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VDOC.PUB	Authors:	Miha	Tomaževič	PDF	Download	Embed	This	document	was	uploaded	by	our	user.	The	uploader	already	confirmed	that	they	had	the	permission	to	publish	it.	If	you	are	author/publisher	or	own	the	copyright	of	this	documents,	please	report	to	us	by	using	this	DMCA	report	form.	Report	DMCA	Series:	Series	on	innovation	in
structures	and	construction,	v.	1	Year:	2,006	City:	London	Pages:	xii,	268	p.	:	ill	Pages	In	File:	282	Language:	English	Identifier:	9781848160835,1848160836,9781628700855,1628700858	Org	File	Size:	178,374,853	Extension:	pdf	In	the	last	few	decades,	a	considerable	amount	of	experimental	and	analytical	research	on	the	seismic	behaviour	of
masonry	walls	and	buildings	has	been	carried	out.	The	investigations	resulted	in	the	development	of	methods	for	seismic	analysis	and	design,	as	well	as	new	technologies	and	construction	systems.	After	many	centuries	of	traditional	use	and	decades	of	allowable	stress	design,	clear	concepts	for	limit	state	verification	of	masonry	buildings	under
earthquake	loading	have	recently	been	introduced	in	codes	of	practice.	Although	this	book	is	not	a	review	of	the	state-of-the-art	of	masonry	structures	in	earthquake	zones,	an	attempt	has	been	made	to	balance	the	discussion	on	recent	code	requirements,	state-of-the-art	methods	of	earthquake-resistant	design	and	the	author's	research	work,	in	order
to	render	the	book	useful	for	a	broader	application	in	design	practice.	An	attempt	has	also	been	made	to	present,	in	a	condensed	but	easy	to	understand	way,	all	the	information	needed	for	earthquake-resistant	design	of	masonry	buildings	constructed	using	traditional	systems.	The	basic	concepts	of	limit	state	verification	are	presented	and	equations
for	seismic	resistance	verification	of	masonry	walls	of	all	types	of	construction,	(unreinforced,	confined	and	reinforced)	as	well	as	masonry-infilled	reinforced	concrete	frames,	are	addressed.	A	method	for	seismic	resistance	verification,	compatible	with	recent	code	requirements,	is	also	discussed.	In	all	cases,	experimental	results	are	used	to	explain
the	proposed	methods	and	equations.	An	important	part	of	this	book	is	dedicated	to	the	discussion	of	the	problems	of	repair,	retrofit	and	rehabilitation	of	existing	masonry	buildings,	including	historical	structures	in	urban	centres.	Methods	of	strengthening	masonry	walls	as	well	as	improving	the	structural	integrity	of	existing	buildings	are	described
in	detail.	Wherever	possible,	experimental	evidence	regarding	the	effectiveness	of	the	proposed	strengthening	methods	is	given.	Contents:	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	Masonry	Materials	and	Construction	Systems	Architectural	and	Structural	Concepts	of	Earthquake-Resistant	Building	Configuration	Floors	and	Roofs
Basic	Concepts	of	Limit	States	Verification	of	Seismic	Resistance	of	Masonry	Buildings	Seismic	Resistance	Verification	of	Structural	Walls	Masonry	Infilled	Reinforced	Concrete	Frames	Seismic	Resistance	Verification	of	Masonry	Buildings	Repair	and	Strengthening	of	Masonry	Buildings	Readership:	Practising	engineers	and	students.	Masonry
Buildings'	Seismic	FailuresE.	ApostolidiEngineering,	GeologyCharacteristic	Seismic	Failures	of	Buildings2019Masonry	structures	are	probably	the	most	popular	and	ancient	type	of	buildings	all	over	the	world.	Easy	access	of	its	constitutive	materials,	which	are	basically	stones,	bricks,	and	mortar	(which…	In	the	last	few	decades,	a	considerable
amount	of	experimental	and	analytical	research	on	the	seismic	behaviour	of	masonry	walls	and	buildings	has	been	carried	out.	The	investigations	resulted	in	the	development	of	methods	for	seismic	analysis	and	design,	as	well	as	new	technologies	and	construction	systems.	After	many	centuries	of	traditional	use	and	decades	of	allowable	stress	design,
clear	concepts	for	limit	state	verification	of	masonry	buildings	under	earthquake	loading	have	recently	been	introduced	in	codes	of	practice.Although	this	book	is	not	a	review	of	the	state-of-the-art	of	masonry	structures	in	earthquake	zones,	an	attempt	has	been	made	to	balance	the	discussion	on	recent	code	requirements,	state-of-the-art	methods	of
earthquake-resistant	design	and	the	author's	research	work,	in	order	to	render	the	book	useful	for	a	broader	application	in	design	practice.	An	attempt	has	also	been	made	to	present,	in	a	condensed	but	easy	to	understand	way,	all	the	information	needed	for	earthquake-resistant	design	of	masonry	buildings	constructed	using	traditional	systems.	The
basic	concepts	of	limit	state	verification	are	presented	and	equations	for	seismic	resistance	verification	of	masonry	walls	of	all	types	of	construction,	(unreinforced,	confined	and	reinforced)	as	well	as	masonry-infilled	reinforced	concrete	frames,	are	addressed.	A	method	for	seismic	resistance	verification,	compatible	with	recent	code	requirements,	is
also	discussed.	In	all	cases,	experimental	results	are	used	to	explain	the	proposed	methods	and	equations.An	important	part	of	this	book	is	dedicated	to	the	discussion	of	the	problems	of	repair,	retrofit	and	rehabilitation	of	existing	masonry	buildings,	including	historical	structures	in	urban	centres.	Methods	of	strengthening	masonry	walls	as	well	as
improving	the	structural	integrity	of	existing	buildings	are	described	in	detail.	Wherever	possible,	experimental	evidence	regarding	the	effectiveness	of	the	proposed	strengthening	methods	is	given.	Series	on	Innovation	in	Structures	and	Construction	-Vol.	1	Earthquake-Resistant	Design	of	Masonry	Buildings	Miha	Tomazevie	Slovenian	National
Building	and	Civil	Engineering	Institute	Imperial	College	Press	\	Published	by	Imperial	College	Press	57	Shelton	Street	Covent	Garden	London	WC2H	9HE	Distributed	by	World	Scientific	Publishing	Co.	Re.	Ltd.	5	Toh	Tuck	Link,	Singapore	596224	USA	ofice:	27	Warren	Street,	Suite	401-402,	Hackensack,	NJ	07601	UK	ofice:	57	Shelton	Street,	Covent
Garden,	London	WC2H	9HE	Library	of	Congress	Cataloging-in-PublicationData	TomaZeviE,	Miha.	Earthquake-resistant	design	of	masonry	buildings	/	Miha	Toma'ievi'c.	p.	cm.	--	(Series	in	innovation	in	structures	and	construction;	vol.	1)	Includes	bibliographical	references	and	index.	ISBN	1-86094-066-8	1.	Masonry.	2.	Buildings.	3.	Earthquake
resistant	design.	I.	Title.	11.	Series.	TH5321.T66	1999	693.8'52--d~21	99-	18293	CIP	British	Library	Cataloguing-in-PublicationData	A	catalogue	record	for	this	book	is	available	from	the	British	Library.	First	published	1999	Reprinted	2000,2006	Copyright	Q	1999	by	Imperial	College	Press	All	rights	reserved.	This	book,	or	parts	thereof,	may	not	be
reproduced	in	any	form	or	by	any	m	e	w	,	electronic	or	mechanical,	including	photocopying,	recording	or	any	information	storage	and	retrieval	system	now	known	or	to	be	invented,	without	written	permission	from	the	Pubtisher.	For	photocopying	of	material	in	this	volume,	please	pay	a	copying	fee	through	the	Copyright	Clearance	Center,	Inc.,	222
Rosewood	Drive,	Danvers,	M	A	01923,	USA.In	this	case	permission	to	photocopy	is	not	required	from	the	publisher.	Printed	by	FuIsland	Offset	Printing	(S)	Pte	Ltd,	Singapore	PREFACE	From	many	points	of	view,	writing	this	book	Earthquake-Resistant	Design	of	Masonry	BuiEdings	was	not	an	easy	task.	In	most	countries,	masonry	is	still	used	as	a
traditional,	non-engineered	construction	material:	in	this	regard,	the	engineering	approach	to	masonry	construction	had	to	be	encouraged.	Several,	although	not	many,	books	on	this	topic	have	been	published	in	the	last	decade,	therefore,	a	touch	of	originality	had	to	be	given	to	this	book.	And	most	importantly,	taking	into	account	the	complexity	of
masonry	construction	worldwide,	the	request	that	the	book	should	be	useful	for	a	broad	readership	of	structural	engineers,	interested	in	earthquake	resistant	design	of	masonry	buildings,	has	to	be	respected.	In	the	recent	books	on	masonry	structures,	the	idea	that	reinforced	grouted	masonry	is	the	earthquake-resistant	type	of	masonry	construction,
is	usually	followed.	However,	buildings	built	by	traditional	masonry	construction	systems,	such	as	plain	and	confined,	as	well	as	reinforced	masonry,	where	normal	or	specially	shaped	hollow	or	perforated	masonry	units	are	used	to	accommodate	the	reinforcement,	embedded	in	mortar	or	concrete,	can	also	resist	earthquakes.	As	in	most	countries
these	buildings	outnumber	reinforced	grouted	masonry	ones.	The	discussion	in	this	book	is	limited	to	traditional,	unreinforced	and	reinforced	masonry	construction	systems.	However,	general	aspects	of	earthquake-resistant	masonry	construction	are	preferred	to	aetails	specific	for	different	masonry	construction	systems.	In	order	to	assist	the
implementation	of	the	recent	European	structural	design	codes,	Eurocodes,	where	a	clear	concept	for	limit	states	verification	has	also	been	introduced	for	masonry	structures,	the	concepts	of	Eurocodes’	structural	verification	philosophy,	which	has	general	validity,	are	followed.	However,	although	detailed	information	is	given	on	the	requirements	of
Eurocodes,	it	was	not	the	aim	of	the	book	to	collect	a	set	of	design	and	construction	rules,	accompanied	with	relevant	equations	for	structural	V	vi	Earthquake-Resistant	Design	of	Masonry	Buildings	verification,	and	produce	a	state-of-the-art	manual	for	structural	engineers	who	wish	to	become	familiar	with	earthquake-resistant	design	of	masonry
buildings.	There	have	been	excellent	books	on	masonry	published	recently	which	more	than	fulfii	this	task.	Being	involved	in	experimental	research	in	seismic	behaviour	of	masonry	structures	for	most	of	my	career,	now	30	years	long,	I	have	ambitiously	decided	to	make	the	readers	familiar	with	masonry	“behind	the	scenes”.	Namely,	an	attempt	has
been	made	in	this	book	to	provide	information	regarding	the	actual	behaviour	of	masonry	structures	when	subjected	to	earthquakes,	as	well	as	to	present	experimental	background	for	the	development	of	mathematical	models	for	seismic	resistance	verification.	It	is	hoped	that	the	readers	will	better	understand	the	design	philosophy	and	the	meaning
of	parameters	in	the	design	equations.	Therefore,	experimental	evidence	to	support	the	criteria	and	mathematical	models	is	provided,	wherever	possible.	Given	the	opportunity,	the	methods	developed	on	the	basis	of	experimental	research,	carried	out	in	Ljubljana,	are	mainly	presented	and	discussed.	Although	the	book	is	not	a	review	of	state-of-the-
art	earthquake-resistant	design	of	masonry	structures,	an	atte-mpt	has	been	made	to	balance	the	discussion	on	recent	code	requirements,	the	state-of-the-art	methods	of	earthquake-resistant	design,	and	my	research	work	in	order	to	make	the	book	useful	for	a	broader	application	in	the	design	practice.	I	have	also	attempted	to	present,	in	a	condensed
but	easy	to	understand	way,	all	the	information	needed	for	earthquake-resistant	design	of	masonry	buildings	constructed	in	traditional	masonry	construction	systems.	The	book	first	deals	with	earthquakes	and	seismic	performance	of	masonry	buildings.	To	be	compatible	with	Eurocodes,	the	new	European	macroseismic	scale	is	briefly	presented	as	a
measure	of	earthquake	intensity.	Then,	the	basic	aspects	regarding	the	selection	of	masonry	materials	and	construction	systems	are	discussed,	including	the	testing	methods	for	the	determination	of	mechanical	properties	of	masonry	materials	and	evaluation	of	test	results.	Next,	the	architectural	and	structural	aspects	of	earthquake-resistant	masonry
construction	are	discussed.	The	requirements	regarding	the	shape	and	dimensions	of	buildings	are	given.	Simple	buildings,	in	which	the	verification	of	seismic	resistance	by	calculation	is	not	mandatory,	are	described.	In	the	chapters	to	follow,	the	basic	concepts	of	limit	states	verification	are	presented	and	equations	for	seismic	resistance	verification
of	masonry	walls	of	all	types	of	masonry	construction	-	unreinforced,	confined,	and	reinforced	-	Preface	vii	as	well	as	masonry	infilled	reinforced	concrete	frames,	are	explained.	A	method	for	seismic	resistance	verification,	compatible	with	recent	code	requirements,	is	discussed.	In	all	cases,	experimental	results	are	used	to	explain	the	proposed
methods	and	equations.	Finally,	an	important	part	of	the	book	discusses	the	problems	of	seismic	repair,	retrofit	and	rehabilitation	of	existing	masonry	buildings,	including	historical	houses	in	urban	nuclei.	Methods	of	strengthening	the	masonry	walls,	as	well	as	improving	the	structural	integrity	of	existing	buildings,	are	described	in	detail.	Wherever
possible,	experimental	evidence	regarding	the	effectiveness	of	the	proposed	strengthening	methods	is	given.	A	list	of	references	is	given	at	the	end	of	each	chapter.	Considering	the	concept	of	writing	the	book,	the	list	of	references	has	no	intention	of	providing	information	regarding	the	state	of	the	art	of	the	topic	discussed.	It	is	only	aimed	at
orienting	the	reader	to	the	source	where	he/she	could	obtain	additional	background	information.	Although	an	attempt	has	been	made	to	cover	as	many	problems	related	with	the	earthquake-resistant	design	of	masonry	buildings	as	possible,	not	everything	could	have	been	mentioned	in	the	book.	At	least	two	important	issues	in	the	field	of	modern
masonry	construction	have	been	completely	omitted.	Consequently,	the	interested	reader	should	search,	on	his	own,	for	information	regarding	the	large	panel	prefabricated	construction,	which	is	used	in	the	case	of	residential	masonry	buildings,	and	seismic	isolation,	which	can	be	applied	to	new	and	existing	masonry	buildings.	It	is	my	pleasure	to
acknowledge	Imperial	College	Press,	who	have	given	me	opportunity	to	write	this	book.	My	gratitude	also	goes	to	former	and	recent	colleagues	who	have	assisted	me	in	carrying	out	my	research	in	the	past	years:	most	of	their	names	can	be	found	on	the	list	of	references	in	individual	chapters.	Without	them,	there	would	not	be	much	to	write	about	in
this	book.	Although	most	of	the	technical	work	is	now	done	by	powerful	computers,	the	hands	of	Ms	Zvonka	Rekete	were	needed	to	prepare	the	drawings.	Last	but	not	least,	my	deepest	thanks	go	to	NataSa	and	Nejc	-	who	have	not	seen	much	of	their	husband	and	father	recently	-	for	their	encouragement	and	support	during	the	days	when	the	end	of
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SUBJECT	INDEX	263	CHAPTER	1	INTRODUCTION	Besides	wood,	masonry	is	the	most	important	construction	material	in	the	history	of	mankind.	Masonry	has	been	used,	in	a	wide	variety	of	forms,	as	a	basic	construction	material	for	public	and	residential	buildings	in	the	past	several	thousand	years:	from	the	Tower	of	Babylon,	which	should	have
reached	the	sky	if	it	had	been	completed,	to	the	Great	Wall	of	China,	which	is	the	only	man-made	structure	visible	from	the	Moon.A	great	number	of	well-preserved	old	masonry	buildings	still	exist,	proving	that	masonry	can	successfully	resist	loads	and	environmental	impacts,	therefore	providing	shelter	for	people	and	their	goods	for	a	long	period	of
time,	if	adequately	conceived	and	constructed.	In	recognition	of	their	importance	and	value,	many	of	those	buildings	have	been	ranked	among	the	assets	of	highest	category	of	mankind’s	historical	and	cultural	heritage.	Many	urban	settlements	are	located	in	seismic	zones.	This	is	a	consequence	of	the	fact	that	most	convenient	geographical	locations
for	building	a	city	are	valleys	and	cross-roads,	which	frequently	follow	the	locations	and	intersections	of	active	seismic	faults.	As	proven	by	the	historical	data,	many	ancient	and	medieval	towns	and	cities	have	already	been	destroyed	by	earthquakes.	Some	of	them	have	been	rebuilt	at	the	same	site,	while	others	have	been	relocated	to	avoid	future
possible	seismic	impacts.	Although	some	specific	features	have	been	invented	during	the	course	of	time	to	improve	the	seismic	behaviour	of	masonry	buildings,	such	as	connecting	stones,	strengthening	the	comers	and	wall	intersections	zones,	as	well	as	tying	of	the	walls,	even	today,	masonry	construction	represents	the	most	vulnerable	part	of
existing	building	stock.	This	is	not	only	the	case	in	undeveloped	or	developing	countries,	but	it	is	also	the	case	in	the	most	developed	regions	of	Europe	and	USA.	As	many	recent	earthquakes	in	those	regions	have	proven,	most	earthquake	1	2	Earthwake-Resistant	Design	of	Masonry	Buildings	damage	and	loss	of	human	lives	have	occurred	in	historical
urban	nuclei	due	to	inadequate	seismic	resistance	of	old	masonry	buildings.	When	subjected	to	earthquake	ground	motion,	inertia	forces,	proportional	to	the	masses	of	building	components	and	induced	accelerations,	cause	the	vibration	of	the	structural	system.	As	a	result	of	vibration,	additional	bending	and	shear	stresses	develop,	which	often	exceed
the	strength	of	materials	and	cause	damage	to	structural	elements.	Since	masonry,	which	can	be	stressed	relatively	high	in	compression,	is	not	a	suitable	material	for	carrying	the	bending	and	shear,	the	resulting	damage	is	severe	and	often	causes	the	collapse	of	a	building.	Consequently,	for	a	long	time,	masonry	has	not	been	considered	to	be	a
suitable	material	in	earthquake-resistant	construction.	Other	materials	which	developed	in	modern	times,	such	as	steel	and	reinforced	concrete,	have	replaced	the	traditional	clay	brick	in	the	case	of	multi-storey	building	construction	in	the	developed	part	of	the	world.	However,	in	the	last	few	decades,	considerable	research	on	the	behaviour	of
masonry	walls	and	buildings	subjected	to	seismic	actions	has	been	carried	out	in	many	countries.	The	behaviour	of	masonry	buildings	during	earthquakes	has	been	analysed,	and	experiments	to	determine	the	basic	parameters	of	the	seismic	resistance	of	masonry	walls	and	buildings	have	been	carried	out.	As	a	result	of	these	investigations,	masonry
survived,	and	because	of	good	physical	properties	which	make	living	in	masonry	buildings	comfortable,	the	use	of	masonry	seems	to	be	on	the	rise.	However,	clay	brick	is	no	more	the	elementary	element.	In	order	to	save	raw	materials	and	improve	the	thermal	insulation	properties	of	masonry	walls,	perforated	bricks	and	hollow	blocks	have	been
developed	and	new	technologies	are	being	used	for	the	production	of	ceramic,	and	concrete	blocks.	The	quality	of	masonry	products	has	also	been	improved.	Using	cement	mortars,	relatively	high-strength	masonry	can	be	produced,	which	makes	it	possible	to	increase	the	floor	spans	even	in	the	case	of	multi-storey	buildings,	Reinforcement	has	been
added	in	order	to	improve	the	resistance	of	masonry	to	bending	and	shear.	Although	grouted	reinforced	masonry,	which	is	closer	to	reinforced	concrete	than	to	traditional	masonry,	is	the	main	type	of	masonry	construction	in	seismic-prone	areas	of	the	USA,	traditional	type	of	masonry	construction	with	or	without	mortar	bed	joint	reinforcement	still
prevails	in	Europe,	Asia	and	Latin	America.	New	structural	systems	have	been	developed,	such	as	large	panel	systems,	where	prefabricated	elements,	cast	in	the	factory	Or	assembled	on	site,	can	be	used.	Introduction	3	By	means	of	experimental	research,	new	data	on	the	strength	and	stifkess	degradation	and	deterioration,	ductility	and	energy
dissipation	capacity	of	different	types	of	masonry	have	been	obtained.	The	results	of	investigations	made	possible	the	improvement	in	masonry	construction,	and	have	resulted	in	the	development	of	analytical	models	and	mathematical	tools	for	earthquakeresistance	verification	and	design	for	seismic	loads.	The	investigations	have	also	resulted	into	the
development	of	new	codes	for	masonry	construction	and	design,	for	example,	Eurocode	6:	Design	of	masonry	structures	and	Eurocode	8	:	Design	provisions	for	earthquake	resistance	of	structures.	In	structural	Eurocodes,	a	clear	concept	for	limit	states	verification	has	also	been	introduced,	for	the	first	time,	for	masonry	structures.	Considering	that
old	masonry	buildings	of	all	types,	including	historical	monuments,	represent	an	important	part	of	the	existing	building	stock,	which	is	highly	vulnerable	to	earthquakes,	considerable	experimental	research	has	been	also	carried	out	in	the	last	few	decades	to	investigate	the	causes	of	damage	and	develop	technologies	suitable	for	seismic	retrofit	and
rehabilitation	of	existing	masonry	buildings.	As	a	result	of	earthquake	damage	observation	and	experimental	research,	various	technical	solutions	for	the	improvement	of	structural	and	material	defficiences	of	existing	masonry	buildings,	are	now	available.	As	the	experiments	and	earthquakes	prove,	by	applying	these	methods	to	old	buildings,	the
same	level	of	seismic	resistance	can	be	obtained	as	in	the	case	of	new	buildings	designed	by	seismic	codes.	CHAPTER	2	EARTHQUAKES	AND	SEISMIC	PERFORMANCE	OF	MASONRY	BUILDINGS	2.1	Introduction	Seismic	actions	are	accidental	actions	which,	depending	on	the	seismicity	of	the	location,	rarely	occur	in	the	building's	life-time.
