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General Introduction 

The experimental and study program into the seismic response of buildings covers both masonry buildings 

(Ref. 1 to 8) and concrete buildings (Ref. 9 to 12).  These studies result in fragility models for the different 

building typologies which are used in the hazard and risk assessment.   

Results from nonlinear dynamic analysis of multi-degree-of-freedom models of index buildings from the 

Groningen region were required to develop the fragility and consequences models (Ref. 13) used in NAM’s 

v5 hazard and risk assessment (Ref. 14). 

In this report, therefore, the analyses carried out by Mosayk in support of the this v5 fragility/consequence 

model development are described and discussed. These included both non-URM index buildings 

(reinforced concrete, steel and timber) analysed with SeismoStruct, as well as URM models analysed with 

ELS, for a total of 6 case-studies (which, together with another 4 case-studies that had been previously 

modelled by Mosayk and that did not require updated analysis, complement the additional 9 case-studies 

modelled by Arup for the same purpose).   
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Executive	Summary	
Results	from	nonlinear	dynamic	analysis	of	multi-degree-of-freedom	models	of	 index	buildings	
from	 the	 Groningen	 region	 were	 required	 by	 NAM’s	 Fragility	 Modelling	 Team	 in	 order	 to	
develop	the	fragility	and	consequences	models	used	in	NAM’s	v5	hazard	and	risk	assessment.		

In	this	report,	therefore,	the	analyses	carried	out	by	Mosayk	in	support	of	the	aforementioned	v5	
fragility/consequence	 model	 development	 endeavour	 are	 described	 and	 discussed.	 These	
included	both	non-URM	 index	buildings	 (reinforced	 concrete,	 steel	 and	 timber)	 analysed	with	
SeismoStruct,	 as	well	 as	 URM	models	 analysed	with	 ELS,	 for	 a	 total	 of	 6	 case-studies	 (which,	
together	with	another	4	case-studies	that	had	been	previously	modelled	by	Mosayk	and	that	did	
not	 require	updated	 analysis,	 complement	 the	 additional	 9	 case-studies	modelled	by	Arup	 for	
the	same	purpose).	
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1 Introduction	

1.1 Scope	
The	 v5	 fragility	 and	 consequence	 models	 used	 in	 NAM’s	 v5	 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).		

In	 this	 report,	 the	MDOF	nonlinear	dynamic	analyses	 carried	out	by	Mosayk	 in	 support	of	 the	
aforementioned	 v5	 fragility/consequence	 model	 development	 endeavour	 are	 described	 and	
discussed.	 These	 included	 both	 non-URM	 index	 buildings	 (reinforced	 concrete,	 steel	 and	
timber),	 as	well	 as	 URM	models,	 for	 a	 total	 of	 6	 case-studies	 (which	 complement	 the	 9	 case-
studies	modelled	by	Arup	(2017a)	for	the	v5	fragility/consequence	model	development,	and	an	
additional	4	case-studies	that	had	been	previously	modelled	by	Mosayk	(2015),	and	which	did	
not	require	updated	analysis).		

1.2 Structural	analysis	tools	
Two	 software	 packages	 have	 been	 used	 herein	 to	 carry	 out	 the	 MDOF	 nonlinear	 dynamic	
analyses:	 Extreme	 Loading	 for	 Structures	 (ASI,	 2017)	 for	 unreinforced	 masonry	 (URM)	
structures	 and	 SeismoStruct	 (Seismosoft,	 2017)	 for	 reinforced	 concrete,	 timber	 and	 steel	
structures.		

Extreme	Loading	for	Structures	(ELS)	is	a	commercial	structural-analysis	software	based	on	the	
Applied	 Element	Method	 (Meguro	 and	 Tagel-Din,	 2000,	 2001,	 2002).	 This	 software	 has	 been	
validated	against	a	number	of	experimental	tests,	as	described	in	a	series	of	reports	by	Mosayk	
(2016,	2017a,	2017b,	2017c,	2017d).		

SeismoStruct	 is	 an	 extensively	 quality-checked	 and	 internationally	 validated	 Finite	 Elements	
software	tool	able	to	accurately	predict	the	large	displacement	behaviour	of	space	frames	under	
static	or	dynamic	 loading	 (e.g.	 earthquake	 strong	motion),	 taking	 into	account	both	geometric	
nonlinearities	and	material	inelasticity.	Further	validation	of	this	software	is	provided	in	Mosayk	
(2014).	

1.3 Buildings	considered	
The	main	objective	when	modelling	index	buildings	for	the	fragility	function	development	is	to	
use	 the	 geometry	 and	 structural	 elements	 materials/connections	 of	 real	 buildings	 that	 are	
representative	 of	 a	 given	 typology	 of	 structures.	 Table	 1.1	 presents	 the	 name,	 address	 and	
description	of	the	index	buildings	presented	herein	according	to	building	classification	scheme	
used	in	both	v3	and	v5	of	the	exposure	database	(Arup,	2017b).		

In	some	cases	it	has	not	yet	been	possible	to	model	real	buildings,	and	so	generic	structures	with	
typical	characteristics	of	the	typology	have	been	modelled	instead;	these	are	identified	in	Table	
1.1	as	‘generic	models’.	The	ELS	model	of	the	URM	full-scale	specimen	that	was	tested	at	LNEC	
(LNEC-BUILD1)	 has	 also	 been	 included	 herein,	 as	 it	 was	 used	 to	 investigate	 the	 influence	 of	
triaxial	loading	on	the	collapse	capacity.		

The	presentation	 of	 the	 analyses	 of	 the	 six	 buildings	 shown	 in	Table	 1.1	 has	 been	 subdivided	
into	two	chapters;	the	first	four	are	new	index	buildings	and	are	presented	in	full	in	Chapter	2,	
whereas	the	last	two	case-studies,	developed	previously,	have	already	been	described	in	Mosayk	
(2015)	and	thus	only	the	new	results	now	obtained	for	these	models	are	presented	in	Chapter	3.		

