.csv

• CR_nonURM_Lower_date.csv

• CR_nonURM_Middle_date.csv

• CR_nonURM_Upper_date.csv

The following assumptions are made in the calculation of mean cost ratio (i.e the mean ratio
of the cost of repair to the cost of replacement):

• Damage and collapse states are mutually exclusive.

• Damage state 4 and above leads to the replacement of the building.

• Two conditions have been set when defining the displacement limit states to damage
and collapse: PeDLCS2  PeDLDS4 and PeDLCS1  PeDLDS2 .

• The repair cost ratios of collapse state 1 include damage repair.



Fatality	Model	
•  Probability	of	dying	inside,	given	each	collapse	state,	is	based	on	

the	Coburn	and	Spence	(2002)	model:	

•  M1&	M2	–	used	to	evaluate	number	of	people	within	the	building	
at	the	;me	of	the	earthquake	(not	needed	for	local	personal	risk,	
included	in	exposure	model	for	group	risk)	

•  M3	–	percentage	of	occupants	that	are	trapped	by	collapse	and	are	
unable	to	escape.	Replaced	with	the	percentage	of	useable	floor	
area	impacted	by	collapsed	debris.	

•  M4	–	percentage	of	trapped	occupants	that	are	killed	
instantaneously,	empirically	es;mated	for	;mber,	masonry,	RC	and	
steel	buildings.		

•  M5	–	percentage	of	surviving	occupants	that		subsequently	die,	
depending	on	search	and	rescue	(SAR)	efforts,	empirically	
es;mated	for	;mber,	masonry,	and	RC	buildings.		
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of the collapse mechanism (which could be either partial or complete) and the average floor
area of each building typology, and is provided as an outcome of the nonlinear dynamic
analyses.

The M4 factor identifies the percentage of trapped occupants that are killed instantaneously.
This number is typically less than 1 as there are a number of features of the building that can
provide shelter for occupants (such as furniture, doorways, roof frames etc.). This factor has
been estimated by Coburn and Spence (2002), based on past observations from earthquakes,
as being 20% for timber and masonry buildings and 40% for reinforced concrete and steel
buildings.

The percentage of the surviving trapped occupants who subsequently die is given by factor
M5, and depends on the building material and the effectiveness of search and rescue (SAR)
efforts. It is assumed that a damaging earthquake in Groningen would trigger SAR efforts
from the community, emergency squads and SAR experts up to 36 hours after the event. In
this situation, the percentage of trapped survivors in collapsed buildings that subsequently
die has been estimated by Coburn and Spence as 45% for masonry buildings and 70% for
reinforced concrete buildings. For timber buildings they note that the value would be about
10%.

The proposed casualty model to estimate the probability of loss of life inside collapsed build-
ings, for a given collapse mechanism , is thus proposed to be as follows, where M4 and M5
depend on the material of the structural system, as presented above:

Pdinside|collapse =
Adebrisinside

Afloor
[M4 +M5⇥ (1�M4)] (5.10)

In order to compare this model with empirical data, use was made of the study by So and
Pomonis (2012) on the probability of death given collapse for European URM buildings
with timber floors. So and Pomonis (2012) report that the volume loss for such buildings
is typically 30% (according to a number of Italian earthquakes from the 1970s to the 1990s),
and the fatality ratio (percentage of occupants that died) varied from 9 to 12%. According to
Equation 12, and assuming that the volume loss is equivalent to the area of debris divided
by the floor area, the probability of death inside a building would be 16.8%. It is feasible
that observed fatality ratios could be lower than the probability of death inside a building,
as the available data could be biased by the location of the people within the building at the
time of the event, and thus might not sample all possible locations. Hence, whilst we do not
feel that the methodology can be easily validated using existing data, the comparison shows
that proposed framework gives figures that are in line with observed casualty data.