However,	because	of	the	destructive	power	of	earthquakes,	the	stability	and	safety	of	buildings	located	in	earthquake-prone	areas	should	be	verified	for	seismic	loads.	Such	verifkation	is	based	on	the	results	of	geological	and	seismological	studies,	which	provide	data	on	the	seismic	activity	of	the	location	and	recommend	the	values	of	parameters	to	be
used	in	the	assessment	of	the	expected	seismic	actions.	However,	verification	is	also	based	on	the	analysis	of	earthquake	damage	and	mechanisms	of	collapse,	as	well	as	subsequent	experimental	investigations	in	the	seismic	behaviour,	which	provide	the	basis	for	the	development	of	methods	for	structural	verification	of	newly	designed	buildings.	In
addition,	on	the	basis	of	such	analysis	and	investigations,	the	deficiences	of	existing	structural	systems	can	also	be	identified	and	measures	for	their	future	improvement	developed.	To	better	understand	the	basic	concepts	of	seismic	resistance	analysis	and	seismic	resistant	design	and	construction	of	masonry	structures,	the	causes	of	earthquakes	and
the	characteristics	of	seismic	ground	motion	should	first	be	known.	On	the	basis	of	the	expected	intensity	and	dynamic	characteristics	of	the	ground	motion,	the	forces	generated	by	earthquakes	can	be	assessed.	On	the	basis	of	the	probability	of	occurrence	of	maximum	expected	intensity	earthquake	at	the	location,	and	the	importance	and	type	of
building	under	consideration,	the	decision	regarding	the	magnitude	of	design	seismic	actions	can	be	made.	5	6	Earthquake-Resistant	Design	of	Masonry	Buildings	However,	to	understand	the	significance	of	the	properties	of	materials	and	structural	characteristics	specific	for	masonry	structures,	which	influence	the	response	of	masonry	structures	to
seismic	ground	motion,	the	observed	behaviour	of	masonry	buildings,	as	well	as	the	causes	of	any	damage	that	occurred	to	buildings	during	earthquakes,	should	be	also	carefully	analysed.	2.2	Earthquakes	and	Seismic	Ground	Motion	2.2.I	Causes	of	earthquakes	Ground	motion,	which	is	generated	by	sudden	displacements	within	the	earth's	crust,	is
called	an	earthquake.	Earthquakes	are	caused	by	various	natural	phenomena,	such	as	tectonic	processes,	volcanic	eruptions,	sudden	failure	of	parts	of	the	ground	in	karstic	terrain,	as	well	as	by	human	activities,	such	as	large	excavations	in	mines,	explosions,	and	large	water	reservoirs.	Tectonic	plate	L	1	Mid-ocea	Subduction	Con1tinent	Subduction
Earthquakes	Asthenosphere	"\\	~	Earthquakes	3	\	Conth	nent	Figure	2.1.	Mechanism	of	motion	of	tectonic	plates	at	their	boundaries.	According	to	the	generally-accepted	plate	tectonics	theory	[	1,	21,	the	crust	and	upper	part	of	the	mantle	of	the	earth,	called	the	lithosphere,	which	is	about	50	km	thick	under	the	deepest	ocean	and	150	km	thick	under
the	highest	mountains,	is	subdivided	into	tectonic	plates,	which	move	as	rigid	bodies	on	a	relatively	soft	asthenosphere	(Fig.	2.1).	At	midoceanic	ridges,	the	plates	separate	and	the	hot	magmatic	materials	fiom	the	asthenosphere	flow	up.	As	they	cool	down	at	the	bottom	of	the	ocean,	they	form	a	plate.	Because	of	the	separation	of	tectonic	plates	at
midoceanic	ridges,	subduction	or	collision	takes	place	at	midocean	trenches	or	mountain	ridges,	respectively.	In	the	case	of	subduction,	the	plates	are	absorbed	back	into	the	asthenosphere.	In	the	case	of	collision,	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	7	mountains	are	lifted	up.	At	some	boundaries,	however,	the	plates	simply
slide	along	one	another	at	transform	faults.	Because	of	the	relative	displacements	between	two	adjoining	plates,	high	stresses	are	induced	in	the	bedrock	materials	within	the	affected	zones.	In	the	case	where	the	stresses	exceed	the	materials’	strength,	the	accumulated	strain	energy	is	released	in	a	form	of	an	earthquake.	The	failure	plane,	where	the
relative	slip	of	adjacent	rock	formations	has	occurred,	is	called	a	tectonic	fault.	In	most	cases,	the	faults	are	formed	deep	within	the	lithosphere	and	are	not	visible	on	the	surface.	Such	is	the	case	of	faults	where	earthquakes	occur	several	hundreds	kilometres	deep	in	the	subduction	zones.	However,	quite	often	large	relative	displacements	in	the
vertical	and	horizontal	directions	are	visible	also	on	the	surface	of	the	earth.	The	most	famous	example	of	an	active	earthquake	fault	is	the	longer	than	1300	km	San	Andreas	fault	in	California,	which	was	the	cause	of	many	earthquakes	in	that	region.	A	300-km	long	slip	of	6.4	m	caused	the	San	Francisco	earthquake	of	1906,	with	a	Richter	magnitude
of	M	=	8.3	[3].	Most	earthquakes	are	the	result	of	relative	movement	of	tectonic	blocks	along	active	faults.	Rarely,	however,	earthquakes	occur	because	of	overstressing	of	rock	formations	within	tectonic	blocks,	such	as	earthquakes	in	the	middle	of	Indian	peninsula	or	eastern	United	States	and	Canada	[4].	New	faults	rarely	develop	because	of
earthquakes.	Therefore,	in	the	recent	history	of	the	earth,	faults	can	be	considered	to	be	the	causes	rather	than	the	results	of	recent	earthquakes.	From	a	scientific	point	of	view,	active	faults	are	faults	that	have	exhibited	displacements	within	the	last	several	hundred	thousand	years	and	will	continue-to	do	so	in	the	fbture.	From	a	practical
engineering	point	of	view,	however,	the	definition	of	an	active	fault	depends	also	on	the	type	and	importance	of	the	building	to	be	constructed.	In	the	case	of	ordinary	buildings,	where	earthquakes	with	a	return	period	of	475	years	are	considered	in	the	design,	the	fault,	which	exhibited	no	deformation	within	the	last	1	1	000	years	period,	may	be
considered	as	“not	active”.	In	the	case	of	nuclear	power	plants,	however,	the	criteria	are	more	severe:	a	fault,	where	indications	of	motion	have	been	found	for	at	least	once	within	the	last	350	000	years,	or	more	than	once	within	the	last	500	000	years,	should	be	considered	as	an	active	fault	[5].	The	slipping	of	the	bedrock	formation	along	a	fault	can
be	either	in	the	vertical	or	horizontal	direction,	or	a	combination	of	both	(Fig.	2.2).	Depending	on	the	direction	of	motion,	the	various	types	of	motion	are	usually	classified,	as	seen	from	the	position	of	observation,	into:	(a)	normal	fault,	where	the	upper	8	Earthq	uake-Res	is	tant	Design	of	Masonry	Buildings	block	moves	downwards,	(b)	reverse	fault,
where	the	upper	block	moves	upwards,	(c)	right	lateral	fault,	where	the	other	block	moves	to	the	right,	and	(d)	left	lateral	fault,	where	the	other	block	moves	to	the	left	[3].	Normal	fault	.	.._*	.	.	Left	oblique	fault	Figure	2.2.	Main	types	of	fault	motion.	Figure	2.3.	Tangshan,	China,	1976:	broken	pipe	indicates	slippage	at	ground	surface.	Earthquakes
and	Seismic	Performance	of	Masonry	Buildings	9	The	elastic	rebound	theory	is	used	to	explain	the	mechanism	of	a	typical	earthquake.	According	to	this	theory,	strain	that	has	accumulated	in	rock	materials	along	the	fault	due	to	relative	deformation	of	tectonic	blocks	in	a	long	period	of	time	between	two	earthquakes,	has	attained	the	ultimate	limit.
As	the	rock	materials	at	the	fault	have	been	broken	and	crushed	in	the	previous	earthquakes,	the	strength	of	that	zone	is	reduced.	Slippage,	which	occurs	at	the	fault	zone	causes	rebound,	which,	in	turn,	generates	seismic	waves.	An	example	of	slippage,	visible	at	the	ground	surface,	is	shown	in	Fig.	2.3.	The	surface	along	which	the	slippage	has
occurred,	and	which	has	generated	seismic	waves,	is	called	the	focus	or	hypocentre.	The	projection	of	the	hypocentre	onto	the	earth’s	surface	is	called	the	epicentre.	Although	the	hypocentre	and	epicentre	of	an	earthquake	are	idealised	as	two	points,	it	should	be	borne	in	mind	that	they	are	actually	represented	by	areas	where	the	slippage	between
two	tectonic	blocks	along	the	fault	has	occurred	and	where	the	impact	of	the	earthquake	on	the	surface	was	most	severe,	respectively.	The	area	of	epicentral	zone	depends	on	the	intensity	of	the	earthquake,	size	of	the	slippage	zone,	and	depth	of	the	focus.	It	can	be	several	tens	of	kilometres	long	and	several	tens	of	kilometres	wide.	The	earthquakes
are	considered	to	be	shallow	if	the	depth	of	the	focus	does	not	exceed	70	km.	In	the	case	of	deep	earthquakes,	the	depth	of	the	focus	goes	down	to	700	km.	However,	if	not	extremely	strong	by	magnitude,	the	effect	of	such	earthquakes	on	the	ground	is	not	too	severe.	2.2.2	Seismic	waves	and	earthquake	ground	motion	Two	types	of	seismic	waves	are
generated	at	the	slippage	zone.	Since	they	propagate	within	the	rock	of	the	earth	crust,	these	two	types	of	seismic	waves	are	also	called	body	waves,	namely	longitudinal	or	compressive	waves,	which	propagate	in	the	same	direction	as	the	vibration,	and	transverse	or	shear	waves,	which	propagate	in	the	direction	perpendicular	to	the	vibration.	Since
the	propagation	velocity	of	longitudinal	waves	is	faster	than	the	propagation	of	transverse	waves,	longitudinal	waves	are	sometimes	called	primary	waves	(Pwaves)	and	transverse	waves	are	called	secondary	waves	(S-waves).	Some	typical	values	of	wave	propagation	velocities	are	indicated	in	Table	2.1.	Surface	waves	are	the	result	of	reflection	and
refraction	of	P-	and	S-waves	during	propagation	in	stratified	formations	of	the	earth’s	crust.	They	propagate	on	the	earth’s	surface	in	two	principal	forms:	as	L	(Love)	waves,	which	vibrate	in	a	plane	parallel	to	the	earth’s	surface	and	perpendicular	to	the	direction	of	wave	10	Earthquake-Resistant	Design	of	Masonry	Buildings	propagation,	and	R
(Raleigh)	waves,	which	vibrate	in	an	elliptical	form	in	a	plane	perpendicular	to	the	earth's	surface.	Table	2.1.	Wave	propagation	velocities	in	various	types	of	soil.	I	I	I	I	Sand	Clay	Sandstone	Limestone	Granite	Basalt	I	I	I	I	300-900	400-2000	2400-4300	3500-6500	4600-7000	5400-6400	1	I	I	I	100-500	100-600	900-2100	1800-3800	2500-4000	2900-3200
I	1	I	I	The	seismic	waves,	generated	in	the	focus,	propagate	through	different	layers	of	rock	and	soil.	On	their	way	to	the	surface,	they	reflect	and	refiact,	but	also	change	their	amplitude	and	fiequency	of	oscillation.	In	other	words,	the	waves	are	filtered	and	amplified	(or	attenuated)	when	passing	through	various	layers	of	rock	and	soil	with	different
mechanical	characteristics.	When	the	seismic	waves	finally	reach	the	surface	and	induce	vibration	to	buildings,	they	reflect	not	only	the	characteristic	of	earthquake	source	and	mechanism,	but	also	the	characteristics	of	the	bedrock	and	soil	on	their	way	of	propagation	to	the	site	of	construction	(Fig.	2.4).	Angle	of	incidence	Figure	2.4.	Propagation	of
seismic	waves	from	the	rock	to	the	surface.	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	11	2.2.3	Magnitude	and	intensity	The	impact	of	an	earthquake	on	built	environment	is	closely	related	to	the	amount	of	energy	released	in	the	focus.	The	measure	of	released	energy	is	magnitude	M,	which	was	first	defined	by	Richter	in	1935,	and
is	therefore	called	“Richter’s	magnitude”.	According	to	Richter,	the	magnitude	of	an	earthquake	M	is	given	by	a	logarithm	of	a	maximum	displacement	amplitude	A	(in	pm),	recorded	by	a	standardised	instrument,	located	at	exactly	100	km	from	the	epicentre	:	Since	it	is	never	the	case	that	the	standardised	instrument	is	located	at	a	predefined
distance	from	the	epicentre,	the	magnitude	is	calculated	by	taking	into	account	the	actual	distance	from	the	epicentre,	as	well	as	the	characteristics	of	the	propagation	of	the	seismic	waves.	Richter’s	magnitude	is	also	called	“local	magnitude”	M	-	.	Namely,	the	characteristics	of	seismic	waves	change	with	increased	distance	fkom	the	focus.	In	an
earthquake	record,	arrival	times	of	body	waves	and	surface	waves	can	be	clearly	distinguished.	Therefore,	new	measures	of	magnitude	have	been	introduced	on	the	basis	of	the	measurements	of	amplitudes	of	body	waves	Unfortunately,	the	measures	(magnitude	Mb)	and	surface	waves	(magnitude	Ms).	do	not	yield	the	same	numerical	values.	For
example,	magnitude	Mscorrelates	with	magnitude	ML	in	the	range	of	magnitudes	6-6.5.	In	the	case	of	stronger	earthquakes,	however,	magnitude	Ms	is	greater	than	ML.	In	order	to	avoid	confusion,	Richter’s	(local)	magnitude	ML	is	usually	used	for	moderate	earthquakes	with	magnitude	M	=	6.5	or	less,	whereas	magnitude	Msis	used	in	the	case	of
stronger	earthquakes.	The	size	of	an	earthquake,	measured	by	magnitude,	is	directly	related	to	the	amount	of	released	energy.	Fortunately,	a	great	part	of	the	energy	is	dissipated	in	the	process	of	crushing	and	warming	rock	formations	during	an	earthquake,	or	transformed	into	potential	energy	which	will	generate	future	displacements	within	the
fault	zone.	Only	a	minor	part	of	the	energy	is	used	to	generate	seismic	waves.	Many	formulae	have	been	developed	to	assess	the	relationship	between	the	energy	of	seismic	waves	E	in	joules	and	the	magnitude	M.	An	example	is	given	below	[6J	:	log	E	=	4.8	+	1.5	M.	12	Earthquake-Resistant	Design	of	Masonry	Buildings	As	can	be	seen,	the	energy	is
increased	by	32	times	if	the	magnitude	is	increased	by	1,	and	by	1000	times	if	M	is	increased	by	2.	There	are	various	ways	to	measure	earthquakes	and	their	effects	on	people,	built	environment,	and	nature.	The	effects	of	earthquakes,	which	can	be	observed	on	the	surface	of	the	earth’s	crust,	are	measured	by	means	of	various	intensity	scales.	A	12-
grade	Mercalli-Cancani-Sieberg	(MCS)	scale	has	been	used	in	th	Europe	from	the	beginning	of	the	20	century,	a	12-grade	modified	Mercalli	(MM)	scale	and	8-grade	Japan	Meteorological	Agency	(JMA)	scale	are	still	used	in	the	US	and	Japan,	respectively.	A	12-grade	Medvedev-Sponheuer-Karnik	(MSK-64),	originally	proposed	in	1964	and
subsequently	modified	(MSK-76,	MSK-78),	has	been	suggested	as	an	example	of	harmonisation	of	seismic	intensity	scales.	In	MSK	scale,	the	types	of	buildings	are	well	defined,	and	severity	of	damage,	as	well	as	the	amount	of	damage	are	quantified	to	make	the	assessment	of	intensity	consistent.	Seismologists	tried	to	propose	a	relationship	between
the	magnitude	M	and	epicentral	intensity	lo	of	an	earthquake	in	dependence	on	the	depth	of	the	focus	h.	The	relationship	is	expressed	by	an	empirical	equation	of	the	form:	A4	=	a	lo	+	b	log	h	+	c,	(2.3)	where	a,	b,	and	c	are	constants	depending	on	the	zone,	and	should	be	determined	on	the	basis	of	analysis	of	historical	and	instrumental	data.