	



Nonlinear	dynamic	analysis	of	index	buildings	for	v5	fragility/consequence	models	derivation	 5	

5		

 

Table	1.1:	Overview	of	the	index	buildings	analysed	and	their	typologies	according	to	the	building	taxonomies	
used	in	both	versions	3	and	5	of	the	exposure	database	(Arup,	2017b)	

Model	 Address	 Building	Typology	
–	EDB	v3	 Building	Typology	–	EDB	v5	

Nieuwstraat	 Nieuwstraat	8,	
Loppersum	 RESD-URM-A	 UHO-MUR/LWAL/MUR/LWAL/EWN/FW	

LNEC-BUILD1		 N/A	(test	specimen)	 REST-URM-C	 UBH-MUR/LWAL/MUR/LN/EW/FC	

Pre-cast	RC	
slab-wall	 N/A	(generic	model)	 REST-URM-B	 UBH-CR+PC/LWAL/CR+PC/LN/EW/FC	

Cast-in-place	
RC	slab-wall	 N/A	(generic	model)	 REST-URM-A	 UBH-CR+CIP/LWAL/CR+CIP/LN/EW/FC	

Timber	
frame/panel	 Kwelder	8,	Loppersum	 RESD-W-A	 UHO-W/LWAL/W/LWAL/EW/FW	

Light	steel	
braced	frame	

Beneluxweg	15,	
Zuidbroek	 AIC-S-A	 WB-S/LPB/S/LFBR/EWN/FN	

	

1.4 Ground	motions	
The	metadata	of	the	11	ground	motions	that	have	been	applied	to	all	models	presented	herein	is	
given	 in	 Table	 1.2.	 These	 ground	motions	 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.	The	horizontal	component	described	in	Table	1.2	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.	Each	record	has	been	truncated	(Arup,	2017a)	to	
reduce	the	run-time	of	the	analyses.	

Table	1.2:	Summary	of	ground	motions	

Ground	
motion	 AvgSa	(g)	 Arias	Intensity	

(m/s)	
PGA	(g)	 Sa(0.1s)	

N_00356L	 0.07	 0.07	 0.09	 0.11	
E_00137_EW	 0.09	 0.26	 0.19	 0.44	

N_00694T	 0.14	 0.46	 0.23	 0.38	

N_00616T	 0.22	 0.49	 0.24	 0.49	
N_00147T	 0.27	 0.51	 0.25	 0.67	

N_00250L	 0.34	 1.53	 0.88	 0.87	

E_17167_EW	 0.40	 1.20	 0.53	 0.72	

N_00415L	 0.46	 1.74	 0.70	 1.02	
N_00569T	 0.46	 2.25	 0.52	 0.68	

N_00407L	 0.57	 3.54	 0.82	 1.26	

N_00451T	 0.74	 3.85	 1.25	 1.49	
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2 New	Index	Building	Models	and	Results	

2.1 Nieuwstraat	
Nieuwstraat	is	an	unreinforced	masonry	detached	house	with	timber	attic	and	roof	diaphragms	
built	around	1940.	A	model	of	this	building	has	been	developed	with	LS-DYNA	(as	described	in	
Arup,	 2017a),	 and	 it	was	 found	 to	 have	 a	 collapse	mechanism	 that	 had	 not	 been	 observed	 in	
other	models	or	tests.	Hence,	for	cross-validation	purposes,	an	ELS	model	was	also	developed	by	
Mosayk	 (Figure	 2.1),	 and	 the	 corresponding	 capacity	 and	 debris	 area	 results	 were	 used	 by	
NAM’s	Fragility	Modelling	team.		

	
Figure	2.1:	Nieuwstraat	8	house	from	Google	Street	View	(left)	and	the	corresponding	ELS	model	(right)	–	note	
that	roof	tile	elements	are	not	shown	in	the	ELS	model,	so	as	to	allow	the	visualisation	of	the	roof	structure		

2.1.1 Modelling	assumptions	

Table	 1.1	 summarises	 the	 main	 characteristics	 and	 modelling	 assumptions	 for	 this	 index	
building	and	typology.		

Table	2.1:	Nieuwstraat	–	Summary	of	the	building	model	information	

Typology	(v3	|	v5)	 RESD-URM-A	|	UHO-MUR/LWAL/MUR/LWAL/EWN/FW	

Number	of	storeys	 1	(plus	attic)	

Height	 6.35	m	
Directions	 Weak	=	gable	wall	acts	out-of-plane,	Strong	=	gable	wall	acts	in-plane		

Walls	
Exterior	walls:	Solid	walls	(210	mm	thickness)	
Interior	walls:	Solid	walls	(100	mm	thickness)	

Floors	
Attic	floor:	timber	diaphragms;	floor	secondary	beams	span	primary	
beams	and	walls	parallel	to	the	weak	axis.	Primary	beams	span	onto	
internal	and	external	walls	parallel	to	the	strong	axis.		

Roof	
Roof	tiles	modelled	as	an	equivalent	plane	element.	Each	roof	timber	
beam	modelled	as	a	continuous	element	(i.e.	no	nailed	connections	
considered	between	the	beam	segments).	

Roof	to	wall	connection	 Equivalent	mortar	spring	layer	

Floor	to	wall	connection	 Equivalent	mortar	spring	layer	(no	blind	anchors	were	modelled)	

Floor	to	roof	connection	 No	connection	

Total	mass	(weight)	 100	t	
Footprint	area	 70	m2	

Masonry	material	properties	 Inferred	considering	the	parameters	provided	in	Arup	(2017a)	for	clay	pre-1945	
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2.1.2 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	2.2,	with	the	observed	collapse	mechanisms	described	in	Table	2.3	being	shown	in	Figure	
2.2	to	Figure	2.4.	The	hysteresis	plots	of	all	11	records	are	shown	in	Figure	2.5	and	Figure	2.6	for	
the	weak	and	strong	directions,	respectively.		