For outside risk, it has been shown in Taig and Pickup (2016) that the probability of dying
when being hit by debris outside of a building is close to 1, and hence the probability of
dying outside buildings for each collapse mechanism (which could be due to collapse of the
structure or elements such as chimneys and parapets) is simply calculated from the ratio of
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PdoutsideChC
= �

✓
ln(PGA)� ln(PGAchd)

�chd

◆
, PGA < 0.75g (5.6)

PdoutsideChC
= �

✓
ln(0.75)� ln(PGAchd)

�chd

◆
, PGA � 0.75g (5.7)

where �() is the cumulative distibution function of the standard normal distribution, PGA
is the level of peak ground acceleration (or spectral acceleration at 0.01 seconds) in terms of
g, PGAchd is the median PGA of the chimney collapse vulnerability function (in terms of g)
and �chd is the standard deviation (referred to as ’beta chd’ in the .csv files).

For the calculation of Local Personal Risk, it is suggested that the inside local personal risk
(ILPR) and the outside local personal risk (OLPR) are first calculated separately based on the
above input, and then a total LPR is calculated using the following preliminary proposal:

LPR = 0.99⇥ ILPR+ 0.01⇥OLPR (5.8)

The possibility to use alternative ways to combine the inside and outside LPR will probably
also need to be coded.

5.2.2 Probability of dying, given collapse

Coburn and Spence (2002) present a casualty model that considers a number of factors
(M1 to M5) to calculate the number of human casualties (N) in a given building, follow-
ing ground shaking:

N = M1⇥M2⇥M3⇥ [M4 +M5⇥ (1�M4)] (5.9)

Factors M1 and M2 are used to estimate the number of people within the building at the
time of the earthquake, which are not needed for the estimation of inside local personal
risk (where a single person is assumed to be permanently located within the building, and
spread uniformly across the total internal floor area of the building, or perhaps with some
distribution across floors where some floors, such as attics, are infrequently accessed).

The M3 factor defines the percentage of the occupants that are trapped by collapse and
are unable to escape. Coburn and Spence (2002) have estimated average percentages for
masonry and reinforced concrete buildings separately, considering the intensity and charac-
teristics of the earthquake. Given that trapped people have to be located within the portion
of the structure that collapses, this factor was herein replaced with the probability that the
fictional person is trapped, which can be represented by the percentage of total floor area
inside the building that is impacted by collapsed debris (given by the area of debris, Ade-
bris, divided by the total floor area, Afloor). This latter percentage is estimated as a function
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•  Consistency	check	of	the	inside	fatality	model	
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Fatality	Model	

•  Probability	of	dying	outside,	given	each	collapse	state,	is	
taken	equal	to	the	ra;o	of	area	of	outside	debris	to	the	total	
exposed	area	mul;plied	by	1,	following	the	recommenda;ons	
of	Taig	and	Pickup	(2016).	
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Table 5.1 Inside useable floor area and collapse debris per collapse state assumed for
URM models

Index Building Model Useable area AdiCS1 (%) AdiCS2 (%) AdiCS3 (%)

Nieuwstraat 8 0.88 1.18 2.45
Badweg 12 0.07 0.22 1.35
Kwelder 1 0.27 1.17 1.32
Koeriersterweg 20-21 0.25 0.42 1.55
Solwerderstraat 55 0.67 1.71 2.09
Fraamborg 0.16 1.32 3.30
Zijlvest 25 0.99 2.09 2.86
Schuitenzandflat 2-56 0.30 0.64 0.96
De Haver 0.15 0.31 0.56

Table 5.2 Outside area at risk and collapse debris per collapse state assumed for all
models

Index Building Model Outside area ↵CS1 (%) ↵out,CS2 (%) ✓SDOF,CS3 (%)

Nieuwstraat 8 0.88 1.18 2.45
Badweg 12 0.07 0.22 1.35
Kwelder 1 0.27 1.17 1.32
Koeriersterweg 20-21 0.25 0.42 1.55
Solwerderstraat 55 0.67 1.71 2.09
Fraamborg 0.16 1.32 3.30
Zijlvest 25 0.99 2.09 2.86
Schuitenzandflat 2-56 0.30 0.64 0.96
De Haver 0.15 0.31 0.56

the area of debris area outside the building (for each collapse mechanism/element) and the
outside area at risk.