Intensity	scales,	also	called	macroseismic	scales,	are	based	on	observations	of	damage	to	traditionally	built	buildings,	impact	of	earthquakes	on	the	environment,	and	human	feelings.	Since	the	typology	of	buildings	affected	by	earthquakes	varies	from	country	to	country,	the	correlation	between	intensities	assessed	by	different	scales	is	not	always
clear.	The	correlation	is	not	clear	even	in	cases	where	the	same	intensity	scale	has	been	applied	to	earthquake-damaged	buildings	in	different	countries,	where	there	is	a	substantial	difference	in	building	typology	and	quality	of	construction.	For	example,	a	stone-masonry	house	in	China	or	India	is	not	the	same	as	a	stone-masonry	house	in	an
European	historical	urban	centre.	Taking	this	into	consideration,	and	realising	that	the	number	of	buildings	designed	by	seismic	codes,	which	should	not	have	suffered	substantial	damage	during	strong	earthquakes,	already	prevails	in	many	earthquake-prone	areas,	a	new	12-grade	European	macroseismic	scale	(EMS),	which	is	a	modification	of	the
MSK	scale,	has	been	recently	developed	[7].	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	I	Classification	of	damage	to	masonry	buildings	Grade	1:	Negligible	to	sliglit	damage	(no	structural	damage)	Hair-line	cracks	in	very	few	walls;	fall	of	small	pieces	of	plaster	only.	Fall	of	loose	stones	from	upper	parts	of	buildings	in	very	few	cases
only.	Grade	2:	Moderate	damage	(slight	structural	damage,	moderate	non-structural	damage)	Cracks	in	many	walls;	fall	of	fairly	large	pieces	of	plaster;	parts	of	chimneys	fall	down.	3	a	d	e	3:	Substantial	to	heavy	damage	(moderate	structural	damage,	heavy	non-structural	damage)	Large	and	extensive	cracks	in	most	walls;	pantiles	or	slates	slip	off.
Chimneys	are	broken	at	the	roof	line;	failure	of	individual	non-structural	elements.	Grade	4:	Very	heavy	damage	(heavy	structural	damage,	very	heavy	non-structural	damage)	Serious	failure	of	walls;	partial	structural	failure.	Grade	5	:	Destruction	(very	heavy	structural	damage)	Total	or	near	total	collapse.	Figure	2.5.	EMS	scale	-	classification	of
damage	to	masonry	buildings	(after	[S]).	13	14	Ear	thq	uake-Resis	tant	Design	of	Masonry	Buildings	Vulnerability	class	Type	of	masonry	A	B	-Rubble	stone;	field	stone	0	Adobe	(earth	brick)	0	Simple	stone	Massive	stone	Unreinforced	brick/	concrete	block	-_	Umeinforced	brick	with	r.c.	floors	-1	t-	0	t	t-	0.	t	Reinforced	brick	(confined	masonry)	Figure
2.6.	EMS	scale	-	differentiation	of	masonry	structures	into	vulnerability	classes	(&er	[8]).	In	the	new	EMS	scale,	the	definitions	are	based	on:	(a)	Effects	on	humans.	(b)	Effects	on	objects	and	nature	(excluding	damage	to	buildings,	effects	on	ground	and	ground	failure).	(c)	Damage	to	buildings.	In	this	scale,	damage	to	masonry	and	reinforced	concrete
buildings	is	classified	in	a	very	detailed	way	(Fig.	2.5).	To	account	for	seismic-resistant	design,	however,	the	buildings	at	risk	are	classified	according	to	their	expected	seismic	vulnerability	(Fig.	2.6).	Definitions	of	quantity	are	also	specified:	few	=	10	%,	many	=	20-50	%,	and	most	=	60-100	%.	There	is	a	10	%	overlapping	between	the	categories.	The
following	classification	of	earthquake	intensities	is	proposed	in	the	new	EMS	scale:	I.	Not	felt:	(a)	Not	felt	even	under	the	most	favourable	circumstances.	(b)	No	effect.	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	15	No	damage.	11.	Scarcely	felt:	The	tremor	is	felt	only	by	a	very	few	(less	than	1	%)	individuals	at	rest	and	in	a	specially
receptive	position	indoors.	No	effect.	No	damage.	111.	Weak:	The	earthquake	is	felt	indoors	by	a	few.	People	at	rest	feel	a	swaying	or	light	trembling.	Hanging	objects	swing	slightly.	No	damage.	IV.	Largely	observed:	The	earthquake	is	felt	indoors	by	many	and	outdoors	only	by	very	few	people.	A	few	people	are	awakened.	The	level	of	vibration	is	not
frightening.	The	vibration	is	moderate.	Observers	feel	a	slight	trembling	or	swaying	of	the	buildings,	room	or	bed,	chair,	etc.	China,	glasses,	windows	and	doors	rattle.	Hanging	objects	swing.	Light	furniture	shake	visibly	in	a	few	cases.	Woodworks	creak	in	a	few	cases.	No	damage.	V.	Strong;:	The	earthquake	is	felt	indoors	by	most,	outdoors	by	few
people.	A	few	people	are	frightened	and	run	outdoors.	Many	sleeping	people	are	awakened.	Observers	feel	a	strong	shaking	or	rocking	of	the	whole	building,	room	or	furniture	.	Hanging	objects	swing	considerably.	China	and	glasses	clatter	together.	Small,	top-heavy	andor	precariously	supported	objects	may	be	shifted	or	fall	down.	Doors	and
windows	swing	open	and	shut.	In	a	few	cases	window	panes	break.	liquids	oscillate	and	may	spill	from	well-filled	containers.	Animals	indoors	may	become	uneasy.	Damage	of	grade	1	to	a	few	buildings.	VI.	Sligh&diamaging	Felt	by	most	people	indoors	and	by	many	outdoors.	A	few	people	lose	their	balance.	Many	people	are	frightened	and	run
outdoors.	Small	objects	of	ordinary	stability	may	fall	and	furniture	may	be	shifted.	In	few	instances	dishes	and	glassware	may	break.	Farm	animals	(even	outdoors)	mav	be	frightened.	-	16	Earthquake-Res	istant	Design	of	Masonry	Bu	ildings	(c)	Damage	of	grade	1	is	sustained	by	many	buildings;	a	few	suffer	from	grade	2	damages.	VII.	Damaging:	(a)
Most	people	are	frightened	and	try	to	run	outdoors.	Many	find	it	difficult	to	stand,	especially	on	the	upper	floors.	(b)	Furniture	is	shifted	and	top-heavy	furniture	may	be	overturned.	Objects	fall	from	shelves	in	large	numbers.	Water	splashes	from	containers,	tanks	and	pools.	(c)	Many	buildings	of	vulnerability	class	B	and	a	few	of	class	C	suffer	damage
of	grade	2.	Many	buildings	of	class	A	and	a	few	of	class	B	suffer	damage	of	grade	3;	a	few	buildings	of	class	A	suffer	damage	of	grade	4.	Damage	is	particularly	noticeable	in	the	upper	parts	of	buildings.	VIII.	Heavilv	damaging:	(a)	Many	people	find	it	difficult	to	stand,	even	outdoors.	(b)	Furniture	may	be	overturned.	Objects	like	TV	sets,	typewriters
etc.	fall	to	the	ground.	Tombstones	may	occasionally	be	displaced,	twisted	or	overturned.	Waves	may	be	seen	on	very	soft	ground.	(c)	Many	buildings	of	vulnerability	class	C	suffer	damage	of	grade	2.	Many	buildings	of	class	B	and	a	few	of	class	C	suffer	damage	of	grade	3.	Many	buildings	of	class	A	and	a	few	of	class	B	suffer	damage	of	grade	4;	a	few
buildings	of	class	A	suffer	damage	of	grade	5	.	A	few	buildings	of	class	D	suffer	damage	of	grade	2.	IX.	Destructive:	(a)	General	panic.	People	may	be	forcibly	thrown	to	the	ground.	(b)	Many	monuments	and	columns	fall	or	are	twisted.	Waves	are	seen	on	soft	ground.	(c)	Many	buildings	of	vulnerability	class	C	suffer	damage	of	grade	3.	Many	buildings
of	class	B	and	a	few	of	class	C	suffer	damage	of	grade	4.	Many	buildings	of	class	A	and	a	few	of	class	B	suffer	damage	of	grade	5	.	(d)	Many	buildings	of	class	D	suffer	damage	of	grade	2;	a	few	suffer	grade	3	damages.	A	few	buildings	of	class	E	suffer	damage	of	grade	2.	X	.	Very	destructive:	(c)	Many	buildings	of	vulnerability	class	C	suffer	damage	of
grade	4.	Many	buildings	of	class	B	and	a	few	of	class	C	suffer	damage	of	grade	5	,	as	do	most	buildings	of	class	A.	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	17	Many	buildings	of	class	D	suffer	damage	of	grade	3;	a	few	suffer	grade	4	damages.	Many	buildings	of	class	E	suffer	damage	of	grade	2;	a	few	suffer	grade	3	damages.	A	few
buildings	of	class	F	suffer	damage	of	grade	2.	XI.	Devastating:	(c)	Most	buildings	of	vulnerability	class	C	suffer	damage	of	grade	4.	Most	buildings	of	class	B	and	many	of	class	C	suffer	damage	of	grade	5	.	Many	buildings	of	class	D	suffer	damage	of	grade	4;	a	few	suffer	grade	5	damages.	Many	buildings	of	class	E	sufer	damage	of	grade	3;	a	few	suffer
grade	4	damages.	Many	buildings	of	class	F	suffer	damage	of	grade	2,	a	few	suffer	grade	3	damages.	XII.	Completely	devastating:	(c)	Practically	all	structures	above	and	below	ground	are	destroyed.	After	being	used	for	a	three-year	test	period,	the	ESM	scale	will	be	introduced	as	an	international	standard	by	the	European	Seismological	Commission.
2.2.4	Occurrence	of	earthquakes	Earthquakes	do	not	occur	regularly	in	space	and	time.	Whereas	possible	locations	of	earthquake	sources	can	be	reasonably	well	defined	on	the	basis	of	geological	studies	and	the	plate	tectonics	theory,	the	prediction	of	occurrence	of	earthquakes	at	a	given	location	in	time	needs	further	correlation	studies	and
instrumental	observations.	In	the	case	of	sufficient	number	of	historical	data	about	earthquakes	in	the	zone,	correlation	between	the	magnitude	M	and	number	n	of	earthquakes	with	that,	or	a	greater,	magnitude	can	be	found	in	the	form	log	n	=a	-	b	M,	(2.4)	where	a	and	b	are	constants,	depending	on	the	zone	and	time	interval	[	6	]	.On	the	basis	of
this	correlation	and	assuming	the	Poisson’s	model	of	distribution,	the	probability	of	occurrence	of	an	earthquake	can	be	estimated.	There	are	usually	two	ways	of	determining	the	probability:	By	assessing	the	return	period	R	of	an	earthquake,	and	By	assessing	the	probability	of	the	occurrence	of	the	event	PT	in	a	given	time	period	.	The	return	period
R	of	occurrence	of	an	earthquake	is	determined	by	an	average	time	interval	between	two	events	of	a	given	(or	greater)	magnitude.	For	18	Earthquake-Resistant	Design	of	Masonry	Buildings	example,	in	the	case	where	the	return	period	of	an	earthquake	is	100	years,	an	earthquake	of	a	given	magnitude	is	expected	to	occur	10	times	in	the	period	of
1000	years	[81.	Consequently,	the	probability	of	occurrence	of	an	earthquake	with	return	period	R	in	one	year	is	P1	=	1/R	(0.01	for	an	earthquake	with	100	years	return	period)	,	and	the	probability	that	it	will	not	occur	in	the	same	year	is	1	-	Pi	(0.99	for	an	earthquake	with	a	return	period	of	100	years).	These	relationships	can	be	used	to	assess	the
probability	of	occurrence	in	a	longer	period	of	time.	Where	the	period	of	time	is	T	years,	the	probability	that	the	earthquake	with	a	100-year	T	return	period	will	not	occur	is	(1	-	Pi)	.	It	can	be	seen	that	probability	that	the	earthquake	of	a	given	or	greater	magnitude	will	occur	in	a	given	time	interval	T,	is	given	by:	PT=	1	-	(	I	-PI)T.	(2.5)	For	example,
the	probability	that	a	100-year	return	period	earthquake	will	occur	within	the	time	interval	equal	to	the	return	period,	i.e.	100	years,	is	Ploo	=	1	-	(1	-	l	/	l	O	O	)	100	=	0.63.	The	probability	that	the	very	same	earthquake	will	not	occur	is	1	-	PT=	0.37.	It	is	interesting	to	see	that	the	probability	of	occurrence	of	an	earthquake	with	a	given	return	period	R
within	the	time	interval	equal	to	the	return	period	R,	is	always	0.63.	Since	the	probability	of	occurrence	of	a	475-year	return	period	earthquake	within	the	time	interval	of	100	years	is	still	relatively	high,	I00	1	-	(1	-	11475)	=	0.19,	this	return	period	is	considered	when	assessing	the	design	seismic	loads	for	seismic	resistance	verification	of	buildings	of
normal	importance.	2.2.5	Earthquake	ground	motion	and	eflects	on	buildings	Observed	intensity	reflects	the	effects	of	earthquakes	on	buildings.	However,	as	a	measure	of	earthquakes,	it	can	only	be	used	to	assess	the	damage	to	similar	type	of	buildings	when	subjected	to	earthquakes	of	similar	intensity.	The	intensity	of	the	earthquake	cannot	be
used	as	a	design	parameter,	unless	it	is	correlated	with	physical	quantities	used	in	the	design	(accelerations,	forces).	Peak	(or	maximum)	g	r	o	u	d	acceleration	ag	is	often	considered	as	an	obvious	19	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	physical	parameter	to	determine	the	intensity	of	earthquakes.	Forces	acting	on	the
building	during	an	earthquake	are	induced	by	ground	motion	and	depend	on	the	intensity	of	the	motion.	Therefore,	a	correlation	between	the	seismic	intensity	and	expected	values	of	peak	ground	acceleration	ag	that	could	be	used	in	earthquake-resistant	design	of	buildings,	has	been	proposed	already	in	the	MSK-64	intensity	scale.	The	correlation
has	been	improved	in	fhther	developments	of	the	scale.	A	formula	that	correlates	the	values	of	peak	ground	acceleration	ag	and	intensity	I	has	also	been	developed	for	MM	intensity	scale	[9]:	In	order	to	obtain	an	idea	about	their	magnitude,	the	values	of	ground	accelerations	are	often	given	in	terms	of	acceleration	of	gravity,	g	=	9.81	ms-2.	Some
typical	proposed	values	are	given	in	Table	2.2.	Table	2.2.	Average	values	of	peak	ground	acceleration	ag(in	%	of	gravity)	in	dependence	on	intensity.	1	[Intensity	scale	Grade	VIIIGradeVIII	I	MSK-64	I	5-10	I	10-20	MSK-76,78	20	10	10	18	Eq.	(2.6)	11	I	20-40	40	32	I	However,	forces	induced	in	the	structure	depend	not	only	on	the	intensity	of	the	seismic
input,	but	also	on	the	response	of	the	structure	to	seismic	ground	motion.	For	example,	in	the	case	of	the	Friuli	earthquake	of	1976,	where	peak	ground	accelerations	of	more	than	0.5	g	have	been	recorded,	substantial	damage	occurred	to	rigid	masonry	houses,	whereas	flexible	r.c.	structures	resisted	the	earthquake	with	only	minor	damages	incurred.