	
Table	2.2:	Nieuwstraat	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 1	 44	 0.1	 31	

E_00137_EW	 0.09	 3	 72	 0.5	 154	

N_00694T	 0.14	 3	 102	 0.6	 110	

N_00616T	 0.22	 5	 108	 0.5	 72	
N_00147T	 0.27	 5	 137	 0.7	 103	

N_00250L	 0.34	 26	 182	 2.5	 190	

E_17167_EW	 0.40	 43	 234	 1.5	 240	
N_00415L	 0.46	 52	 192	 10	 321	

N_00569T	 0.46	 104	 229	 5.7	 187	

N_00407L	 0.57	 35	 206	 3.6	 209	

N_00451T	 0.74	 164	 280	 6.0	 268	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	

	
Table	2.3:	Nieuwstraat	–	Summary	of	the	collapse	mechanisms	

Ground	
motion	 Description	of	response	/collapse	mechanism	

N_00356L	 No	damage.	

E_00137_EW	 Partial	unseating	of	main	floor	beam,	but	not	such	as	to	induce	collapse	of	the	floor.	

N_00694T	 Partial	unseating	of	main	floor	beam,	but	not	such	as	to	induce	collapse	of	the	floor.	
N_00616T	 Partial	unseating	of	main	floor	beam,	but	not	such	as	to	induce	collapse	of	the	floor.	

N_00147T	 Partial	unseating	of	main	floor	beam,	but	not	such	as	to	induce	collapse	of	the	floor.	

N_00250L	
Out-of-plane	response	of	the	end	(gable)	walls	causes	the	main	floor	beam	to	unseat	leading	to	90%	of	
the	floor	collapsing		

E_17167_EW	 Partial	unseating	of	main	floor	beam,	but	not	such	as	to	induce	collapse	of	the	floor.		

N_00415L	
Out-of-plane	response	of	the	end	(gable)	walls	causes	the	main	floor	beam	to	unseat	leading	to	90%	of	
the	floor	collapsing.	Small	part	of	the	wall	lintels	collapse	both	inside	and	outside	the	building.		

N_00569T	 Global	collapse,	initiates	at	around	5	seconds.		

N_00407L	
Out-of-plane	response	of	the	end	(gable)	walls	causes	the	main	floor	beam	to	unseat	leading	to	90%	of	
the	floor	collapsing.	Small	part	of	the	wall	lintels	collapse	both	inside	and	outside	the	building.	

N_00451T	 Global	collapse	(though	the	end	walls	remain	standing).	
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Figure	2.2:	Nieuwstraat	–	Screenshots	of	collapse	mechanisms	under	record	N_00250L	(left)	and	N_00415L	

(right)	

	
Figure	2.3:	Nieuwstraat	–	Screenshots	of	collapse	mechanisms	under	record	N_00569T(left)	and	N_00407L	

(right)	

	
Figure	2.4:	Nieuwstraat	–	Screenshot	of	collapse	mechanism	under	record	N_00451T	
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Figure	2.5:	Nieuwstraat	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	

	
Figure	2.6:	Nieuwstraat	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction	

	

2.2 LNEC-BUILD1	
A	full-scale	URM	cavity	wall	house	specimen	(LNEC-BUILD1)	was	 tested	 in	2017	at	 the	shake-
table	 of	 the	 Laboratório	 Nacional	 de	 Engenharia	 Civil	 (LNEC	 -	 Lisbon,	 Portugal)	 under	 the	
coordination	 of	 the	 European	 Centre	 of	 Training	 and	 Research	 in	 Earthquake	 Engineering	
(Eucentre	-	Pavia,	Italy)	–	see	report	by	Tomassetti	et	al.	(2017).	It	represents	the	top	floor	and	
roof	of	terraced	housing	with	cavity	walls	and	concrete	diaphragms.		

Since	 the	 shake-table	 test	 considered	 ground	 shaking	 in	 two	 directions	 only	 (in	 the	 weak	
horizontal	direction	and	the	vertical	direction),	 it	was	 important	 for	NAM’s	Fragility	Modelling	
Team	 to	 check	 if	 the	 seismic	 capacity	 values	 observed	 during	 the	 test	 (and	 in	 particular	 the	
displacement	values	at	different	damage/collapse	limit	states)	would	change	significantly	when	
triaxial	 loading	was	 applied	 to	 the	 structure.	 Hence,	 an	 ELS	model	 of	 the	 test	 specimen,	 fully	
validated	against	the	experimental	results	(see	Mosayk,	2017b),	was	herein	subjected	to	the	11	
records	presented	in	Section	1.4.		
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Figure	2.7:	LNEC-BUILD1	test	specimen	(left)	and	the	corresponding	ELS	model	(right)	

2.2.1 Modelling	assumptions	

Table	 2.4	 summarises	 the	 main	 characteristics	 and	 modelling	 assumptions	 for	 this	 type	 of	
building	typology.		

Table	2.4:	LNEC-BUILD1–	Summary	of	the	building	model	information	

Typology	(v3	|	v5)	 REST-URM-C	|	UBH-MUR/LWAL/MUR/LN/EW/FC	

Number	of	storeys	 1	(plus	attic)	

Height	 4.93	m	
Directions	 Weak	=	gable	wall	acts	out-of-plane,	Strong	=	gable	wall	acts	in-plane	

Walls	 100	mm	calcium-silicate	brick	plus	100	mm	clay	bricks	with	80	mm	
air	cavity	in-between	leafs	

Floors	 Concrete	slab		

Roof	
Nailed	connections	between	timber	planks	and	beams	modelled	as	
equivalent	spring	interfaces	characterised	by	an	elastic-perfectly-
plastic	behaviour	

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

Floor	to	wall	connection	

Cracked	mortar	interface	accounting	for	the	damage	occurred	during	
transportation	phases	(active	after	the	static/gravity	loading	stage)	
for	the	end/party	walls,	whereas	a	mortar	interface	was	assigned	to	
front-back	walls	

Floor	to	roof	connection	 Elastic	perfectly-plastic	interface	
Total	mass	(weight)	 31	t	

Footprint	area	 32	m2	

Masonry	material	properties	 Inferred	considering	the	parameters	provided	in	the	test	report	by	Tomassetti	et	al.	(2017)	and	reported	also	in	Arup	(2017c).		
	