Pdoutside|collapse =
Adebrisoutside

Aexposed
(5.11)

Collapse debris ratios

The following table reports the inside area of debris (Adi) for each collapse state identified
for the index buildings in Chapter 4. For two of the buildings this area of debris has been
weighted by a probability of being within a given portion of the building, as in one case
(Koeriersterweg) collapse occurs in an attic which is unlikely to be frequently accessed and
in the other case (De Hver) there is a higher probability of being inside the house than in the
barn.

Fatality ratios
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•  Inside	fatality	ra;os	(middle	branch)	range	from	0	%	(for	CS1	
that	occurs	outside	the	building)	to	42	%	(for	CS3	global	
collapse	of	URM	buildings).	

•  Outside	fatality	ra;os	(middle	branch)	due	to	structural	
collapse	can	range	from	0	%	(for	CS1	that	occurs	inside	the	
building)	to	75%	(for	CS3	global	collapse	of	an	aggregate	
building	with	small	outside	exposed	area).	

•  A	judgment-based	logic	tree	considering	upper	and	lower	
bound	values	of	debris	for	each	collapse	state	has	been	
developed.	
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Probabilistic seismic risk model 

2  
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Monte Carlo procedure for simulating seismic risks 
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Simulate:
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Monte Carlo procedure for simulating seismic risks - unpacked 
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Analysis of the performance of potential control measures 
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Control options and epistemic uncertainties are incorporated in a 
combined decision tree and logic tree 
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Logic tree description of epistemic uncertainties 

7  

n  5 factors
n  3 x 4 x 2 x 3 x 3 levels
n  216 full-factorial combinations 
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Local personal risk exceedance curves – Relative to risk norms

8 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting

Buildings People 
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Local personal risk exceedance curves – Relative to 95% 
prediction interval 

9 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting

Buildings People 
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Local personal risk map
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n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting
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Which structural systems exceed the 10-5/year risk norm? 

11 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting
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Sensitivity to epistemic uncertainty is dominated by Mmax 

November 2017  12  
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Sensitivity to epistemic uncertainty

13 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting

Logic-tree mean 
LPR is 
recomputed for 
every individual 
building given 
Mmax = 6.8 

Logic-tree mean 
LPR is 

recomputed for 
every individual 

building given 
Mmax = 4.2 
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Disaggregation of contributions to local personal risk – URM 
4L 

14 

Maps of 
modal 

contributions 
to mean LPR 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting



Copyright of Shell Global Solutions International

Disaggregation of contributions to local personal risk – URM 
8L 

15 

Maps of 
modal 

contributions 
to mean LPR 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting
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Disaggregation of contributions to local personal risk – URM 
3M 

16 

Maps of 
modal 

contributions 
to mean LPR 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting
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Prioritization for building strengthening inspections

17 

1.  Buildings are ranked by probability of exceeding 
the given risk norm

2.  Probability of exceedance computed as the 
probability-weighted fraction of logic tree 
branches and structural system combinations with 
an LPR exceeding the risk norm 

n  Assessment period: 1-1-2018 to 1-1-2023 
n  Production scenario: 24 bcm/year
n  Strengthening scenario: Zero retrofitting
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Summary  

November 2017  18 

n  Seismic risk updated to include the V5 seismological, ground motion, exposure, 
fragility and consequence models

n  Risk verification through replication by independent Python and C codes
n  Optimization of MC PSHA code enables 250m resolution, full logic tree simulations 

overnight 

n  During the 5-year period from 2018 to 2022:
n  No occupied buildings with a mean local personal risk larger than 10-4/year
n  About 3000 buildings with a mean local personal risk larger than 10-5/year

n  Assessment of alternative production and building strengthening options is ongoing
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