The	situation	in	Mexico	City	was	different:	although	peak	ground	acceleration	did	not	exceed	0.17	g,	many	flexible	high-rise	buildings	collapsed,	whereas	rigid	masonry	building	remained	undamaged.	Generally,	seismic	ground	motion	is	complex	and	tri-dimensional,	so	special	seismological	instruments	are	needed	to	record	the	components	of	the
motion.	Usually,	accelerations	in	the	North-South,	East-West	and	vertical	directions	are	recorded,	and	velocities	and	displacement	are	calculated	on	the	basis	of	these	records.	Typical	acceleration	records	of	only	one	component	of	the	ground	20	Earthquake-Resistant	Design	of	Masonry	Buildings	motion	of	characteristic	short-	and	long-period
earthquakes	are	shown	in	Fig.	2.7	[lo,	111.	From	these	records,	the	influence	of	foundation	soil	on	the	characteristics	of	the	seismic	ground	motion	at	the	site	can	be	clearly	seen.	Within	the	last	decades,	comprehensive	studies	have	been	carried	out	to	investigate	the	propagation	of	seismic	waves	from	the	bedrock	to	the	surface	of	the	ground.	As
shown	in	Fig.	2.4,	when	passing	the	stratified	layers	of	soil,	seismic	waves	refract	and	reflect,	but	also	amplify	or	attenuate.	Stochastic	characteristics	of	seismic	waves,	generated	in	the	focus,	are	filtered	on	the	way	to	the	surface:	depending	on	the	characteristics	of	the	soil,	significantly	different	records	of	the	same	earthquake	can	be	obtained.	If	the
waves	have	passed	through	soft	soils,	their	frequency	characteristics	become	narrow,	with	longer	periods,	amplified	amplitudes	of	vibration,	and	longer	duration	of	strong	motion.	If	however,	they	travel	along	bedrock,	their	stochastic	characteristics	are	retained.	I	I	5	0	30	10	60	90	120	I	I	15	20	150	180	6)	Figure	2.7.	Acceleration	records	of	(a)	N-S
component	of	Petrovac	record	of	the	Montenegro	Earthquake	of	1979,	and	(b)	N90W	component	of	SCT	record	of	the	Mexico	City	Earthquake	of	1985.	Many	parameters	can	be	calculated	on	the	basis	of	these	records	in	order	to	analyse	the	ground	motion.	As	the	damage	to	buildings	is	correlated	with	the	amount	of	energy,	which	is	a	velocity-
dependant	quantity,	peak	ground	velocity	as	well	as	different	measures	of	energy-based	intensity	parameters,	such	as	Housner	spectrum	intensity	and	Arias	intensity,	are	calculated	[12,	131.	The	21	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	duration	of	the	strong	phase	of	ground	motion	and	predominant	periods	of	vibration
represent	the	parameters,	which	are	also	important	in	the	process	of	structural	verification	and	design.	Damping:	0,2,5,10	and	20	?4of	critical	0	0	0.5	1.0	1.5	2.5	2.0	Period	(s)	Figure	2.8.	Acceleration	response	spectra	of	N-S	component	of	Petrovac	record	of	Montenegro	Earthquake	of	1979	(after	[101).	40	Damping:	0,2,5,	10	and	20	%	of	critical	0	0	1
3	2	4	5	Period	(s)	Figure	2.9.	Acceleration	response	spectra	of	N90W	component	of	SCT	record	of	the	Mexico	City	Earthquake	of	1985	(after	[1	11).	22	Earthquake-ResistantDesign	of	Masonry	Buildings	However,	most	data	needed	in	earthquake	resistance	verification	and	design	can	be	obtained	by	calculating	the	response	spectra	[14].	The	response
s	p	e	c	t	m	is	defined	as	a	relationship	between	the	maximum	response	of	a	single-degee-offreedom	(SDOF)	system	to	a	given	ground	motion	and	the	system’s	natural	period	of	vibration	and	damping.	The	dependence	of	acceleration	response	amplitudes	on	the	type	of	ground	motion	can	be	clearly	seen	in	Figs.	2.8	and	2.9,	which	show	the	response
spectra	derived	from	ground	acceleration	records	s	h	o	w	in	Fig.	2.7.	Masonry	buildings	represent	typical	rigid	structures	with	short	periods	of	vibration.	In	such	a	case,	most	data	needed	for	structural	verification	and	design	can	be	obtained	directly	from	ground	acceleration	records,	which	in	many	cases	simplifies	the	assessment	of	seismic	loads	and
seismic	resistance	verification.	As	the	analyses	of	seismic	behaviour	of	masonry	buildings	show,	the	values	of	effective	peak	ground	accelerations	are	in	good	correlation	with	the	induced	seismic	forces	and	observed	damage	to	buildings.	For	earthquake	resistance	analysis	and	design,	the	actual	response	spectra,	obtained	on	the	basis	of	a	great
number	of	ground	acceleration	records,	are	statistically	evaluated,	averaged	and	smoothed.	Also,	to	take	into	account	the	non-linear	behaviour	of	structures,	elastic	response	spectra	are	further	reduced	on	the	basis	of	either	the	ductility	or	energy	dissipation	capacity	of	the	structure	under	consideration	(see	Chapter	3.2).	In	order	to	separate	the
effects	of	soil	and	intensity	of	earthquakes,	response	spectra	are	normalised	with	regard	to	maximum	ground	acceleration.	In	such	a	case,	response	spectra	represent	amplification	of	the	ground	motion	to	be	taken	into	consideration	for	structures	with	different	dynamic	characteristics,	whereas	design	ground	acceleration	values	represent	the
expected	intensity	of	earthquakes	with	a	specified	return	period	of	occurrence.	The	shape	of	the	elastic	response	spectrum,	proposed	to	determine	the	design	seismic	action	by	Eurocode	8	:	Design	provisions	for	earthquake	resistance	of	structures	[	151,	is	shown	in	Fig.	2.10.	The	values	&(T)	are	determined	by	a	set	of	expressions,	depending	on	the
first	natural	period	of	vibration	of	the	structure	under	consideration:	if	0	<	T	<	TB:	(2.6a)	(2.6b)	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	23	(2.6~)	(2.6d)	if	TD	<	T:	where:	Se(	T	)	=	the	ordinate	of	the	elastic	response	spectrum,	T	=	the	vibration	period	of	a	linear	SDOF	system,	ag	=	the	design	ground	acceleration	for	the	reference
return	period	(475	years	for	buildings	with	importance	factor	1.O),	S	=	the	soil	parameter	with	reference	value	1	.O	for	subsoil	class	A,	q	=	the	damping	correction	coefficient	with	reference	value	1.0	for	5	%	viscous	damping,	Po	=	the	maximum	normalised	spectral	value	assumed	constant	between	TB	and	Tc	(Po=	2.5),	and	k	l	=	1,	k2	=	2	=	the
exponents	influencing	the	shape	of	the	elastic	response	spectrum.	I	B	C	Figure	2.10.	Shape	of	the	EC	8	elastic	response	spectrum.	The	values	of	parameters	describing	the	elastic	response	spectrum	are	given	in	Table	2.3.	As	can	be	seen,	the	shape	of	the	spectra	depends	on	the	subsoil	characteristics.	Three	classes	of	subsoil	are	defined	in	EC	8:	-
Subsoil	class	A	is	represented	by	rock	or	other	geological	formation,	characterised	by	a	shear	wave	velocity	of	at	least	800	m/s,	including	at	most	5	m	of	weaker	material	at	the	surface.	Stiff	deposits	of	sand,	gravel	or	over-	24	-	Earthquake-Resistant	Design	of	Masonry	Buildings	consolidated	clay,	up	to	several	tens	of	metres	thick,	characterised	by
gradual	increase	of	mechanical	properties	with	depth,	and	by	shear	wave	velocity	at	10	m	depth	of	at	least	400	m/s,	are	also	classified	as	class	A.	SubsoiZ	class	B	is	represented	by	deep	deposits	of	medium	dense	sand,	gravel	or	medium	stiff	clays	with	thickness	from	several	tens	to	many	hundreds	of	metres,	characterised	by	minimum	value	of	shear
wave	velocity	increasing	from	200	m	/	s	at	a	depth	of	10	m,	to	350	m	/	s	at	a	depth	of	50	m.	Subsoil	class	C	is	represented	by	loose	cohesionless	soil	deposits	with	or	without	soft	cohesive	layers,	characterised	by	shear	wave	velocity	values	below	200	d	s	in	the	uppermost	20	m.	Deposits	with	predominant	soft-to-medium	stiff	cohesive	soils,
characterised	by	shear	wave	velocities	below	200	m	/	s	in	the	uppermost	20	m,	are	also	categorised	as	subsoil	class	C.	Table	2.3.	Values	of	parameters	describing	elastic	response	spectrum.	Subsoil	class	A	B	C	S	PO	kl	k2	1.o	2.5	1.o	1.o	2.5	2.5	1.o	1.o	2.0	2.0	2.0	0.9	TB	0.10	s	0.15	s	0.20	s	TC	0.40	s	0.60	s	0.80	s	TD	3.0	s	3.0	s	3.0	s	EC	8	recommends
that	the	design	ground	acceleration	values	correspond	to	earthquakes	with	a	reference	return	period	of	occurrence	of	475	years.	However,	no	recommendation	is	given	in	the	document	with	regard	to	the	values	that	would	be	adequate	for	the	zones	of	low,	moderate,	and	high	seismic	intensity,	respectively.	The	values	will	be	determined	by	each
country	in	her	National	Application	Document	to	EC	8.	Therefore,	the	values	of	effective	ground	accelerations,	proposed	in	the	MSK	seismic	intensity	scale	(Table	2.2)	are	given	as	indicatives	to	be	taken	into	account	for	the	following	seismic	resistance	verification:	High	intensity,	seismic	intensity	zone	IX:	ag	=	0.4	g,	Moderate	intensity,	seismic
intensity	zone	VIII:	ag	=	0.2	g,	Low	intensity,	seismic	intensity	zone	VII:	ag	=	0.1	g.	Since	masonry	buildings	are	rigid	structures,	the	amplification	defined	by	the	flat	part	of	the	elastic	response	spectrum	(Eq.	2.6b)	will	be	most	often	taken	into	account.	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	25	2.3	Seismic	Performance	of
Masonry	Buildings	2.3.I	Structural	typology	Masonry	has	been	used	as	a	handicracft	material	of	old.	With	the	exception	of	monumental	buildings,	which	have	sometimes	been	designed	on	the	basis	of	experiments	and	the	simple	theory	of	structures,	masonry	buildings	have	been	built	on	the	basis	of	tradition	and	experience.	Structural	walls,	in	cases
where	large	openings	have	been	needed,	replaced	by	arches,	have	been	provided	to	carry	the	vertical	loads,	resulting	from	floors.	Not	so	often,	measures	to	improve	the	earthquake	resistance,	developed	on	the	basis	of	experience,	have	been	applied.	According	to	available	materials,	climatic	and	functional	requirements,	technical	knowledge	and
traditional	practices	specific	to	different	countries,	a	variety	of	masonry	typologies	can	be	found.	Masonry	buildings	can	be	classified	according	to	materials	used	for	construction	(adobe,	stone,	brick,	block)	and	structural	system	(plain,	confined,	reinforced	masonry),	place	of	construction	(rural,	urban),	period	of	construction	(historical,	prior	to	World
War	I,	between	both	World	Wars,	post-war	period,	after	the	adoption	of	seismic	codes),	and	use	of	buildings	(residential,	public).	In	many	zones	of	high	seismic	risk	in	Asia	and	Latin	America,	mud-	or	sundried	brick	(adobe)	and	stone	is	still	used	as	the	main	structural	material	for	residential	construction.	Timber	fiame,	infilled	with	adobe	or	brick,
represents	an	improved	structural	system.	Floors	and	roofs	are	usually	wooden,	with	freely	supported	joists.	Roofs	are	often	covered	with	heavy	earthen	topping.	In	Mediterranean	and	Central	European	countries,	the	buildings	in	the	historical	urban	nuclei	are	also	traditionally	built	stone-	or	brick-masonry	buildings.	The	buildings	of	this	type	are	3-4
storeys	high	and	are	built	in	clusters	(Fig.	2.11).	They	usually	have	a	regular	structural	layout,	with	thick	walls	uniformly	distributed	in	both	directions.	However,	the	floors	are	wooden	and	the	wall	ties	are	often	omitted.	Typically,	floor	structures	above	the	ground	floor,	the	staircases	and	corridors	are	brick	vaults.	Historical	brick-masonry	buildings
have	similar	structural	characteristics	as	th	stone-masonry	buildings.	At	the	turn	of	the	19	century,	the	structural	layout,	especially	that	of	public	buildings,	is	often	irregular,	with	many	offsets	and	setbacks.	Poor	quality	lime	mortar	and	wooden	floors,	sometimes	replaced	by	brick	vaults	supported	by	steel	beams,	were	the	reasons	for	poor	behaviour
of	such	buildings	during	earthquakes	at	the	turn	of	the	century.	At	that	time,	26	Earthquake-Resistant	Design	of	Masonry	Buildings	however,	specific	regulations	have	been	issued	to	improve	the	construction	of	brick-masonry	buildings	to	be	earthquake	resistant.	Requirements	for	the	minimum	thickness	and	distribution	of	structural	walls	in	plan,	as
well	as	the	guide-lines	for	anchoring	the	floors	and	tying	of	the	walls	with	steel	strip	ties	and	anchors	have	been	introduced.	Figure	2.1	1	.	Typical	buildings	in	the	historical	centre	of	the	city	of	Ljubljana.	Figure	2.12.	Typical	brick	masonry	condominium,	built	in	the	thirties	(Ljubljana).	After	World	War	I,	r.c.	tie-beams,	sometimes	accompanied	by
monolithic	r.c.	or	prefabricated	masonry	floor	slabs	have	been	implemented.	The	number	of	stories	increased	to	6-7,	and	storey	height	to	3.5-4	m	(Fig.	2.12).	Mixed	structural	systems	are	often	found,	using	inner	r.c.	columns	as	load-bearing	elements.	In	that	case,	the	number	of	storeys	is	less,	but	the	storey	height	often	exceeds	4	m.	During	the	post-
World	War	I1	period	of	reconstruction	of	cities	and	t	o	w	s	in	many	earthquake-prone	regions,	apartment	buildings	up	to	six	stories	high0	have	ofetn	been	constructed	with	load-bearing	walls	in	the	transverse	direction	only.	Longitudinal	walls	have	not	been	considered	as	load-resisting	elements,	because	Earthquakes	and	Seismic	Performance	of
Masonry	Buildings	27	they	have	been	made	weak	by	many	window	and	door	openings.	Also,	not	much	attention	has	been	paid	to	the	quality	of	materials	and	construction.	Figure	2.13.	Typical	pre-	1964	seismic	code	URM	tower	block	(rear,	Ljubljana).	Block-type	masonry	units	have	been	introduced	for	load-bearing	and	structural	walls.	Just	before	the
introduction	of	modern	seismic	codes	in	the	sixties,	many	block-masonry	residential	tower-blocks	more	than	10-stories	high	have	been	constructed	in	unreinforced	masonry	(Fig.	2.13).	However,	in	the	last	several	decades,	the	allowable	number	of	stories	for	unreinforced	masonry	3	buildings	has	been	drastically	decreased,	and	improved	earthquake-
resistant	systems	have	been	developed	and	required	by	seismic	codes,	such	as	confined	and	reinforced	masonry.	28	Earth¶	uake-Resistant	Design	of	Masonry	b	ii	rl	dings	2.3.2	Seismic	performance	and	classifjcation	of	damage	Of	the	great	number	of	masonry	buildings	subjected	to	strong	earthquakes,	many	were	severely	damaged	and	collapsed.
Consequently,	masonry	has	long	been	considered	as	an	unsuitable	material	for	the	construction	of	buildings	in	seismic	zones.	However,	there	were	cases	where	some	buildings	survived	the	earthquake	only	slightly	damaged	or	even	undamaged,	although	they	have	been	built	at	the	same	location	as	the	damaged	buildings.	Considering	the	response	to
earthquakes,	adobe	and	stone-masonry	buildings	suffered	severe	damage.	Especially	in	the	case	of	stone-masonry,	poor	quality	mud	mortar	resulted	in	the	disintegration	of	masonry	and	loss	of	support	to	floors.	Heavy	earthen	roof	topping,	which	buries	the	inside	of	the	building,	is	often	the	main	reason	for	severe	consequences	of	earthquakes.
Although	continuous	attempts	are	being	made	to	improve	the	new	construction	or	strengthen	the	earthquake-damaged	buildings	[	16,	171,	a	high	toll	is	usually	paid	after	strong	earthquakes	(Fig.2.14).	Figure	2.14.	Killari,	India,	1993:	destroyed	village.	With	regard	to	historical	stone-	andor	brick-masonry	buildings	in	urban	and	rural	nuclei,	cracks	at
the	comers	and	at	wall	intersections,	which	occur	as	a	result	of	insufficient	connections	and	a	lack	of	connection	between	the	walls	and	floors,	represent	a	characteristic	damage	pattern	(Fig	2.15).	Sometimes,	separation	of	walls	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	29	and	even	out-of-plane	collapse	occurred	(Fig.	2.16).	Also,
many	times,	despite	the	favourable	structural	layout	of	those	buildings	in	plan	and	good	connection	of	walls,	the	quality	of	masonry	materials	was	not	good	enough	to	spare	the	walls	from	diagonal	cracking,	disintegration,	and	ultimate	collapse.	Figure	2.15.	PosoCje,	Slovenia,	1976:	separation	of	walls	at	the	corners.	Figure	2.16.	Budva,	Montenegro,
1979:	out-of-plane	collapse	of	perimetral	walls.	Irregular	structural	layout	in	plan,	large	openings	and	poor	quality	of	masonry	materials,	especially	mortar,	often	cause	severe	damage	or	collapse	of	contemporary	masonry	buildings.	In	many	cases,	characteristic	diagonal	cracks	in	load-bearing	window	piers	have	been	observed	as	a	result	of
inadequate	shear	resistance	(Fig.	2.17).	In	the	case	of	contemporary	masonry	buildings,	adequate	structural	layout	turned	out	to	be	an	extremely	important	issue.	The	buildings	with	structural	walls	in	one,	usually	the	transverse,	direction	only,	were	not	able	to	resist	earthquakes	with	predominant	ground	motion	in	the	weak	direction	of	the	building
(Fig.	2.18).	The	behaviour	of	mixed	structural	systems	was	also	very	poor,	because,	most	often,	formation	of	cracks	in	perimetral	load-bearing	walls	resulted	in	severe	30	Earthquake-Res	istant	Design	0f	Mas	onry	Buildings	stiffness	and	strength	degradation	of	the	entire	structural	system.	Inner	columns,	designed	to	carry	the	vertical	loads,	were	not
able	to	withstand	the	ultimate	lateral	loads	redistributed	from	the	walls	at	ultimate	state.	Figure	2.17.	Budva,	Montenegro,	1979:	typical	shear	cracks	in	window	piers	of	a	brick-masonry	building.	Figure	2.18.	Neftegorsk,	Russia,	1995:	large-block-masonry	buildings	with	transverse	load-bearing	walls	did	not	resist	the	earthquake	in	the	longitudinal
direction	(photo	by	courtesy	of	G.Koff).	Earthquakes	and	Seismic	Performance	of	Masonry	Buildings	31	Masonry	buildings,	designed	and	constructed	according	to	requirements	of	modern	seismic	codes,	behaved	adequately.	Cases	of	collapse	were	rare	and	were	limited	to	buildings	where	the	requirements	of	codes,	especially	those	related	to	the
quality	of	construction,	were	only	partly	met.	Although	the	structural	typology	of	masonry	buildings	varies	in	different	regions,	their	damage	resulting	fiom	earthquakes	can	be	classified	in	an	uniform	way.	The	following	typical	types	of	damage	can	be	identified	by	the	analysis	of	the	observed	earthquake	damage	patterns:	Cracks	between	walls	and
floors,	Cracks	at	the	comers	and	at	wall	intersections,	Out-of-plane	collapse	of	perimetral	walls,	Cracks	in	spandrel	beams	and/or	parapets,	Diagonal	cracks	in	structural	walls,	Partial	disintegration	or	collapse	of	structural	walls,	Partial	or	complete	collapse	of	the	building.	Figure	2.19.Deformation	of	the	building	and	typical	damage	to	structural	wall.