2.2.2 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	2.2,	whilst	 the	hysteresis	plots	of	all	11	records	are	shown	 in	Figure	2.8	and	Figure	2.9.	
Considering	the	aforementioned	goal	of	the	analyses	of	this	particular	structure	(i.e.	check	if	the	
seismic	capacity	values	observed	during	the	testing	of	the	LNEC-BUILD1	specimen	would	change	
significantly	when	triaxial	loading	was	considered),	collapse	modes	and	debris	area	needed	not	
to	be	scrutinised,	this	being	the	reason	why	they	are	not	included	herein.		
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loading protocol consisted of a series of earthquake records scaled to multiple levels of peak 
ground acceleration (PGA). The series of input records are based on two original records 
consistent with the seismic hazard in the field [2]. 

Arup, Eucentre and TU Delft participated in the cross-modelling validation exercise for this 
testing campaign, each using a different analysis software: LS-DYNA, TreMuri and DIANA, 
respectively. Once the models had been calibrated against the material characterization tests 
and wall pier component tests, all teams performed a blind prediction of the EUC-BUILD-1 
test before the experiment took place. Following the execution of the shake table test, Arup, 
Eucentre and TU Delft then performed a post-test refined simulation of the test house that 
included refinements made to the models to address the limitations experienced in the blind 
predictions. This pre- and post-test prediction exercise was greatly beneficial in increasing the 
understanding of how to model such a structure in various analysis softwares in order to 
capture the observed behaviour [1]. 

Nevertheless, the knowledge-gaining process is a continuous one, and more information on 
the behaviour of URM terraced houses was still desired. EUC-BUILD-1 sustained the entire 
test series—up to a 0.31g PGA event (i.e., EQ2 scaled to 200%)—without collapse [2], so 
gaining knowledge on potential collapse mechanisms for this particular type of structure was 
one of the areas that required further study. As a result, the LNEC-BUILD-1 testing campaign 
was organized with the main motivations being the study of the various damage limitation 
states up to collapse, as well as the study of potential failure mechanisms of modern Dutch 
terraced houses. The specimen was designed as the top portion of a two-storey masonry cavity 
wall terraced house, with geometry and construction details resembling those of the top 
portion (i.e., above the first floor) of EUC-BUILD-1 (see Figure 2). 

 

Figure 2  LNEC-BUILD-1 built in LNEC, Lisbon, Portugal [1] 
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3 Cross-Modelling Exercise Overview 

3.1 Numerical Modelling – Consultants and Software 
Arup, Eucentre, TU Delft and Mosayk participated in the cross-modelling validation exercise 
for the LNEC-BUILD-1 testing campaign. Each Consultant used a different analysis software 
to model the LNEC-BUILD-1 test specimen. A summary table describing each software and 
general modelling approach is provided below. 

Table 3  Numerical modelling consultants and software summary table 

Arup Eucentre 

Software: LS-DYNA 

Explicit time integration scheme 

Finite element modelling. Masonry modelled using fully 
integrated shell elements with damage lumped at each 
integration point and crack plane directions are pre-
defined to model mortar bonds. 

 

Software: TreMuri 

Implicit time integration scheme 

Equivalent-frame modelling strategy based on the 
effective non-linear macro-element modelling approach 

 

 

 

TU Delft Mosayk 

Software: DIANA 

Implicit time integration scheme 

Finite element modelling. Masonry modelled using shell 
elements with the Total Strain Rotating Crack Model 
(TSRCM)—derived for initially isotropic materials with 
secant-based unloading/reloading curves 

 

Software: ELS 

Implicit time integration scheme 

Applied element method—micro-element modelling. 
Masonry modelled using small rigid units connected by 
linear and nonlinear springs. 
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Table	2.5:	LNEC-BUILD1	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 1	 28	 0.0	 20	
E_00137_EW	 0.09	 15	 80	 0.4	 103	

N_00694T	 0.14	 4	 84	 0.1	 75	

N_00616T	 0.22	 12	 116	 0.6	 54	

N_00147T	 0.27	 22	 103	 1.9	 81	
N_00250L	 0.34	 42	 144	 3.7	 123	

E_17167_EW	 0.40	 60	 168	 2.2	 156	

N_00415L	 0.46	 111	 158	 4.8	 229	
N_00569T	 0.46	 120	 146	 11	 133	

N_00407L	 0.57	 66	 148	 1.9	 146	

N_00451T	 0.74	 135	 120	 13	 176	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	

	

	
Figure	2.8:	LNEC-BUILD1	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	
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Figure	2.9:	LNEC-BUILD1	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction	

	

2.3 Precast	(PC)	Reinforced	Concrete	(RC)	Wall-Slab	Building	
Complete	details	(which	would	e.g.	feature	information	on	both	bearing	and	non-bearing	walls)	
for	 a	 precast	 reinforced	 concrete	 wall-slab	 index	 building	 were	 not	 available	 during	 the	
development	of	 the	current	study,	and	hence	 the	analyses	undertaken	could	only	 focus	on	 the	
seismic	response	of	a	typical	structural	configuration	of	the	load-bearing	structural	elements	for	
this	type	of	buildings.		

Such	 structural	 configuration	 was	 taken	 from	 the	 report	 by	 Arup	 (2017d),	 which	 considered	
typical	 geometrical	 and	 connection	 properties	 of	 a	 prototype	 structure	 for	 this	 typology	 of	
buildings,	leading	to	the	model	shown	in	Figure	2.10.	Two	full-scale	test	specimens	based	on	this	
prototype	were	tested	cyclically	and	dynamically	at	Eucentre	(see	Brunesi	et	al.,	2017a,	2017b),	
and	 hence	 it	 was	 possible	 to	 use	 the	 corresponding	 experimental	 results	 to	 validate	 and	
calibrate	the	numerical	model	employed	in	this	study.		

	
Figure	2.10:	SeismoStruct	model	of	the	precast	RC	wall-slab	building	
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2.3.1 Modelling	assumptions	

Table	 2.6	 summarises	 the	 main	 characteristics	 and	 modelling	 assumptions	 for	 this	 type	 of	
structural	typology.		

	
Table	2.6:	PC	RC	Wall-Slab	building	–	Summary	of	the	building	model	information	

Typology	(v3	|	v5)	 REST-URM-B	|	UBH-CR-PC/LWAL/CR-PC/LN/EW/FC	
Number	of	storeys	 2	storeys	

Height	 5.52	m	

Directions	 Weak	=	party	walls	act	out-of-plane,	Strong	=	party	walls	act	in-plane	

Walls	

120	mm	thick	stability	and	transversal	walls	modelled	as	a	series	of	
displacement-based	fibre	beam	elements	with	material	properties	
that	are	calibrated	according	to	material	characterisation	tests	(see	
Eucentre	2017a	and	2017b).	

Floors	

200	mm	thick	hollow	core	slab	panels	(plus	a	50	mm	thick	concrete	
screed).	Use	is	made	of	a	series	of	equivalent	elastic	beam	elements,	
with	stiffness	that	accounts	for	the	presence	of	both	voids	and	
concrete	topping.	

Floor	to	wall	connection	

Connections	between	foundation/slabs	and	transverse	walls	are	
modelled	by	means	of	inelastic	displacement-based	fibre	beam	
elements,	with	material	properties	that	are	calibrated	in	accordance	
with	the	material	characterisation	test	results	(see	Eucentre	2017b).	
The	connections	between	the	first-storey	slab	and	the	stability	walls	
are	modelled	by	means	of	equivalent	inelastic	links,	again	calibrated	
according	to	the	material	characterisation	test	results	(see	Eucentre	
2017b).		

Wall	to	wall	connections	

Wall	to	wall	connections	are	modelled	by	means	of	inelastic	
displacement-based	fibre	beam	elements,	which	are	connected	to	the	
structural	wall	elements	by	means	of	rigid	elements	and	constraints.	
The	steel	material	stress-strain	relationship	is	calibrated	according	to	
the	material	characterisation	testing	of	the	steel	connectors	(see	
Eucentre	2017a).		

Total	mass	(weight)	 99	t	

Footprint	area	 44	m2	

Concrete	material	properties	

Material	mechanical	properties	were	inferred	considering	the	
parameters	found	in	Eucentre	(2017b);	it	is	nonetheless	noted	that	
material	properties	of	concrete	have	little	influence	on	the	response	
of	this	type	of	structures,	whose	seismic	response	is	mostly	governed	
by	the	behaviour	of	the	element	connections.		

	

As	mentioned	previously,	results	from	lab	tests	on	two	full-scale	test	specimens	that	were	based	
on	 the	 prototype	 structure	 being	 analysed	 herein	 were	 available	 and	 employed	 in	 the	
validation/calibration	 of	 the	 modelling	 strategy	 and	 assumptions	 summarised	 in	 Table	 2.6	
above	–	some	comparisons	between	the	experimental	and	numerical	results	are	shown	in	Figure	
2.11	to	Figure	2.13,	where	it	can	be	observed	that	the	model	is	able	to	capture	the	response	of	
these	structural	systems	in	both	elastic	(Figure	2.11)	as	well	as	inelastic	(Figure	2.12)	ranges,	as	
well	as	in	the	post-peak	softening/failure	stage	(Figure	2.13).		

From	 Figure	 2.13	 one	 may	 also	 appreciate	 that	 once	 the	 cohesion	 (mobilised	 by	 felt	 friction	
resistance	or	by	strength	of	mortar,	whichever	the	two	are	present)	between	stability	walls	and	
floor	slabs	 is	overcome	(in	 the	 test	case	 this	happened	at	around	20	mm	of	displacement)	 the	
structure	experiences	a	significant	loss	of	strength	and	stiffness,	which	may	then	rapidly	lead	to	
a	collapse	situation	(due	to	unseating	of	the	floors).		
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Figure	2.11:	Comparison	between	experimental	and	numerical	results	–	EUC-BUILD5	specimen,	test	run	#2	

	
Figure	2.12:	Comparison	between	experimental	and	numerical	results	–	EUC-BUILD5	specimen,	test	run	#3	

	
Figure	2.13:	Comparison	between	experimental	and	numerical	results	–	EUC-BUILD5	specimen,	full	test	

sequence	
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2.3.2 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	 2.7,	whilst	 the	 observed	 response	 and	 collapse	mechanisms	 are	 described	 in	 Table	 2.8.	
The	hysteresis	plots	of	all	11	records	are	shown	Figure	2.14	and	Figure	2.15	for	the	weak	and	
strong	directions,	respectively.		

	
Table	2.7:	PC	RC	Wall-Slab	building	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 1	 114	 0.0	 72	

E_00137_EW	 0.09	 3	 279	 0.3	 323	

N_00694T	 0.14	 2	 217	 0.2	 231	

N_00616T	 0.22	 5	 318	 0.1	 150	
N_00147T	 0.27	 5	 326	 0.2	 209	

N_00250L	 0.34	 52	 410	 59	 388	

E_17167_EW	 0.40	 26	 497	 31	 484	
N_00415L	 0.46	 18	 414	 2	 600	

N_00569T	 0.46	 120	 412	 124	 277	

N_00407L	 0.57	 55	 477	 47	 344	

N_00451T	 0.74	 135	 635	 68	 570	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	

	

Table	2.8:	PC	RC	Wall-Slab	building	–	Summary	of	the	collapse	mechanisms	

Ground	
motion	 Description	of	response	/collapse	mechanism	

N_00356L	 No	damage.		

E_00137_EW	 No	damage.	

N_00694T	 No	damage.	
N_00616T	 Minor	cracking	of	slab-to-wall	and	wall-to-wall	joints.	

N_00147T	 Minor	cracking	of	slab-to-wall	and	wall-to-wall	joints.	

N_00250L	 Significant	sliding	between	slabs	and	walls,	and	rupture	of	wall-to-wall	connectors.			

E_17167_EW	 Moderate	sliding	between	slabs	and	walls,	and	yielding	of	wall-to-wall	connectors.	
N_00415L	 Heavy	cracking	of	slab-to-wall	and	wall-to-wall	joints,	and	yielding	of	wall-to-wall	connectors.		

N_00569T	 Collapse	due	to	slab	unseating.	