The	analysis	of	damage	patterns	can	clearly	identify	the	weak	and	good	points	of	different	structural	systems.	On	the	basis	of	damage	analysis,	the	failure	mechanisms	of	individual	structural	walls	and	the	entire	structural	system	can	be	defined.	On	the	basis	of	the	observed	mechanism,	forces	that	develop	in	the	structural	system	during	earthquakes



can	be	defined.	However,	any	quantitative	data	regarding	seismic	action	or	structural	resistance	cannot	be	assessed	unless	additional	experimental	investigations	that	simulate	the	observed	behaviour	and	damage	patterns	have	been	carried	out.	32	Eart	hq	uake-lies	istan	t	Design	of	Mas	onry	Buildings	Deformation	and	the	typical	type	of	damage	to
structural	walls	of	a	simple	masonry	building,	subjected	to	seismic	loads,	is	shown	in	Fig.	2.19.	As	can	be	seen,	structural	walls	which	are	perpendicular	to	seismic	motion	are	subjected	to	out-of-plane	bending,	causing	vertical	cracks	at	the	corners	and	in	the	middle	of	the	walls.	In	the	plane	of	the	walls,	however,	bending	and	shear	caused	horizontal
and	diagonal	cracks	in	the	walls,	respectively.	Distribution	of	forces	and	stresses,	induced	in	a	typical	pier	of	a	simple	masonry	building,	subjected	to	earthquake	ground	motion,	is	shown	in	Fig.	2.20.	Figure	2.20.	Distribution	of	forces	and	stresses	in	window	piers.	2.4	References	[l	J	[2]	[31	B.A.	Bolt.	Earthquakes.	A	Primer	(W.H.	Freeman	and	Co.,
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Buildings	Guidelines,	Indian	Standard	IS	13828:	1993	(Indian	Standard	Institute,	New	Delhi,	1993).	-	CHAPTER	3	MASONRY	MATERIALS	AND	CONSTRUCTION	SYSTEMS	3.1	Introduction	Masonry	is	a	typical	composite	construction	material	which	consists	of:	Masonry	units,	Mortar,	Concrete	infill	and/or	concrete,	and	Reinforcing	steel.	A	wide
variety	of	raw	materials,	both	natural	and	arWicia1,	is	used	for	the	production	of	traditionally	and	industrially	made	masonry	units.	Mortar	is	composed	of	lime,	cement,	and	sand	in	different	proportions,	and	mixed	with	water,	with	or	without	additives.	Deformed	and	smooth	steel	reinforcing	bars	of	different	shapes	and	qualities,	embedded	in	mortar
or	placed	in	the	holes	and	grouted,	are	used	to	reinforce	the	masonry.	Although	each	component	of	a	masonry	wall	has	its	own	specific	mechanical	characteristics,	they	are	all	expected	to	act	together	as	a	homogeneous	structural	material	in	case	they	are	subjected	to	permanent	and	temporary	actions.	Of	course,	not	all	materials	are	always
encountered	together.	Depending	on	which	materials	and/or	how	they	are	composed	together	in	a	structure,	masonry	construction	systems	are	further	subdivided	in	to:	0	Unreinforced	(plain)	masonry,	consisting	of	mortar	and	masonry	units.	Confined	masonry,	consisting	of	masonry	units,	mortar,	reinforcing	steel	and	concrete,	and	35	Reinforced
masonry,	consisting	of	masonry	units,	mortar,	reinforcing	steel	and	concrete	infill.	Because	of	specific	characteristics	of	each	constituent	masonry	material,	especially	masonry	units,	it	is	not	easy	to	predict	the	mechanical	characteristics	of	a	specific	masonry	construction	type	by	knowing	only	the	characteristics	of	its	constituent	materials,	mortar	and
masonry	units.	It	is	therefore	of	relevant	importance	that,	for	each	type	of	masonry,	experiments	to	correlate	the	strength	characteristics	of	constituent	materials	with	the	characteristics	of	masonry	are	carried	out.	Because	of	its	complexity,	masonry	and	its	constituent	materials	should	comply	with	specific	requirements	of	standards	and	codes,
especially	when	they	are	used	for	the	construction	of	engineered	structures,	where	the	resistance	of	elements	and	the	entire	structure	to	gravity	and	seismic	loads	is	verified	by	calculation.	In	cases	where	the	mechanical	characteristics	of	the	constituent	materials	and	masonry	as	structural	material	do	not	comply	with	the	assumptions	of	numerical
verification,	unreliable	conclusions	may	be	obtained.	The	basic	requirements	to	be	fulfilled	for	masonry	materials	and	types	of	construction	are	specified	in	Eurocode	6:	Design	of	masonry	structures	[	11.	Additional	requirements	for	masonry	materials	and	construction	systems	to	be	considered	in	seismic	zones	are	specified	in	Eurocode	8	:	Design
provisions	for	earthquake	resistance	of	structures	[21.	A	set	of	European	standards,	which	determine	the	basic	properties	of	masonry	materials	and	the	way	of	testing,	accompanies	the	Eurocodes.	3.2	Masonry	Materials	3.2.I	Mmonry	units	Apart	from	the	load-bearing	capacity,	the	following	aspects	should	also	be	considered	when	selecting	the	most
suitable	type	of	masonry	unit:	-	adequate	thermal	and	sound	insulation	capacity	of	masonry,	especially	in	the	case	of	external	walls,	-	reduction	of	the	weight	of	the	building	in	order	to	reduce	the	seismic	loads,	and	-	economy	of	construction.	Adobe	and	natural	stone	are	still	used	in	some	countries	and	regions	for	the	construction	of	plain,	low-cost
masonry	houses.	Adobe	units	(usual	dimensions	Masonry	Materials	and	Construction	Systems	37	are	300/400/120mm)	are	made	of	clayey	earth,	consisting	of	30-40	%	clay	and	70-60	%	earth,	which	is	mixed	with	water.	Straw	is	added	to	the	mix	of	clay	and	earth	(7-10	kg	per	m3	of	earth)	in	order	to	prevent	cracking.	Sometimes,	cement	or	gypsum	is
added	as	a	stabiliser	in	order	to	improve	the	compressive	strength	of	the	units.	The	units	are	dried	under	the	sun	[3].	Besides	masonry	units	manufactured	from	traditional	and	modem	materials,	different	kinds	of	natural	stone	(lime-stone,	slate	etc.)	are	still	used	for	the	construction	of	masonry	walls.	According	to	EC	6	and	EC	8,	only	the	use	of
dimensioned	stone	units,	i.e.	square	dressed	units	with	parallel	horizontal	faces,	is	allowed	for	the	construction	of	masonry	buildings	in	seismic	zones.	Traditional	stone-masonry	construction	with	two	outer	layers	of	uncoursed	stone	with	an	inner	infill	of	rubble	stones	is	not	considered	to	be	earthquake	resistant.	In	any	case,	natural	stone	units	are
considered	as	units,	where	Category	I1	of	manufacturing	control	values	of	partial	safety	factors	for	material	properties	are	taken	into	account.	EC	6	gives	specifications	regarding	the	use	of:	Fired	clay	units,	including	lightweight	clay	units.	Calcium	silicate	units.	Concrete	units,	made	with	dense	or	lightweight	aggregates.	Autoclaved	aerated	concrete
units.	Manufactured	stone	units.	Dimensioned	natural	stone	units.	In	all	cases,	the	quality	of	masonry	units	should	comply	with	the	requirements	of	relevant	European	standards	(EN	77	1-1-6,	respectively).	Requirements	regarding	materials	and	manufacture,	dimensions	and	tolerances,	density,	mechanical	strength,	water	absorption,	frost	resistance,
soluble	salts	content,	safety	in	case	of	fire,	etc.,	are	specified	for	each	type	of	masonry	units.	Solid	or	perforated,	hollow,	cellular	and	horizontally	perforated	masonry	units	with	different	dimensions	and	shapes,	made	of	different	materials	and	suited	to	different	construction	systems,	are	produced.	Solid	or	equivalent	solid	masonry	units	are	either
units	without	recesses	or	units	with	recesses	that	are	filled	with	mortar	during	construction,	or	units	with	up	to	25	%	by	volume	of	vertical	holes.	Perforated	masonry	units	are	units	with	more	than	25	%	but	less	than	50	%	by	volume	of	formed	vertical	holes,	which	may	pass	through	the	unit.	Hollow	masonry	units	are	units	with	more	than	50	%	by
volume	of	vertical	holes.	Horizontally	perforated	units	are	units,	which	have	no	more	than	50	%	by	cross-	38	Earthquake-Resistant	Design	of	Masonry	Buildings	sectional	area	of	formed	horizontal	holes,	which	pass	through	the	units.	Typical	shapes	of	masonry	units	are	shown	in	Fig.	3.1.	In	the	case	of	hollow	block	masonry	units,	the	disposition	and
size	of	holes	should	be	limited	in	order	to	avoid	premature	cracks	in	webs	and	shells,	either	during	manufacture	and	handling,	or	use.	With	regard	to	the	total	volume	of	holes,	volume	of	any	hole,	area	of	any	hole,	as	well	as	combined	thickness	of	webs	and	shells,	EC	6	classifies	the	units	into	four	groups	(Table	3.1).	B	Perforated	unit	Hollow	unit
Horizontally	perforated	unit	Cellular	unit	Figure	3.1.	Types	of	masonry	units	(after	[4)).	This	classification	is	used	to	select	the	appropriate	value	of	correction	factors	K	in	cases	where	the	characteristic	compressive	fi(	and	shear	strength	of	the	masonry	fvk	are	assessed	by	calculation	on	the	basis	of	empirically	obtained	correlation	between	the
normalised	compressive	strength	of	masonry	units	Jb	and	mortarf,	(Eqs.	3.2	and	3.4).	In	addition	to	that	and	in	order	to	avoid	local	brittle	failure	of	hollow	units	under	a	combination	of	vertical	and	lateral	loads,	EC	8	requires	that	masonry	units	to	be	used	for	earthquake-resistant	construction	of	masonry	buildings	shall	also	meet	the	following
requirements:	-	The	units	have	not	more	than	50	%	of	holes	(in	%	of	the	gross	volume).	-	The	minimum	thickness	of	shells	is	15	mm.	-	The	vertical	webs	in	hollow	and	cellular	units	extend	over	the	entire	horizontal	length	of	the	unit.	39	Masonry	Materials	and	Construction	Systems	Table	3.1.	EC	6	requirements	for	the	grouping	of	masonry	units.	Group
of	masonry	units	I	2b	2a	>	25-45	for	>	45-55	for	clay	units,	clay	units,	>	50-60	for	>	25-50	for	concrete	concrete	aggr.	units	aggr.	units	S	12.5	for	5	12.5	for	clay	units,	clay	units,	I	25	for	I25	for	concrete	concrete	aggr.	units	aggr.	units	1	Volume	of	holes	(%	of	the	gross	volume)'	I25	Volume	of	any	hole(%	of	the	gross	volume)	5	12.5	cL	~	Limited	by
volume	(see	above)	Area	of	any	hole	_____	~	~	~	_	_	_	_	_	_	Limited	by	volume	(see	above)	Limited	by	volume	(see	above)	3	I70	Limited	by	are	(see	below)	2	2	800	mm2	except	units	with	a	single	hole	when	the	hole	should	be	I	1	8	000	mm2	~	Combined	No	thickness	(YO	2	20	2	37.5	2	30	requirement	of	the	overall	width)3	Notes:	1.	Holes	may	consist	of
formed	vertical	holes	through	the	units	or	frogs	or	recesses.	2.	If	there	is	national	experience,	based	on	tests,	that	confirms	that	the	safety	of	the	masonry	is	not	reduced	unacceptably	when	a	higher	proportion	of	holes	is	incorporated,	the	limit	of	55	%	for	clay	units	and	60	%	for	concrete	aggregate	units	may	be	increased	for	masonry	units	that	are
used	in	the	country	with	the	national	experience.	3	.	The	combined	thickness	is	the	thickness	of	the	webs	and	shells,	measured	horizontally	across	the	unit	at	right	angles	to	the	face	of	the	wall.	Relatively	low	minimum	mean	values	of	compressive	strength	of	masonry	units	to	be	used	for	the	construction	of	structural	walls	are	specified	in	relevant
standards	(EN	77	1-	1-6):	-	Clay	units:	minfb	=	2.5	MPa.	-	Calcium	silicate	units:	minfb	=	5.0	MPa	(normalised	value).	40	-	Earthquake-Resistant	Design	of	Masonry	Buildings	Concrete	aggregate	units:	minfb	=	1.8	MPa.	Autoclaved	aerated	concrete	units:	minfb	=	1.8	MPa.	Manufactured	stone	units:	minfb	=	15	MPa.	According	to	EC	8,	the	minimum
normalised	compressive	strength	of	a	=	2.5	MPa.	Nevertheless,	it	is	masonry	unit,	normal	to	the	bed	face,	is	recommended,	that	in	the	case	of	hollow	clay	and	concrete	aggregate	units,	the	mean	values	of	the	units’	compressive	strength	should	not	be	kept	below	7.5	MPa,	especially	where	the	units	are	used	for	the	construction	of	reinforced	masonry
walls.	The	reason	for	such	recommendation	is	explained	in	Section	3.3.2.	According	to	EC	6,	the	so	called	“normalised	compressive	strength	of	masonry	units”fb	should	be	used	in	the	design.	This	is	the	mean	value	of	a	reference	strength	determined	by	testing	of	at	least	ten	(six	in	the	case	where	the	coefficient	of	variation	is	not	greater	than	15	%)
equivalent,	air	dried,	100-mm	wide	and	100-mmhigh	specimens	cut	from	the	unit	(for	example,	this	is	the	way	to	test	calcium	silicate	and	autoclaved	aerated	concrete	units).	If	the	strength	is	obtained	by	testing	full-sized	units,	the	mean	value	of	strength	is	multiplied	by	the	shape	factor	6,	which	takes	into	account	the	actual	dimensions	of	the	unit.	In
case	the	compressive	strength	of	masonry	units	is	specified	as	characteristic	strength,	this	should	be	first	converted	to	the	mean	equivalent	using	a	conversion	factor	based	on	the	coefficient	of	variation,	and	then	multiplied	by	the	shape	factor	6.	The	values	are	given	in	Table	3.2.	Table	3.2.	Shape	factor	6	for	conversion	of	mean	value	of	unit’s
strength	to	normalised	value	(EC	6),	Least	horizontal	dimension	(mm)	Height	(mm)	50	65	100	150	200	>250	I	50	0.85	0.95	1.15	1.30	1.45	1.55	I	I	100	0.75	0.85	1	.oo	1.20	1.35	1.45	I	I	150	0.70	0.75	0.90	1.10	1.25	1.35	I	200	I	-	I	I	>250	-	~~~	0.70	0.80	1	.oo	1.15	1.25	0.65	0.75	0.95	1.10	1.15	Interpolation	of	values	of	the	shape	factor	6	is	permitted
where	the	dimensions	of	the	unit	are	different	than	those	specified	in	Table	3.2.	41	Masonry	Materials	and	Construction	Systems	3.2.2	Mortar	Mortar	is	a	mixture	of	inorganic	binders	(lime	and/or	cement),	aggregates	and	water,	which	binds	together	masonry	units.	Sometimes,	additives	are	added	to	mortar	to	improve	its	workability,	or	for	other
reasons.	According	to	the	classification	used	in	EC	6,	different	types	of	mortar	are	used	in	masonry	construction:	General	purpose	mortar,	which	is	the	traditional	type	of	mortar	used	in	joints	with	a	thickness	greater	than	3	mm	and	in	which	only	dense	aggregate	is	used.	Thin	layer	mortar,	which	is	intended	for	use	in	masonry	with	a	nominal	thickness
of	joints	1-3	mm.	Thin	layer	mortars	are	typical	mortars,	designed	to	fulfill	the	specific	requirement	of	masonry	construction.	Lightweight	mortar	is	made	using	perlite,	pumice,	expanded	clay,	expanded	shale,	or	other	lightweight	materials.	Lightweight	mortars	are	also	designed	to	fulfill	specific	requirements	of	masonry	construction,	and	have	a	dry,
hardened	density	lower	than	1500	kg/m3.	In	order	to	attain	the	specified	compressive	strengthf,,	mortar	mixes	can	be	either	prescribed	on	the	basis	of	experience	or	designed.	In	Table	3.3,	typical	compositions	of	prescribed	general	purpose	mortar	mixes	and	expected	mean	values	of	compressive	strength	are	indicated	[4].	Table	3.3.	Typical
prescribed	composition	and	strength	of	general	purpose	mortars	[4].	Mortar	tYPe	M2	M5	M10	M20	Mean	compressive	strength	2.5	MPa	5	MPa	10	MPa	20	MPa	Approximate	composition	in	parts	of	volume	Cement	Hydrated	lime	Sand	1	1	1	1	1.25	-	2.50	0.50	-	1.25	0.25	-	0.50	0	-	0.25	2.25-3-times	cement	and	lime	According	to	EC	8,	for	the
construction	of	unreinforced	and	confined	masonry,	only	mortars	of	type	M5	(compressive	strength&	=	5	MPa)	or	stronger	are	allowed.	If	weaker	mortars	are	used,	disintegration	of	masonry	may	take	place	when	subjected	to	vibration	during	a	strong	earthquake.	In	the	case	of	reinforced	masonry,	however,	the	minimum	allowable	mortar	type	is	M10
(compressive	42	Earthauake-Resistant	Design	of	Masonry	Buildings	strengthf,	=	10	MPa)	to	ensure	the	assumed	transfer	of	internal	forces	from	steel	reinforcement	to	masonry.	In	the	case	where	reinforcement	is	embedded	in	mortar,	the	recommended	values	of	characteristic	bond	strength	fbok	for	typical	classes	of	mortars,	which	can	be	assumed	in
the	design,	are	specified	in	Table	3.4.	Table	3.4.	Characteristic	anchorage	bond	strength	of	reinforcement	in	mortar	(EC	6).	I	I	Mortar	fbok	for	plain	bars	(MPa)	fbok	for	highbond	bars	(MPa)	I	I	M5-M9	0.7	1	.o	1	M10-Ml4	I	M15-Ml9	I	1	1.2	1.5	I	1.4	2.0	I	M20	1.5	2.5	Mechanical	properties	of	mortar	are	determined	by	testing	mortar	prisms	40/40/160
mm	(EN	1015-1	1).	The	prisms	are	first	tested	for	bending,	and	then	for	compressive	strength.	The	compressive	strength	of	the	mortar	is	the	mean	strength	of	six	specimens.	Generally,	the	thickness	of	bed	and	perpend	(head)	joints	in	the	case	of	general	purpose	and	lightweight	mortars	should	be	between	8	mm	and	15	mm.	If	such	is	the	case,	Eqs.