N_00407L	 Significant	sliding	between	slabs	and	walls,	and	rupture	of	wall-to-wall	connectors.			
N_00451T	 Collapse	due	to	slab	unseating.		
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Figure	2.14:	PC	RC	Wall-Slab	building	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	

	
Figure	2.15:	PC	RC	Wall-Slab	building	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction	(note:	
some	apparently	spurious	response	peaks	can	be	observed;	these	were	however	not	consider	by	NAM’s	

Fragility	Modelling	Team)	

	

2.4 Cast-in-place	(CIP)	RC	Wall-Slab	Building	
Similarly	 to	 its	precast	counterpart,	 complete	details	 (which	would	e.g.	 feature	 information	on	
both	 bearing	 and	 non-bearing	 walls)	 for	 a	 cast-in-place	 reinforced	 concrete	 wall-slab	 index	
building	 (often	 built	 with	 the	 so-called	 tunnel	 construction	 technology)	 were	 not	 available	
during	 the	 development	 of	 the	 current	 study,	 and	 hence	 the	 analyses	 undertaken	 could	 only	
focus	on	the	seismic	response	of	a	typical	structural	configuration	of	the	load-bearing	structural	
elements	for	this	type	of	buildings.		

Such	 structural	 configuration	 was	 taken	 from	 the	 report	 by	 Arup	 (2017e),	 which	 considered	
typical	 geometrical	 and	 connection	 properties	 of	 a	 prototype	 structure	 for	 this	 typology	 of	
buildings,	 leading	 to	 the	model	 shown	 in	 Figure	2.16.	A	 full-scale	 test	 specimen	based	on	 this	
prototype	was	tested	cyclically	at	Eucentre	(see	Brunesi	et	al.,	2017c),	and	hence	it	was	possible	
to	 use	 the	 corresponding	 experimental	 results	 to	 validate	 and	 calibrate	 the	 numerical	 model	
employed	in	this	study.	
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Figure	2.16:	SeismoStruct	model	of	the	cast-in-place	RC	wall-slab	building	

2.4.1 Modelling	assumptions	

Table	 2.9	 summarises	 the	 main	 characteristics	 and	 modelling	 assumptions	 for	 this	 type	 of	
structural	typology.		
	

Table	2.9:	CIP	RC	Wall-Slab	Building	–	Summary	of	the	building	model	information	

Typology	(v3	|	v5)	 REST-URM-A	|	UBH-CR-CIP/LWAL/CR-CIP/LN/EW/FC	

Number	of	storeys	 2	storeys	
Height	 5.56	m	

Directions	 Weak	=	party	walls	act	out	of	plane,	Strong	=	party	walls	act	in	plane	

Walls	
180	mm	thick	walls	modelled	as	a	series	of	displacement-based	fibre	
beam	elements	with	material	properties	that	are	calibrated	according	
to	material	characterisation	testing	(see	Eucentre	2017c).		

Floors	
160	mm	thick	walls	modelled	as	a	series	of	displacement-based	fibre	
beam	elements	with	material	properties	that	are	calibrated	according	
to	material	characterisation	testing	(see	Eucentre	2017c).	

Floor	to	wall	connection	

Connections	between	foundation/slabs	and	transverse	walls	are	
modelled	by	means	of	100	mm	long	inelastic	displacement-based	
fibre	beam	elements,	with	material	properties	that	are	calibrated	in	
accordance	to	both	material	characterisation	testing	and	observations	
from	the	full-scale	test	(i.e.	sliding	of	smooth	starter	rebars	at	the	
foundation	level).		

Total	mass	(weight)	 75	t	
Footprint	area	 32	m2	

Concrete	material	properties	

Material	mechanical	properties	were	inferred	considering	the	
parameters	provided	in	Eucentre	(2017c);	it	is	nonetheless	noted	that	
material	properties	of	concrete	have	limited	influence	on	the	
response	of	this	type	of	structures,	whose	seismic	response	is	mostly	
governed	by	the	rocking	at	the	base	of	the	walls	(and	associated	
sliding	of	the	smooth	starter	bars	at	the	foundation).	

	

As	mentioned	previously,	results	from	a	cyclic	test	on	a	full-scale	test	specimen	that	was	based	
on	 the	 prototype	 structure	 being	 analysed	 herein	 were	 available	 and	 employed	 in	 the	
validation/calibration	 of	 the	 modelling	 strategy	 and	 assumptions	 summarised	 in	 Table	 2.9	
above	–	a	comparison	between	the	experimental	and	numerical	results	is	shown	in	Figure	2.17,	
taken	from	the	report	by	Brunesi	and	Nascimbene	(2017).		
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Figure	2.17:	CIP	RC	Wall-Slab	Building	–	Comparison	between	experimental	and	numerical	results		

2.4.2 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	2.10.	Collapse	was	not	observed	 in	any	of	 the	analyses,	but	 the	hysteretic	 response	was	
nevertheless	useful	 for	 calibrating	 the	 SDOF	model	 used	 in	 the	 fragility	 function	development	
(Crowley	and	Pinho,	2017).	The	hysteresis	plots	of	all	11	records	are	shown	in	Figure	2.18	and	
Figure	2.19	for	the	weak	and	strong	directions,	respectively.		

	
Table	2.10:	CIP	RC	Wall-Slab	building	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 8	 77	 0.0	 97	

E_00137_EW	 0.09	 11	 84	 0.1	 229	

N_00694T	 0.14	 21	 115	 0.2	 187	

N_00616T	 0.22	 38	 120	 0.1	 240	
N_00147T	 0.27	 54	 125	 0.2	 209	

N_00250L	 0.34	 57	 124	 0.5	 456	

E_17167_EW	 0.40	 80	 163	 0.7	 370	
N_00415L	 0.46	 129	 182	 1.8	 675	

N_00569T	 0.46	 212	 227	 3.5	 360	

N_00407L	 0.57	 82	 185	 0.9	 366	

N_00451T	 0.74	 199	 234	 4.1	 521	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	
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Figure	2.18:	CIP	RC	Wall-Slab	Building	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	

	

	
Figure	2.19:	CIP	RC	Wall-Slab	Building	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction		
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3 Existing	Index	Building	Models	and	Results	
In	order	to	provide	calibration	data	for	the	SDOF	models	of	steel	and	timber	buildings,	nonlinear	
dynamic	 analyses	 of	 two	 index	 buildings	 that	 were	 previous	 modelled	 (and	 subjected	 to	
nonlinear	 static	 analysis)	 by	 Mosayk	 have	 been	 undertaken.	 The	 details	 of	 these	 models	 are	
provided	in	detail	in	Mosayk	(2015),	and	so	only	the	results	are	provided	herein.		

3.1 Timber	frame/panel	
Timber	 frame	buildings,	 characterised	 by	 an	 internal	 load-bearing	 timber	 frame	 and	 an	 outer	
brick	façade,	have	been	represented	by	the	building	and	model	shown	in	Figure	3.1.	The	external	
walls	were	not	included	in	the	model,	but	the	stiffness	contribution	of	plasterboard	panels	was	
modelled.	The	structure	is	very	regular	and	both	directions	have	similar	stiffness	and	strength;	
the	 “weak”	 and	 “strong”	 direction	 terminology	 is	 thus	 only	 used	 in	 the	 next	 section	 for	
consistency	with	the	other	sections.	

	

		
Figure	3.1:	Kwelder	8	timber	frame/panel	house	from	Google	Street	View	(left)	and	the	corresponding	

SeismoStruct	model	(right)	

3.1.1 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	 3.1.	 Collapse	 was	 not	 reached	 during	 the	 dynamic	 analysis,	 and	 so	 the	 results	 of	 the	
nonlinear	 static	 analysis	 (described	 in	Mosayk,	 2015)	 have	been	used	 to	 identify	 the	ultimate	
displacement	capacity	of	 the	model.	The	hysteresis	plots	of	all	11	records	are	shown	in	Figure	
3.2	 and	 Figure	 3.3	 for	 the	weak	 and	 strong	 directions,	 respectively;	 as	mentioned	 previously,	
these	 results	 have	 been	 used	 to	 calibrate	 the	 SDOF	model	 for	 timber	 buildings	 (Crowley	 and	
Pinho,	2017).		
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4 Timber Frame Residential Detached Buildings (RESD-W-A) 

4.1 General description and structural configuration 
This building typology comprises residential detached, timber frame buildings, characterised by 
an internal load-bearing timber frame and an outer brick façade. Figure 4.1 shows the external 
view of the timber frame house in the Groningen region that has been modelled herein. 

 
Figure 4.1: Timber Frame Residential Detached House – External view (Google Street View) 

The structure has a square plan, 8.7 m on each side, with a brick garage attached to one corner of 
the house; it has a timber hipped roof, with a chimney on the top (approximately 7 m above the 
ground). The following figure shows the plan and section views of the house. 

        
Figure 4.2: Timber Frame Residential Detached House – Plan view (left) and section view (right) 
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Due to the absence of a rigid diaphragm, the location of the lumped masses of the floor and roof is 
not irrelevant. In order to understand how the structure redistributes the weight, a static analysis 
has been performed, loading the floor with uniform distributed mass; the masses of the floor were 
then lumped at the top of those studs with a larger base reaction from the static analysis. 
Other modelling assumptions 

Springs, modelled with multi-linear link elements, are defined at the base of the structure as the 
timber frame simply rests on the foundation beams. It is assumed that the studs slide indefinitely 
in three directions (two for the corner studs), with only friction resisting the motion. In the 
direction outwards of the structure, after 120 mm of sliding the stud loses its support because of 
the cavity between the frame and the outer façade. The link does not permit rotations to occur, 
since it is believed that the presence of the plasterboard panels prohibits the overturning of the 
studs. 
A static analysis has been performed, with the model fixed at the base, in order to obtain the base 
reaction for each stud, and its axial load is then multiplied by 0.5 (assumed coefficient of friction 
for wood-wood) in order to define the lateral resistance force for each link element situated under 
each stud. 
A screenshot of the model is presented in the following figure. 

 
Figure 4.6: Screenshot of the SeismoStruct model of the RESD-W-A index building 

4.3 Numerical analyses and results 
Eigenvalue analysis 

An eigenvalue analysis has been undertaken as an initial check of the model. The first mode period 
was found to be 0.71 s (with 76% modal mass) in the transverse direction and 0.61 s (with 89% 
modal mass) in the longitudinal direction. 
Given that the periods of vibration for this structure seemed high for a single storey model, a 
second model has been developed considering also the stiffness contribution of the plasterboard 
panels. They have been modelled using two equivalent struts for each panel. With this assumption, 
the system has a higher stiffness, leading to a period of 0.21 s (with 72% modal mass) in the 
longitudinal direction and 0.18 s (with 42% modal mass) in the transverse direction. 
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Table	3.1:	Timber	frame	building	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 2.6	 34	 2.7	 26	
E_00137_EW	 0.09	 7.8	 53	 7.8	 72	

N_00694T	 0.14	 8.9	 52	 5.4	 65	

N_00616T	 0.22	 17.0	 64	 4.7	 57	

N_00147T	 0.27	 10.4	 64	 5.4	 65	
N_00250L	 0.34	 32.4	 84	 13.5	 78	

E_17167_EW	 0.40	 36.2	 88	 17.3	 82	

N_00415L	 0.46	 26.7	 82	 36.3	 85	
N_00569T	 0.46	 57.4	 90	 13.5	 75	

N_00407L	 0.57	 49.0	 89	 14.3	 81	

N_00451T	 0.74	 121.7	 90	 46.6	 84	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	

	
Figure	3.2:	Timber	frame	building	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	

	

3.2 Light	steel	braced	frame	
Light	steel	braced	frames	are	typically	used	for	industrial	buildings	and	the	index	building	that	
has	 been	 used	 to	 represent	 this	 typology	 has	 five	 steel	 portal	 frames	 along	 the	 longitudinal	
direction	 and	 steel	 braced	 frames	 in	 the	 transverse	 direction	 (see	 Figure	 3.4).	 The	 weak	
direction	 (identified	 from	 the	 pushover	 analyses	 presented	 in	Mosayk,	 2015)	 is	 the	 direction	
with	bracing.		
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Figure	3.3:	Timber	frame	building	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction	

	

	

	
Figure	3.4:	Beneluxweg	15	light	steel	braced	frame	from	Google	Street	View	(top)	and	the	corresponding	

SeismoStruct	model	(bottom)	
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5 Steel Frame Industrial Buildings (AGRI/INDU/COML-S-B/A) 

5.1 General description and structural configuration 
Within the agricultural, industrial and commercial/recreational (large opening) usage category 
there are two steel portal frame buildings typologies, AGRI/INDU/COML-S-B and 
AGRI/INDU/COML-S-A, which have braces in one or both directions, respectively. A single storey 
real industrial index building with braces in one direction (see Figure 5.1) has been modelled, and 
used for both typologies (as it is assumed that the typology with bracing in both directions can be 
represented by the braced direction of this building). The index building has five steel portal 
frames along the longitudinal direction and steel braced frames in the transverse direction. 