(3.2)	and	(3.4)	can	be	used	to	assess	the	characteristic	compressive	strengthh	and	shear	strength	of	the	masonryf&.	Except	in	zones	of	low	seismicity,	all	perpend	joints	should	be	fully	filled	with	mortar!	3.2.3	Concrete	infill	A	concrete	mix	of	suitable	consistency	and	aggregate	size,	which	is	used	to	fill	the	holes	where	reinforcing	steel	bars	are	placed
in	the	case	of	reinforced	masonry,	is	called	concrete	infill	or	grout.	According	to	specifications	given	in	EC	6,	the	maximum	aggregate	size	should	not	exceed	10	mm	where	the	least	dimension	of	the	void	is	50	mm	and	the	cover	to	reinforcement	is	between	15	mm	and	25	mm,	and	should	not	exceed	20	mm	where	the	dimensions	are	not	less	than	100
mm	or	25	mm,	respectively.	In	order	to	ensure	workability	and	pourability	of	the	infill,	sufficient	water	should	be	added	to	the	mix.	However,	in	order	to	reduce	the	risk	of	cracking	in	the	infill	due	to	shrinkage	resulting	from	loss	of	water	into	the	masonry,	expanding	agents	may	be	used.	43	Masonry	Materials	and	Construction	Systems	The
characteristic	compressive	cylinder	or	cube	strength	of	the	concrete	infill	f	c	k	should	not	be	less	than	12	MPa	or	15	MPa,	respectively.	The	values	of	characteristic	compressive	cubekylinder	strength	of	concrete	infill	fck,	as	well	as	the	values	of	characteristic	shear	strength	of	concrete	infillfcvk	to	be	used	in	the	design	and	seismic	resistance
verification,	are	specified	in	Table	3.5	for	the	relevant	concrete	design	classes.	Table	3.5.	Characteristic	compressivef,k	and	shear	strength&k	of	concrete	infill	(EC	6).	Strength	class	of	concrete	fck	(	m	a	)	fcvk	(ma)	12/1	5	12	0.27	C	16/20	16	0.33	C20/25	20	0.39	C25/30or	stronger	25	0.45	I	3.2.4	Reinforcing	steel	Smooth	or	high	bond	(deformed)
reinforcing	steel	with	distinct	yield	plateau,	which	is	used	for	reinforced	concrete	structures,	is	also	used	for	reinforced	and	confined	masonry	construction.	Especially	shaped	prefabricated	ladder-type	or	truss-type	reinforcement	is	often	placed	in	mortar	bed	joints	(Fig.	3.2).	Figure	3.2.	Typical	ladder-	and	truss-type	prefabricated	bed	joint
reinforcement.	According	to	EC	6,	reinforcing	steel	may	be	assumed	to	possess	adequate	elongation	ductility,	if	the	following	requirements	are	satisfied:	-	For	high	ductility	class:	E	U	>~	5	%	and	(ft	lfy)k	>	1.08.	-	For	normal	ductility	class:	Euk	>	2.5	%	and	(ft	lfy)k	>	1.05,	44	Earthquake-Resistant	Design	of	Masonry	Buildings	where:	EUk	=	the
characteristic	value	of	the	unit	elongation	at	maximum	tensile	stress,	ft	=	the	tensile	strength	of	the	reinforcing	steel,	fy=	the	yield	strength	of	the	reinforcing	steel,	and	lfy)k	=	the	characteristic	value	of	ft	lfy.	a(MPa)	800	600	400	200	0	t	fy	=	500	MPa	,	0.05	0	0.10	0.15	0.20	0.25	E	Figure	3.3.	Typical	stress-strain	relationship	of	a	plain	reinforcing
steel	at	tension.	“	t	I	E,	=	200	kN/mm2	Figure	3.4.	Idealised	stress-strain	relationship	of	a	reinforcing	steel	at	tension	and	compression	(EC6).	Masonry	Materials	and	Construction	Systems	45	In	the	case	where	high	bond	reinforcing	steel	with	diameter	less	than	6	mm,	including	prefabricated	ladder-type	and	truss-type	bed	joint	reinforcement,	is	used,
it	should	not	be	considered	as	having	high	ductility.	A	typical	stress-strain	diagram,	obtained	by	tension	test	of	a	plain	reinforcing	steel	reinforcing	bar,	is	shown	in	Fig.	3.3.	An	idealised	diagram,	used	in	the	design	of	reinforced	masonry	members,	is	shown	in	Fig.	3.4.	3.2.5	Masonry	When	verifjhg	the	load-bearing	capacity	of	masonry	walls	and
structures	to	vertical	and	lateral	loads,	the	values	of	mechanical	properties	of	masonry,	considered	as	an	assemblage	of	masonry	units	and	mortar,	and	not	mechanical	properties	of	constituent	materials,	such	as	masonry	units	and	mortar,	are	used.	In	EC	6,	the	following	intrinsic	mechanical	properties	of	the	masonry,	which	should	be	obtained	by
standard	test	methods,	are	specified:	The	compressive	strength,	f,	The	shear	strength,&,	The	flexural	strength,	fx,	The	stress-strain	relationship,	0--E.	EC	6	makes	a	distinction	between	the	masonry	itself	-	considered	as	an	assemblage	of	masonry	units	and	mortar,	which	has	intrinsic	mechanical	properties	-	and	the	structural	masonry	element,	a	wall,
the	mechanical	properties	of	which	depend	on	the	intrinsic	mechanical	properties	of	the	masonry,	the	geometry	of	the	element,	and	the	interaction	of	adjacent	parts.	In	addition	to	mechanical	characteristics	specified	by	EC	6,	the	following	mechanical	properties	of	masonry	and	masonry	elements	are	also	needed	in	numerical	verification:	The	tensile
strength,ft,	as	an	equivalent	to	shear	strength,	f	v	,	The	modulus	of	elasticity,	E,	The	shear	modulus,	G,	and	The	ductility	factor	(indicator),	p.	The	ductility	factor	is	a	typical	mechanical	property	of	a	masonry	wall.	It	cannot	be	attributed	to	the	masonry	alone.	As	a	rule,	mechanical	characteristics	of	masonry	are	determined	by	testing	standard
specimens	of	masonry	wallets	and	walls	according	to	a	set	of	standards	EN	1052.	Compressive	strength	is	determined	by	testing	either	small	wallets	of	at	46	Earthquake-Resistant	Design	of	Masonry	Buildings	least	1.5	units	length	and	3	units	height,	or	walls	of	1.0-1.8	m	long	and	2.4-2.7	m	high	(Fig.	3.5).	Specimens	are	placed	in	a	testing	machine,
and	the	vertical	load	is	increased	at	a	uniform	rate	so	that	the	failure	occurs	after	15-30	minutes	after	the	beginning	of	testing.	In	cases	where	the	wall	is	slender	(heightkhickness	ratio	greater	than	20),	lateral	displacements	at	the	mid-height	of	the	wall	are	measured	in	order	to	take	into	account	the	slenderness.	If	6	is	the	displacement	just	before
the	attainment	of	maximum	vertical	load,	and	t	is	the	thickness	of	the	wall,	the	test	value	can	be	increased	by	a	factor	of	t	t-6’	provided	that	the	increase	is	not	greater	than	15	%.	DT	VDT	40	4	Figure	3.5.	Masonry	specimens	for	compression	tests	(EN	1052-1).	According	to	EN	1052-	1,	three	identical	specimens	are	tested	and	the	results	evaluated.
The	mean	compressive	strength	f	of	masonry	is	adjusted	if	the	compressive	strength	of	masonry	units	and	mortar	deviate	fiom	the	design	mean	values	within	f	25	%	of	the	specified	strength.	The	characteristic	compressive	is	determined	as	the	smaller	value	of	either	Ji(	=	f	/1.2	strength	of	masonry	or	fk	=	fmin.	47	Masonry	Materials	and	Construction
Systems	In	case	that	no	test	data	are	available,	the	characteristic	compressive	strength	of	unreinforced	masonry	made	with	general	purpose	mortar	may	be	calculated	on	the	basis	of	the	normalised	compressive	strength	of	masonry	units	and	compressive	strength	of	mortar	fm	using	the	equation:	Jk	=	KJb0.65fm	0.25	(inMPa),	(34	provided	that	fm	is
not	greater	than	20	MPa	nor	greater	than	2	Jb,	whichever	is	the	0.10	smaller.	The	value	of	constant	K	(in	MPa	)	depends	on	the	classification	of	masonry	units	into	groups	according	to	Table	3.1.	EC	6	recommends	that	the	constant	K	may	be	taken	as:	0.60	for	Group	1	masonry	units	in	a	wall	without	longitudinal	mortar	joint,	-	0.55	for	Group	2a
masonry	units	in	a	wall	without	longitudinal	mortar	joint,	-	0.50	for	Group	2b	masonry	units	in	a	wall	without	longitudinal	mortar	joint	and	for	Group	1	masonry	units	in	a	wall	with	longitudinal	mortar	joint.	-	0.45	for	Group	2a	masonry	units	in	a	wall	with	longitudinal	mortar	joint,	-	0.40	for	Group	2b	masonry	units	in	a	wall	with	longitudinal	mortar
joint	and	for	Group	3	masonry	units.	-	The	correlation	between	typical,	experimentally-obtained	values	of	characteristic	compressive	strength	of	masonry	fi(,	obtained	by	testing	wall	specimens	[9,	lo],	and	expected	values,	calculated	by	Eq.	(3.1),	is	given	in	Table	3.6.	Table	3.6.	Correlation	between	experimentally-obtained	and	predicted	values	of
characteristic	compressive	strength	of	masonry.	I	I	Unit	@Pa)	Group	Mortar	15	I	1	-clay	I	I	2	a	-	clay	I	2.5	7.5	2	I	I	2.5	5.0	I	I	4.4	2.4	I	I	~~	15	15	I	I	I	7.5	7.5	7.5	2a	-	clay	2.5	2a	-	clay	5	12a-	other	I	5	I	2	a	-	other	I	5	I	2b	-	clay	I	2.5	2.5	I	I	I	4.0	4.8	3.0	3.5	I	4.0	4.5	I	I	3.0	3.0	2.3	I	I	I	48	Earthquake-Resistant	Design	of	Masonry	Buildings	Good	correlation
between	experimental	and	assessed	values	can	be	obtained	in	some	cases.	In	others,	however,	the	correlation	is	far	from	good.	It	is	therefore	recommended	that	tests	to	determine	the	material	characteristics	of	masonry	should	be	carried	out	whenever	a	new	shape	of	masonry	unit,	or	a	new	construction	technology,	is	introduced.	Shear	strength,
which	is	the	strength	of	masonry	subjected	to	shear	forces,	is	defined	as	a	combination	of	initial	shear	strength	under	zero	compressive	strength	and	increment	in	strength	due	to	compressive	stress	perpendicular	to	shear	in	the	member	at	the	level	under	consideration.	Initial	shear	strength	at	zero	compressive	stress	fvko	is	determined	by	testing	so
called	triplet	specimens	according	to	EN	1052-3	(Fig.	3.6).	The	way	of	supporting	the	specimens	and	applying	the	load	should	ensure	that	only	shear	stresses	develop	in	the	mortar	to	masonry	unit	contact	planes.	Figure	3.6.	Determination	of	initial	shear	strength	(EN	1052-3).	A	minimum	of	five	triplets	are	tested.	The	minimum	acceptable	value	of
shear	strength	at	zero	compressive	stress	is	0.03	MPa.	The	characteristic	shear	strength	of	unreinforced	masonry	is	then	calculated	by	using	the	equation:	fvk	=fvko	+	0.4	Od,	where	Od	is	the	design	compressive	stress	perpendicular	to	shear.	However,	this	value	should	be	not	less	than	0.065	(which	is	not	less	than	fvko),	or	less	than	a	limiting	value
specified	in	EC	6	and	depending	on	masonry	unit’s	group	and	mortar	quality.	In	Table	3.7,	typical	values	for	masonry,	constructed	with	units	and	mortar	quality	recommended	for	the	construction	in	seismic	zones,	are	indicated.	49	Masonry	Materials	and	Construction	Systems	A	different	approach	is	also	used,	which	defines	the	shear	strength	of
unreinforced	masonry	as	the	maximum	value	of	principal	tensile	stress,	developed	in	a	masonry	wall	of	a	specified	geometry,	idealised	as	an	elastic,	homogeneous	and	isotropic	panel	at	the	attained	shear	resistance	of	the	wall	[	6	]	.	The	value	of	principal	tensile	stress,	developed	in	the	wall	under	those	assumptions	at	shear	failure,	is	called	tensile
strengthft.	Eq.	(7.16),	which	is	used	to	evaluate	the	value	of	tensile	strength	from	experimental	results,	and	the	assumptions	of	this	theory	are	explained	in	details	in	Chapter	7.4.1.	There	is	yet	no	standard	testing	procedure	proposed	to	determine	the	shear	strength	fv	or	tensile	strength	of	masonryft	by	direct	testing.	Either	cyclic	and	monotonic
racking	or	simple	diagonal	compression	tests	can	be	used	to	determine	the	values	of	bothf,	andft.	As	has	been	found	by	correlating	the	results	obtained	from	different	types	of	testing,	the	differences	are	not	significant	[73.	Whether	the	results	are	evaluated	forf"	orft,	the	effect	of	compressive	stresses	in	the	masonry	wall	panel	is	taken	into	account.