 
Figure 5.1: AGRI/INDU/COML-S-B – external view 

The structure plan dimensions are 20 m and 15 m in longitudinal and transverse directions, 
respectively, as shown in Figure 5.2.  

 

Figure 5.2: Plan view of AGRI/INDU/COML-S-B/A 
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Table 5.3: One storey steel building – applied permanent loads (in addition to self-weight) 

Load 
Permanent Load 

[kN/m2] 
Live Load 
[kN/m2] 

Inter-column 
Length 

 [m] 

Total Distributed Load [kN/m] 

Internal Frame External Frame 

Roof  0.5 0 5 2.5 1.25 

 

Other modelling assumptions 

Some sensitivity analyses have been carried out to understand the influence of local buckling, 
connection flexibility, connection of the rhs lateral sections (either pinned or fixed) and 
connection failure. 

 
Figure 5.6: Screenshot of the SeismoStruct model of the AGRI/INDU/COML-S-B/A index building 

The various modelling assumptions for this index building are reported below:  

- Semi-rigid springs were added to model the joints of the portal frame and the base 
connections. The properties of these springs were assigned typical semi-rigid moment-
rotation relationships (for the beam-column connections a yield moment of 60 MPa and 
yield rotation of 10-3 rad was defined; for the base connections these values were 100 MPa 
and 10-3 rad, respectively). 

- Moment releases were used to model the pinned connections of the lateral rectangular 
hollow sections. 

- Buckling has been modelled following recommendations of Uriz et al. (2008), wherein 
imperfections have been introduced at the mid-point of each compression strut of the 
lateral bays. These imperfections have been modelled by dividing the element into two 
beam-column elements and moving the node of one with respect to the other by 0.075% 
of the free brace length. 

- Connection failure has been modelled by setting the ultimate rotation of the springs to 0.1 
rad (using a multi-linear model for the semi-rigid springs). 

- Performance criteria have been used in order to estimate the ultimate displacement 
capacity; the ultimate rotation capacity of each element has been set as 8 times the 
yielding rotation capacity following the recommendations of Eurocode 8 Part 3 (CEN, 
2005). 
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3.2.1 Summary	of	results	

Displacement	 and	 base	 shear	 results	 for	 the	 weak	 and	 strong	 directions	 are	 summarised	 in	
Table	 3.2.	 Collapse	 was	 not	 reached	 during	 the	 dynamic	 analysis,	 and	 so	 the	 results	 of	 the	
nonlinear	 static	 analysis	 (described	 in	Mosayk,	 2015)	 have	been	used	 to	 identify	 the	ultimate	
displacement	capacity	of	 the	model.	The	hysteresis	plots	of	all	11	records	are	shown	in	Figure	
3.5	and	Figure	3.6	for	the	weak	and	strong	directions,	respectively.	Although	these	results	do	not	
provide	significant	nonlinearity,	they	have	been	used	by	Crowley	and	Pinho	(2017)	to	calibrate	
the	SDOF	model	for	steel	buildings,	and	the	backbone	curves	have	been	taken	from	the	pushover	
analyses.		

Table	3.2:	Steel	braced	frame	–	Summary	of	the	numerical	results	

Ground	motion	 AvgSa	[g]		

Weak	direction	 Strong	direction	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

[kN]	

Peak	ref.	node	
displacement	
(pre-collapse*)	

[mm]	

Peak	base	shear	
(pre-collapse*)	

	[kN]	

N_00356L	 0.07	 0.9	 18	 25.6	 30	
E_00137_EW	 0.09	 1.8	 35	 32.4	 56	

N_00694T	 0.14	 1.9	 37	 43.9	 90	

N_00616T	 0.22	 2.6	 53	 25.3	 27	
N_00147T	 0.27	 2.8	 50	 28.0	 36	

N_00250L	 0.34	 5.1	 85	 48.8	 130	

E_17167_EW	 0.40	 5.0	 124	 80.5	 188	

N_00415L	 0.46	 5.2	 97	 75.1	 184	
N_00569T	 0.46	 7.6	 116	 46.4	 115	

N_00407L	 0.57	 8.0	 159	 37.8	 93	

N_00451T	 0.74	 12.4	 199	 56.3	 158	

*	pre-collapse	response	values	stand	for:	(i)	either	peak	values	observed	during	the	entire	analyses	when	no	collapse	
occurs,	or	(ii)	response	values	at	the	instant	immediately	before	collapse	occurs	

	
Figure	3.5:	Steel	braced	frame	–	Hysteresis	plots	of	the	11	recordings	in	the	weak	direction	
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Figure	3.6:	Steel	braced	frame	–	Hysteresis	plots	of	the	11	recordings	in	the	strong	direction	
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4 Closing	Remarks	
Using	two	software	packages	(ELS	and	SeismoStruct)	whose	capacity	 in	prediction	the	seismic	
response	of	structures	from	the	Groningen	region	has	been	validated	through	comparisons	and	
calibration	 against	 experimental	 results,	 nonlinear	 dynamic	 analyses	 of	 a	 number	 of	 index	
buildings	or	structures	were	carried	out.		

The	corresponding	results,	in	the	form	of	base-shear	vs.	attic	displacement	hysteretic	plots,	were	
then	 provided	 to	 NAM’s	 Fragility	 Modelling	 Team,	 so	 that	 these	 could	 be	 used	 in	 the	
development	 of	 the	 fragility	 and	 consequences	 models	 used	 in	 NAM’s	 v5	 hazard	 and	 risk	
assessment.		
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