Typical	experimentally-obtained	values	of	characteristic	tensile	strength	of	masonry	fk	are	correlated	with	initial	shear	strength	valuesfvko	at	zero	compressive	stress,	recommended	by	EC	6,	in	Table	3.8.	Table	3.7.	Typical	values	of	initial	shear	strength	at	zero	compression&,	and	limiting	values	of	characteristic	shear	strengthfvk	for	general	purpose
mortar	(EC6).	1	clay	I	1	other	M10-	M20	M2.5-M9	M10-	M20	M2.5-M9	[	M102a	other	2b	clay	M20	M10-	M20	M2.5-M9	0.3	0.2	0.2	0.15	I	0.3	0.2	0.15	I	1.7	1.5	1.7	1.5	I	1.4	I	1.4	1.2	If	Eqs.	(3.2)	and	(7.16),	which	define	the	shear	and	tensile	strength	of	masonry,	respectively,	are	considered	as	statistical	regression	equations	used	to	present	the	same
experimental	results	in	two	different	ways,	it	can	be	seen	that	no	50	Earthquake-Resistant	Design	of	Masonry	Buildings	statistically	significant	difference	is	obtained	if	the	results	are	presented	in	one	way	or	another	(Fig.	3.7).	Table	3.8.	Correlation	between	experimental	values	of	tensile	strengthf&	and	initial	shear	strengthfvko	of	masonry.	Unit
Group	Mortar	I	Strength	(MPa)	I	0.5	2.5	1	I	0.04	1	I	I	I	2	2.5	I	I	I	I	1	I	WPa)	I	I	I	1	-clay	I	2	a	-	clay	2a	-	clay	15	7.5	2a	-	clay	I2a	-	other	12a-	other	1	2b	-clay	r7.5	I	I	7.5	7.5	5	5	5	3	0.18	0.30	0.12	0.18	0.27	0.27	0.10	0.10	0.20	0.10	I	I	I	I	1	I	0.20	0.20	0.15	0.15	0.20	I	I	I	I	I	I	fU	ft	2.5	2.0	1.5	1.0	0.5	0.0	0	1	2	3	4	5	6	7	8	9	10	11	0,	ft	Figure	3.7.	Correlation
between	experiments	and	shear	resistance	theory	(after	[S]).	Masonry	Materials	and	Construction	Systems	51	As	has	been	found	by	correlating	a	large	number	of	test	results,	the	ratio	between	the	tensile	and	compressive	strength	of	any	type	of	masonry	varies	between	(compare	Tables	3.6	and	3.8)	which	makes	it	possible	to	assess	the	values	of
characteristic	tensile	strength	if	only	the	value	of	characteristic	compressive	strength	for	a	particular	type	of	masonry	is	available.	If	the	resistance	of	a	masonry	wall	is	verified	for	the	out-of-plane	loads,	flexural	strength,	i.e.	the	strength	of	masonry	in	pure	bending,	is	the	governing	parameter.	However,	as	specified	in	EC	6,	the	value	offxi	should	be
taken	as	zero,	i.e.	no	contribution	of	unreinforced	masonry	should	be	taken	into	account	in	the	case	of	design	for	seismic	resistance.	Depending	on	the	direction	of	failure	plane,	flexural	strength	parallel	to	bed	joints,fxl,	or	flexural	strength	perpendicular	to	bed	joints,	fd,are	distinguished	(Fig.	3.8).	The	values	of	flexural	strengths	fxl	and	fd	should	be
determined	by	testing	specially-made	wallets	according	to	EN	1052-2.	Figure	3.8.	Definition	of	failure	planes	to	determine	flexural	strengthsfxi	andfd	(EC6).	On	the	basis	of	compression	tests,	the	modulus	of	elasticity	of	masonry	can	also	be	evaluated.	Modulus	of	elasticity	E	is	defined	as	a	secant	modulus	at	service	load	conditions,	i.e.	at	113	of	the
maximum	vertical	load.	It	is	calculated	on	the	basis	of	the	mean	strain	p	measured	at	that	level	of	vertical	load	(Fig.	3.9).	On	the	basis	of	experimental	values,	EC	6	proposes	idealised	stress-strain	relationship	for	the	design	of	masonry	in	bending	and	compression	(Fig.	3.10).	In	52	Eartha	uake-Res	istant	Des	inn	of	Masonry	Buildings	the	absence	of	a
value	of	E	determined	tests,	the	value	to	be	taken	into	consideration	in	the	structural	analysis	can	be	assessed	to	be	equal	to	E	=	lOOOfi(.	(r	(3	-4)	(MPa)	7	4	3	2	1	0	2	0	6	4	8	Figure	3.9.	Typical	experimental	stress-strain	relationships	of	masonry	at	compression	[	5	]	.	d	A	Idealised	------/	/	i	1	/=-r	0’	ow.--	I	I	I	I	I	fk	f	d	=Ym	7	I	I	I	I	Design	I	I	I	0.002
0.0035	E	Figure	3.10,	Stress-strain	relationship	for	the	design	of	masonry	in	bending	and	compression	(EC	6).	53	Masonry	Materials	and	Construction	Systems	As	was	the	case	of	compressive	strength,	the	values	of	modulus	E,	assessed	by	Eq.	(3.4),	are	sometimes	far	from	reality.	As	can	be	seen	by	comparing	the	values	in	Tables	3.6	and	3.9,	the
actual	values	vary	between	(3.4a)	2	0	0	h	5	E	I	2000h.	As	specified	in	EC	6	,	it	may	be	assumed	that	the	shear	modulus,	G,	is	40	%	of	the	elastic	modulus,	E.	However,	as	experimental	results	indicate,	the	actual	values	of	shear	modulus	are	much	lower	than	assumed	by	EC	6	.	Typical	correlation	between	experimental	and	predicted	values	is	given	in
Table	3.9.	Table	3.9.	Correlation	between	experimental	and	predicted	values	of	moduli	E	and	G.	15	7.5	7.5	7.5	-	2a	clay	2a	-	other	2	a	-	other	2b	-	clay	5	5	5	3	5000	5000	6000	1800	3000	3500	4000	4500	300	500	600	270	1200	1400	2400	1800	It	can	be	seen	that	the	values	of	shear	modulus	G	vary	fkom	6	%	to	25	%	of	the	elastic	modulus	E.	In	no	case
have	values	as	high	as	40	%	of	E,	as	specified	in	EC	6	,	been	obtained.	If	shear	modulus	G	is	expressed	in	terms	of	tensile	Strengthftk,	the	following	correlation	is	obtained:	with	most	results	falling	close	to	G	=	2000ftk.	Taking	into	consideration	the	wide	range	of	variation	of	the	possible	values	of	strength	and	deformability	characteristics	of	masonry,
which	do	not	depend	on	the	relevant	characteristics	of	constituent	materials	in	a	uniform	way,	the	testing	of	masonry	becomes	one	of	the	basic	aspects	of	seismic	resistance	verification	of	54	Earthquake-ResistantDesign	of	Masonry	Buildings	masonry	structures.	Using	the	data	obtained	by	testing	each	specific	type	of	masonry,	and	not	relying	upon
the	code	recommended	relationships,	will	make	the	results	of	the	seismic	resistance	verification	accurate.	3.3	Construction	Systems	Masonry	buildings	are	box-type	structural	systems	composed	of	vertical	and	horizontal	structural	elements,	walls	and	floors,	connected	in	every	direction.	Horizontal	connecting	elements,	steel	ties	or,	more	often,
reinforced-concrete	bond-beams	(tie-beams)	are	provided	at	floor	levels	to	connect	the	walls.	During	earthquakes,	floors	should	act	as	rigid	horizontal	diaphragm,	which	distribute	the	seismic	inertia	forces	among	structural	walls	in	proportion	to	their	stiffhesses.	Any	type	of	floors	may	be	used,	provided	that	general	requirements	of	continuity	and
effective	diaphragm	action	are	satisfied.	According	to	EC	6,	the	main	types	of	structural	walls	are	distinguished	as	follows:	Single-leaf	wall,	which	is	a	wall	without	a	cavity	or	continuous	vertical	joint	in	its	plane.	Double-leaf	wall,	which	is	a	wall	consisting	of	two	parallel	leaves	with	a	longitudinal	joint	between	them,	not	exceeding	25	nun,	and	solidly
filled	with	mortar.	The	leaves	are	tied	together	with	wall	ties	to	achieve	common	action	under	vertical	and	lateral	loading.	Cavity	wall,	which	is	a	wall	consisting	of	two	parallel	single-leaf	walls,	tied	together	with	wall	ties	or	bed	joint	reinforcement,	with	either	one	or	both	leaves	supporting	vertical	loads.	The	space	between	the	leaves	is	left	as	a
continuous	cavity	or	filled,	or	partially-filled,	with	non-load	bearing	thermal	insulating	material.	Grouted	cavity	wall,	which	is	a	cavity	wall	with	two	parallel	leaves,	spaced	at	least	50	mm	apart	and	tied	securely	together	with	wall	ties	and	bed	joint	reinforcement,	and	with	a	cavity	filled	with	concrete	to	achieve	common	action	under	vertical	and	lateral
loading.	Typical	examples	of	wall	types	are	shown	in	Fig.	3.1	1.	Although	no	restriction	regarding	the	use	of	any	of	the	structural	walls’	type	in	seismic	zones	is	specified	in	EC	8,	it	is	obvious	that	single-leaf	walls	should	be	preferred	to	double-leaf	walls,	and	reinforced	grouted	cavity	walls	to	cavity	walls,	since	they	ensure	monolithic	behaviour	of	the
wall	under	seismic	conditions.	Masonry	Materials	and	Construction	Systems	55	Figure	3.1	1.	Cross-section	of	a	(a)	singleleaf,	(b)	double-leaf	and	(c)	cavity	wall	(EC6).	Various	types	of	masonry	construction	systems,	both	traditional	and	engineered,	are	used	in	various	countries.	Because	of	the	characteristics	of	masonry,	the	behaviour	of	different
construction	systems	subjected	to	seismic	loads	is	different:	whereas	unreinforced,	plain	masonry	represents	basically	a	non-ductile	structural	material,	confined	and	especially	reinforced	masonry	represent	structural	systems	of	improved	strength	and	ductility.	3.3.I	Unreinforced	masonry	Although	it	is	not	considered	to	be	earthquake-resistant	by	EC
6	and	EC	8,	traditional	stone-masonry	construction,	constructed	as	two-layered	walls	with	an	inner	infill,	can	be	made	earthquake-resistant	by	providing	connecting	stones	at	least	one	per	m2	of	the	vertical	area	of	the	wall.	Mortar	type	M2	should	be	used	for	the	construction,	and	care	should	be	taken	that	all	the	voids	between	the	stones	are	filled
with	mortar,	especially	the	inner	infill	part	of	the	wall.	Dimensioned	stones	must	be	used	at	the	comers	and	wall	intersections	to	provide	adequate	connection	in	these,	critical,	zones.	Construction	course	must	be	levelled	at	each	1.0	m	height	in	the	zones	of	high,	and	at	each	2.0	m	height	in	the	zones	of	moderate	and	low	seismicity.	R.c.	bond-beams
should	be	provided,	connecting	the	structural	walls	all	around	the	building	(Fig.	3.12).	Brick	and	block	masonry	walls	should	be	constructed	according	to	the	rules	of	good	mason	workmanship,	such	as:	-	When	necessary,	masonry	units	should	be	soaked	in	water	before	the	construction	in	order	to	prevent	burning	of	the	mortar,	especially	cement.	56
Earthquake-Resistant	Design	of	Masonry	Buildings	stone	U	0.5	m	Figure	3.12.	Construction	of	earthquake-resistanttraditional	stonemasonry	wall.	Figure	3.13.	Bonding	arrangements	using	Group	1	masonry	units	(EC	6).	-	Masonry	units	should	be	overlapped	on	alternate	courses	so	that	the	wall	acts	as	a	single	structural	element.	To	ensure	adequate
bonding,	masonry	units	should	overlap	by	a	length	equal	to	at	least	0.4	times	the	height	of	the	unit	or	Masonry	Materials	and	Construction	Systems	57	4	0	mm,	whichever	is	the	greater	(Figs.	3.13	and	3.14).	At	the	comers	and	wall	-	-	intersections,	the	overlap	should	not	be	less	than	the	thickness	of	the	units.	Units	should	be	cut	in	order	to	achieve	the
specified	overlap.	Vertical	stacked	bond	in	not	allowed	in	seismic	regions.	If	general	purpose	mortar	is	used,	the	thickness	of	mortar	joints	should	be	not	less	than	8	mm	and	not	more	than	15	mm.	Perpend	joints	should	be	fully	filled	with	mortar.	Figure	3.14.	Bonding	arrangements	using	Group	2a	and	2b	masonry	units	(EC	6).	Although	the
recommended	minimum	thickness	of	load-bearing	walls	by	EC	6	is	only	100	mm,	EC	8	specifies	that,	in	seismic	zones,	the	thickness	of	unreinforced	masonry	shear	walls	should	not	be	less	than	400	mm	in	the	case	of	natural	stone,	300	mm	in	the	case	of	manufactured	stone,	and	240	mm	in	the	case	of	confined	and	reinforced	masonry.	This	value	may
also	be	recommended	for	masonry	units	made	of	materials	other	than	stone.	In	many	countries,	however,	190-mm	thickness	is	considered	as	the	minimum	for	masonry	construction	in	seismic	zones.	To	take	into	account	the	stability	of	structural	walls,	the	ratio	of	the	effective	height	to	thickness	of	the	wall	should	not	be	more	than	9	in	the	case	of
natural	stone,	12	in	the	case	of	manufactured	stone,	and	15	in	all	other	cases.	Also,	the	58	Earthquake-Resistant	Design	of	Masonry	Buildings	length	of	a	structural	wall	should	be	at	least	1/2	of	the	greater	clear	height	of	the	openings	adjacent	to	the	wall	in	the	case	of	natural	and	manufactured	stone,	and	1/3	in	the	case	of	confined	masonry.	As	a	rule,
the	same	type	of	masonry	units	and	mortar	should	be	used	for	structural	walls	in	the	same	storey.	Bracing	walls	should	be	constructed	simultaneously	with	load-bearing	walls.	It	is	also	recommended	that	the	thickness	of	individual	walls	be	kept	constant	over	the	entire	height	of	the	building.	3.3.2	Confined	masonry	Confined	masonry	is	a	construction
system,	where	masonry	structural	walls	are	confined	on	all	four	sides	with	reinforced	concrete	or	reinforced	masonry	vertical	and	horizontal	confining	elements,	which	are	not	intended	to	carry	either	vertical	or	horizontal	loads,	and	are	consequently	not	designed	to	perform	as	a	moment-resisting	frames	(Fig.	3.15).	Figure	3.15.	Masonry	confined
within	(a)	reinforced	masonry	and	(b)	reinforced	concrete	bond-beams	and	column.	In	the	case	of	masonry-infilled	frames,	the	r.c.	frame	structure,	which	is	designed	to	resist	vertical	and	seismic	loads	without	infill,	is	constructed	first.	Masonry	filler	walls	are	very	often	constructed	as	non-structural	elements	after	the	completion	of	the	main	r.c.
structure.	In	the	case	of	confined	masonry,	however,	masonry	walls	are	intended	to	carry	all	vertical	and	seismic	loading,	The	structural	walls,	which	support	the	floors,	are	constructed	first.	Then,	the	Masonry	Materials	and	Construction	Systems	59	floors	with	horizontal	bond-beams	elements	are	put	in	place,	and	finally,	r.c.	vertical	confining
elements	are	constructed,	well	connected	with	horizontal	confining	elements.	As	the	experimental	investigations	and	the	experiences	obtained	after	earthquakes	have	shown,	confining	the	masonry	walls	with	bond-beams	and	tiecolumns	results	in:	-	Improvement	in	the	connection	between	structural	walls.	-	Improvement	in	the	stability	of	slender
structural	walls.	-	Improvement	in	strength	and	ductility	of	masonry	panels.	-	Reduction	in	the	risk	of	disintegration	of	masonry	panels	damaged	by	the	earthquake.	In	order	to	ensure	structural	integrity,	vertical	confining	elements	should	be	located	at	all	corners	and	recesses	of	the	building,	and	at	all	joints	and	wall	intersections.	In	addition,	they
should	be	placed	at	both	sides	of	any	wall	opening	2	which,	according	to	EC	8,	has	an	area	of	more	than	1.5	m	.	This	is	a	severe	2	requirement	which,	as	experiences	indicate,	can	be	relaxed	to	2.5	m	.	Vertical	confining	elements	should	also	be	placed	at	all	free	ends	of	structural	walls.	As	is	the	case	of	horizontal	bond-beams,	the	distance	between	the
vertical	confining	elements	should	not	exceed	4.0	m	(Fig.	3.16).	H	Figure	3.16.	Typical	distribution	of	vertical	confining	elements	in	the	plan	of	a	building.	One	of	the	dimensions	of	the	cross-section	of	r.c.	vertical	tie-columns	is	usually	equal	to	the	thickness	of	the	wall,	but	not	less	than	150	mm.	The	dimension	may	be	less	than	the	thickness	of	the	wall
in	order	to	accommodate	an	outer	thermal	insulation	layer.	The	minimum	dimension	in	the	direction	of	the	60	Earthquake-Res	istant	Design	of	Masonry	Buildings	wall	should	be	150	mm.	Concrete	of	at	least	grade	C15	should	be	used.	According	to	EC	6,	the	minimum	cross-section	area	of	steel	reinforcement	of	tie2	columns	is	200	mm	,	corresponding
to	4	plain	steel	(yield	stress	240	m	a	)	,	8-mm	diameter	reinforcement	bars.	Although	the	minimum	cross-section	of	the	tie2	columns’	reinforcement	is	increased	to	240	mm	in	seismic	zones	(EC	8),	it	is	recommended	that,	at	comers	and	wall	intersections,	tie-columns	are	reinforced	with	at	least	4	plain	steel,	10-mm	diameter	reinforcement	bars,	with	a
total	cross2	sectional	area	of	314	mm	.	Stirrups	of	6-mm	diameter	plain	bars	at	200	mm	intervals	are	used	to	confine	the	longitudinal	reinforcement.	According	to	EC	6,	the	resistance	of	the	r.c.	or	reinforced	masonry	confining	elements	should	not	be	taken	into	account	in	the	design	of	confined	masonry	structures	in	seismic	situations.	This	is	a	mere
consequence	of	fact	that	very	little	experimental	information	regarding	the	mechanism	of	action	and	distribution	of	lateral	seismic	loads	among	confining	elements	during	earthquakes	is	available.	Therefore,	the	amount	of	reinforcement	in	confining	elements	is	determined	on	empirical	basis	[lo].	In	Table	3.10,	a	proposal	is	given	to	choose	the
adequate	dimensions	and	number	of	plain	steel	(yield	stress	240	MPa)	reinforcing	bars	of	vertical	confining	elements	on	the	basis	of	the	number	of	storeys	of	the	building	under	consideration	and	the	seismicity	of	the	location.	Table	3.10.	Typical	reinforcement	of	vertical	confining	elements	(after	[lo]).	No.	of	storeys	2	1-2	4	1-2	4	2-4	6	1-2	6	3-4	6	5-6
Low:	a	g	<	0.1	g	448	448	448	4410	448	448	Moderate:	High:	0.1	g	==	ag	c0.2	g	0.2	g	c	ag	c0.4	g	4410	4412	4410	4412	4410	4412	4412	4414	4412	4410	4410	4012	In	order	to	provide	the	integrity	of	the	walls’	connecting	system,	care	should	be	taken	such	that	the	reinforcement	of	the	bond-beams	and	tie-columns	is	adequately	spliced	and	anchored
at	the	corners	and	wall	intersections.	Sixty	diameters	overlaps	are	required	by	EC	8.	In	addition,	tie-columns	should	be	connected	with	masonry	walls	with	reinforcing	bars	of	not	less	than	6	~lltn	Masonry	Materials	and	Construction	Systems	61	diameter	and	spaced	no	more	than	60	cm	apart,	adequately	anchored	into	the	mortar	joints.	Fig.	3.17
shows	the	damage	to	a	confined	masonry	wall	pier	at	the	end	of	a	“shaking-table”	test	of	a	model	confined	masonry	building	[	111.	Although	the	confinement	significantly	improved	the	seismic	performance	of	an	unreinforced	masonry	wall,	it	did	not	prevent	the	disintegration	of	the	middle	part	of	the	masonry	panel	at	ultimate	state.	It	can	be	seen
that,	in	order	to	fully	utilise	the	resistance	and	energy	dissipation	capacity	of	masonry,	a	masonry	wall	panel	should	be	reinforced	with	horizontal	bed	joint	reinforcement.	Figure	3.17.	Disintegration	of	a	confined	masonry	wall	pier	without	bed	joint	reinforcement	at	the	end	of	“shaking-table”	test	of	a	confined	masonry	building	model.	To	reinforce	the
masonry,	the	use	of	specially	shaped	ladder-type	or	trusstype	reinforcement	(Fig.	3.2),	embedded	in	mortar	with	a	vertical	spacing	of	no	more	than	600	mm,	and	adequately	anchored	into	the	tie-columns	at	the	ends,	is	recommended.	In	case	where	the	masonry	bed	joint	reinforcement	is	anchored	into	the	tie-columns,	the	connectors,	required	by	EC	8
to	connect	the	masonry	and	confining	elements,	are	not	necessary.	62	Earthquake-Resistant	Design	of	Masonry	Buildings	3.3.3	Reinforced	masonry	Reinforced	masonry	is	a	construction	system,	where	steel	reinforcement	in	the	form	of	reinforcing	bars	or	mesh	is	embedded	in	the	mortar	or	placed	in	the	holes	and	filled	with	concrete	or	grout.	By
reinforcing	the	masonry	with	steel	reinforcement,	the	resistance	to	seismic	loads	and	energy	dissipation	capacity	may	be	improved	significantly.	To	achieve	this,	the	reinforcement	should	be	integrated	with	masonry	so	that	all	materials	of	the	reinforced	masonry	system	act	monolithically	when	resisting	gravity	and	seismic	loading.	There	are	various
ways	in	which	steel	reinforcement	can	be	used	in	a	reinforced	masonry	structural	system.	Basically,	however,	reinforced	masonry	systems	can	be	classified	into:	Reinforced	hollow	unit	masonry,	Reinforced	grouted	cavity	masonry,	and	Reinforced	pocket	type	walls.	Concrete	infill	Reinforcement	laid	inmortar	I	Mortar	or	/	cocrete	infiill	Figure	3.18.
Reinforced	hollow	unit	masonry	(EC	6).	Reinforced	hollow	unit	masonry	represents	the	basic	form	of	reinforced	masonry	construction	(Fig.	3.18).	Specially	shaped	units	with	vertical	holes	where	vertical	reinforcement	is	placed	and	filled	with	infill	concrete	or	grout,	with	or	without	grooves	to	accommodate	horizontal,	bed	joint	reinforcement,	are	used
for	the	construction	of	masonry	walls.	Before	laying	the	masonry	units,	vertical	reinforcement	is	placed	in	position.	Then,	the	first	course	of	units	is	laid	in	the	mortar	and	horizontal	bars	or	bed	joint	reinforcement	are	placed	in	the	grooves	or	in	the	mortar	joints.	The	holes	containing	vertical	bars	are	filled	with	either	concrete	or	grout,	and	the
grooves	containing	the	horizontal	steel	are	filled	with	either	grout	or	mortar,	as	the	construction	of	the	wall	progresses.	In	order	to	63	Masonry	Materials	and	Construction	Systems	improve	the	resistance	and	depending	on	the	shape	of	the	units,	all	holes	in	the	hollow	blocks	are	often	grouted	or	filled	with	concrete	infill.	Reinforced	cavity	masonry,
however,	is	different	by	technology	of	construction,	and	consequently,	by	structural	characteristics	and	behaviour.	As	can	be	seen	in	Fig.	3.19,	it	consists	of	two	leaves	(wythes)	of	masonry	units,	separated	by	a	cavity	into	which	the	vertical	and	horizontal	reinforcement	is	placed	and	grouted	with	either	concrete	infill	or	grout.	The	two	leaves	of	a
cavity	wall	are	tied	together	with	wall	ties	or	connectors,	which	should	be	designed	to	carry	lateral	loads,	induced	by	earthquakes.	It	is	recommended	that,	in	seismic	regions,	at	least	one	6-mm	diameter	stirrup,	or	an	equivalent	tie,	should	be	2	provided	at	every	0.25	m	of	the	wall	area.	Concrete	infill	Reinforcement	laid	in	mortar	Figure	3.19.
Reinforced	grouted	cavity	masonry	construction	systems	(EC	6).	The	wythes	are	usually	100	mm	(the	thickness	of	masonry	units)	thick	and	the	cavity	60-1	00	mm	wide.	The	masonry	units	should	be	laid	in	running	or	stretcher	bond:	vertical	stacked	bond	is	not	allowed	in	seismic	zones.	The	grout	can	be	poured	either	as	the	work	progresses	or	after
the	masonry	units	in	the	whole	storey	have	been	laid.	In	the	first	case,	vertical	reinforcing	bars	are	first	placed	into	position.	Then,	the	horizontal	bars	and	wall	ties	(connectors)	are	placed	and	grouted	as	the	laying	of	courses	of	masonry	progresses.	In	the	second	case,	however,	the	mesh	of	vertical	and	horizontal	reinforcement	is	first	placed	into
position.	Then,	masonry	units	are	laid	on	each	side	of	the	mesh,	connected	together	with	wall	ties.	The	ties	should	be	laid	in	the	bed	joints	along	the	same	vertical	line	in	order	to	facilitate	the	vibrating	of	the	grout	pours.	After	the	masonry	is	built	to	a	full	storey	height,	the	cavity	is	filled	with	grout.	Before	64	Earthq	uake-Resistant	Design	of	Masonry
Buildings	grouting,	all	mortar	droppings	should	be	removed	fiom	the	foundations	or	other	bearing	surfaces	and	reinforcement.	Cleanout	openings	should	be	provided	to	allow	flushing	away	of	mortar	droppings	and	debris	at	the	bottom	of	each	pour.	Sometimes,	vertical	reinforcement	is	placed	in	the	pockets	formed	in	the	wall	by	special	bonding
arrangement	(Fig.	3.20).	As	in	the	case	of	reinforced	hollow	unit	masonry,	vertical	reinforcing	bars	are	placed	into	position	before	the	laying	of	masonry	units.	Depending	on	the	units	used,	horizontal	bed	joint	reinforcement	is	placed	in	the	mortar	joints	at	vertical	spacing	not	exceeding	600	mm.	The	pockets	containing	vertical	bars	are	filled	with
either	concrete	or	grout,	as	the	construction	of	the	wall	progresses.	Mortar	or	conlcrete	infil	Figure	3.20.	Reinforced	pocket	type	walls	(EC	6).	Reinforcing	steel	in	masonry	should	be	corrosion	resistant	or	protected	adequately	against	corrosion	due	to	environmental	conditions.	If	ordinary	carbon	steel	is	placed	in	the	holes	and	embedded	in	concrete
infill,	it	should	be	protected	by	a	concrete	cover	at	least	20	mm	thick	in	the	case	of	a	dry	environment,	25	mm	thick	in	a	humid	environment,	and	40	mm	thick	in	the	case	of	an	aggressive	chemical	environment.	In	the	case	of	the	mortar	bed	joint	reinforcement,	however,	the	minimum	depth	of	mortar	cover	from	the	reinforcing	steel	to	the	face	of	the
masonry	should	be	15	mm.	As	specified	in	EC	8,	horizontal	reinforcement	should	be	placed	in	the	bed	joints	or	suitable	grooves	in	the	units	with	a	vertical	spacing	not	exceeding	600	mm,	and	the	minimum	percentage,	referred	to	as	the	gross	area	of	the	section,	should	be	not	less	than	0.05	%.	However,	high	percentages	of	horizontal	reinforcement
leading	to	compressive	failure	of	the	units	prior	to	yielding	of	the	steel	should	be	avoided.	Bars	of	not	less	than	4-mm	diameter	should	be	bent	around	the	vertical	steel	at	the	edges	of	the	wall.	65	Masonry	Materials	and	Construction	Systems	Accordin	to	EC	8,	vertical	reinforcement	with	a	cross-sectional	area	not	less	than	400	mm	should	be	placed	at
both	free	edges	of	every	wall	element,	at	every	wall	intersection,	or	at	at	least	4	m	intervals	within	the	wall.	The	reinforcing	bars	should	be	provided	with	a	sufficient	anchorage	length	so	that	internal	forces	can	be	transmitted	from	reinforcement	bars	to	the	mortar	and	concrete	infill,	and,	subsequently,	to	masonry	units.	Anchorage	may	be	achieved
by	straight	anchorage,	hooks,	bends	or	loops	(Fig.	3.21).	Straight	anchorage	or	bents	are	not	allowed	for	plain	reinforcing	steel	of	more	than	8	mm	diameter.	Hooks,	bends	or	loops	are	not	allowed	to	anchor	reinforcing	steel	in	compression.	4	I	1	1	1	1	Ib	&-L	0.7	Ib	Straight	anchorage	Hook	Figure	3.21,	Typical	details	of	anchorage	of	reinforcing	steel
(EC	6).	EC	6	specifies	that	the	straight	anchorage	length	Zb	depends	on	the	diameter	of	a	reinforcement	bar.	It	should	be	determined	by	calculation	assuming	that	the	bond	stress	along	the	bar	is	constant:	Q	=	the	effective	diameter	of	reinforcing	steel,	fyk	=	the	characteristic	strength	of	reinforcing	steel,	fbok	=	the	characteristic	anchorage	bond
strength	ys,	YM	=	the	partial	safety	factors.	For	hooks,	bends	and	loops,	the	anchorage	length	for	the	bars	in	tension	can	be	reduced	by	30	%.	In	the	case	where	a	larger	area	of	reinforcement	is	provided	66	Earthquake-Resistant	Design	of	Masonry	Buildings	than	required	by	design,	the	anchorage	length	can	be	reduced	proportionally,	provided	that
for	a	reinforcing	bar	in	tension	the	anchorage	length	is	not	less	than	the	greater	value	of	0.32b,	10	bar	diameters,	or	100	mm,	and	for	a	bar	in	compression	not	less	than	the	greater	value	of	0.62b,	10	bar	diameters,	or	100	mm.	The	lap	length	is	also	determined	on	the	basis	of	Eq.	(3.6).	In	the	calculation,	however,	the	smaller	of	the	two	bars	lapped	is
considered.	The	lap	length	provided	between	two	reinforcing	bars	should	be	equal	to	-	2b	for	bars	in	compression	and	for	bars	in	tension	where	less	than	30	%	of	the	bars	in	the	section	are	lapped,	and	where	the	clear	distance	between	the	lapped	bars	in	a	transverse	direction	is	not	less	than	10	bar	diameters	and	the	concrete	or	mortar	cover	is	not
less	than	5	bar	diameters.	-	1.4Zb	for	reinforcing	bars	in	tension	where	either	30	%	or	more	of	the	bars	at	the	section	are	lapped,	or	if	the	clear	distance	between	the	lapped	bars	in	a	transverse	direction	is	less	than	10	bar	diameters,	or	the	concrete	or	mortar	cover	is	less	than	5	bar	diameters.	-	2Zb	for	reinforcing	bars	in	tension	where	both	30	%	or
more	of	the	bars	at	the	section	are	lapped,	and	the	clear	distance	between	the	lapped	bars	in	a	transverse	direction	is	less	than	10	bar	diameters	or	the	concrete	or	mortar	cover	is	less	than	5	bar	diameters.	However,	code	requirements	regarding	the	amount	and	distribution	of	reinforcement	in	reinforced	hollow	unit	masonry	need	cautious
consideration.	As	has	been	shown	by	experiments,	the	effectiveness	of	horizontal	and	vertical	reinforcement	strongly	depends	on	the	type	and	quality	of	masonry	units	and	.mortar,	as	well	as	on	the	way	the	reinforcing	bars	are	anchored	at	the	ends.	Obviously,	the	minimum	and	maximum	amount	of	reinforcement	in	hollow	unit	masonry	is	closely
correlated	with	the	type	and	quality	of	masonry.	In	a	simplified	way,	the	behaviour	of	reinforced	hollow	unit	masonry	subjected	to	seismic	loading	can	be	modelled	by	a	truss-beam	mechanism	(Fig.	3.22).	Under	seismic	situation,	the	bending	moment	and	shear	acting	on	the	wall	are	resisted	by	tension	and	compression	forces	that	develop	in	the
tension	and	compression	chord,	as	well	as	by	tension	and	compression	that	develop	in	verticals	and	diagonals	of	an	equivalent	truss,	respectively.	The	tension	chord	is	represented	by	vertical	reinforcing	bars	at	the	tensioned	side,	the	compression	chord,	however,	by	compressed	masonry	and	vertical	reinforcement	at	the	compressed	side	of	the	wall.
As	can	be	seen	in	Fig.	3.22,	“verticals”	are	Masonry	Materials	and	Construction	Systems	67	represented	by	horizontal	bars	in	mortar	bed	joints,	and	compressed	diagonals	are	represented	by	masonry.	H	Figure	3.22.	Simplified	mechanism	of	reinforcement	action.	I	Figure	3.2-3.Failure	of	reinforced	hollow	block	masonry	wall	due	to	crushing	of	shells
of	masonry	units.	Earthquake-Res	istant	Design	of	Masonry	Buildings	68	The	mechanism	works	if	there	is	enough	vertical	and	horizontal	steel	adequately	embedded	and	anchored	to	resist	the	induced	tension	forces,	and	if	masonry	units	are	strong	enough	to	resist	the	induced	compression	and	shear	(Fig.	3.23).	Therefore,	the	recommendation	of	EC	8
that	“high	percentages	of	horizontal	reinforcement	leading	to	compressive	failure	of	the	units	prior	to	yielding	of	the	steel,	should	be	avoided”	should	be	modified	to	take	into	account	the	balance	between	the	load-bearing	capacity	of	vertical	and	horizontal	steel	and	masonry.	In	this	regard,	experimental	investigations	are	inevitable,	particularly	in	the
case	where	new	reinforced	masonry	construction	systems	are	introduced.	When	subjected	to	cyclic	loads,	such	as	seismic	loads,	the	bond	between	mortar	and	steel	deteriorates.	Consequently,	the	tension	capacity	of	steel	cannot	be	fully	utilised,	although	the	bars	are	properly	embedded	and	bent	around	the	vertical	steel	at	the	edges	of	the	wall.
Additional	limitations	should	be	given	to	improve	the	behaviour.	Flexural	type	of	failure	is	preferred	to	shear	type	because	it	represents	ductile	type	of	seismic	behaviour.	However,	crushing	of	face	shells	of	hollow	units	under	cyclic	lateral	loads	may	lead	to	unexpected	failure	mechanism,	although	the	compressive	strength	of	the	units	might	be
adequate.	As	a	result,	the	resistance	capacity	of	such	walls,	calculated	on	the	basis	of	the	materials’	strength	characteristics,	may	be	overestimated.	Fig.	3.24	shows	a	typical	example.	100	80	60	%	40	20	v	I	I/	or0	Unreinforced	I	I	I	I	I	5	10	15	20	25	30	n	(mm)	Figure	3.24.	Vertical	reinforcement	at	the	edges	did	not	improve	the	the	resistance	of	the
walls	because	of	weak	hollow	masonry	units	[9].	Masonry	Materials	and	Construction	Systems	69	Although	the	walls	have	been	designed	and	a	sufficient	amount	of	horizontal	reinforcement	to	resist	the	shear	has	been	provided,	the	resistance	envelopes,	obtained	by	testing	the	walls	under	simulated	seismic	loads,	clearly	show	that	the	increased
amount	of	vertical	steel	at	the	borders	of	the	walls	had	no	effect	on	resistance	because	of	the	crushing	of	face	shells	of	hollow	masonry	units.	Whereas	reinforced	grouted	masonry	behaves	more	or	less	as	reinforced	concrete,	the	seismic	behaviour	of	reinforced	masonry	with	hollow	or	perforated	units	and	reinforcing	bars	in	the	vertical	holes	and	bed
joints	depends	on	the	type	and	quality	of	masonry	units.	For	optimum	behaviour,	balance	should	be	always	found	between	the	compression	and	shear	capacity	of	masonry	units,	tension	capacity	of	vertical	and	horizontal	steel,	and	available	bond	between	mortar	and	steel.	In	this	regard,	the	minimum	percentage	of	steel,	either	vertical	or	horizontal,
depends	on	the	quality	of	the	basic	masonry	wall.	The	maximum	amount	of	reinforcement	should	also	be	limited	in	correlation	with	the	quality	of	masonry	units,	mortar	and	grout,	and	not	only	with	regard	to	the	spacing	between	the	bars	and	depth	of	cover	for	protection	against	corrosion.	3.4	References	Eurocode	6:	Design	of	masonry	structures,
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ZAG/PI-95/06	(Slovenian	National	Building	and	Civil	Engineering	Institute,	Ljubljana,	1996).	-	CHAPTER	4	ARCHITECTURAL	AND	STRUCTURAL	CONCEPTS	OF	EARTHQUAKE-RESISTANT	BUILDING	CONFIGURATION	4.1	Introduction	Many	lessons	have	been	learned	from	earthquakes	regarding	the	influence	of	structural	layout	on	the	seismic
behaviour	of	masonry	buildings.	The	observations	of	earthquake	damage	and	subsequent	analysis	of	the	causes	of	damage	indisputably	show	that	besides	the	quality	of	structural	materials,	building	configuration	is	of	relevant	importance.	The	buildings	with	regular	structural	layout,	with	the	walls	properly	connected	together	at	floor	levels,	have	often
performed	well,	even	when	they	are	not	designed	to	resist	earthquakes.	Adequate	seismic	behaviour	of	those	buildings	proved	that	it	is	possible	to	improve	the	seismic	resistance	by	considering	simple	principles	of	architectural	and	structural	planning,	and	meeting	the	requirements	for	the	quality	of	materials	and	construction	at	the	same	time.	The
following	basic	principles	should	always	be	considered	when	conceiving	a	seismically-resistantmasonry	structure:	Structural	simplicity	and	regularity,	i,e.	uniformity	and	symmetry,	0	Redundancy	(robustness),	Rigid	floor	diaphragm	action,	and	0	Adequate	foundation.	In	the	case	where	the	structure	is	regular	and	simple,	gravity	and	seismic	loads	are
transmitted	in	a	clear	and	undisturbed	way	from	element	to	element.	71	72	Earthquake-Resistant	Design	of	Masonry	Buildings	Under	seismic	conditions,	the	induced	seismic	energy	will	dissipate	uniformly	over	the	entire	structure.	If	structural	elements	are	not	distributed	unifomly	in	the	plan	and	elevation	of	the	structural	system,	however,
concentration	of	stresses	might	occur	in	the	zones	of	nonuniformity,	resulting	in	heavy	damage	and	collapse	of	the	structure.	Earthquake	ground	motion	is	a	tri-dimensional	phenomenon.	It	is,	however,	not	known	which	will	be	the	main	direction	of	ground	motion	during	an	expected	seismic	event.	Therefore,	the	resisting	elements	of	each	structure	in
a	seismic	zone	should	be	designed	to	resist	the	seismic	excitation	in	both	principal	directions	of	the	building.	The	consequences	of	neglecting	the	necessity	of	having	an	adequate	number	of	sufficiently	resistant	structural	walls	in	both	principal	directions	of	the	building	are	severe	(Fig.	2.18).	Symmetric	distribution	of	resisting	elements	in	the	plan	of
the	building	will	prevent	possible	torsional	vibration,	which	often	causes	unexpected	behaviour	of	the	structure	when	subjected	to	strong	seismic	ground	motion.	For	the	same	reason,	the	dimensions	of	setbacks	and	recesses	should	be	limited.	In	the	case	of	masonry	structures,	the	importance	of	good	connection	of	walls	and	rigid	horizontal
diaphragm	action	of	floors	has	already	been	emphasised.	Last	but	not	least,	an	adequate	foundation	system	should	be	provided	to	transmit	the	ultimate	seismic	loads,	developed	in	the	upper	structure,	into	the	foundation	soil.	If	the	foundation	soil	fails	before	the	ultimate	resistance	of	the	structure	is	attained,	the	building	is	exposed	to	a	severe	risk	of
overturning.	4.2	Building	Configuration	Masonry	is	a	specific	construction	material,	which,	because	of	its	mechanical	properties,	requires	specific	structural	configuration	even	when	it	is	intended	to	carry	only	vertical	loads.	The	basic	rules	for	the	construction	of	masonry	structures	are	based	on	tradition	and	experience.	As	a	result,	traditional
structural	systems	are	generally	simple	and	regular,	consisting	of	load-bearing	walls	and	cross	walls	which	do	not	change	their	position	and	shape	along	the	height	of	the	building,	and	are	evenly	distributed	in	both	directions	of	the	building.	The	simplicity	and	regularity	of	a	structure	not	only	improve	the	expected	structural	behaviour,	but	also	make
possible	simplification	of	methods	and	ways	of	seismic	resistance	verification.	Experience	and	subsequent	parametric	analysis	of	response	of	buildings	to	earthquakes	have	indicated	that	the	following	general	criteria	for	structural	regularity	in	plan	and	elevation	should	be	considered	[	1-5	3:	Architectural	and	Structural	Concepts	of	Earthquake-
Resistant	Building	Configuration	-	73	The	building	structure	is	approximately	symmetrical	along	each	principal	axis	in	plan,	regarding	both	lateral	stiffness	and	mass	distribution.	A	sufficient	number	of	structural	walls,	with	approximately	the	same	crosssectional	area	and	stiffness,	should	be	provided	in	each	direction	of	the	building	(Fig.	4.1).	U	+	n
Adequate	Not	adequate	Figure	4.1,	Distribution	of	structural	walls	in	plan.	-	The	plan	configuration	should	be	simple.	Simple	square	or	rectangular	buildings	perform	better	when	subjected	to	earthquake	actions	than	those	with	many	projections.	In	this	regard,	the	total	dimension	of	projections,	reentrant	comers	or	recesses	in	one	direction	should
not	exceed	25	%	of	the	overall	dimension	of	the	building	in	the	corresponding	direction	(Fig.	4.2).	-	In	order	to	avoid	torsional	effects	resulting	from	differences	in	ground	motion	in	the	case	of	long	rectangular	buildings,	it	is	desirable	to	limit	the	length	of	a	single	part	of	the	building	to	four	times	its	width.	If	longer	74	-	Earthquake-Resistant	Design	of
Masonry	Buildings	buildings	are	required,	the	building	should	be	divided	into	separate	parts	with	adequate	separation.	Separation	of	large	buildings	with	composite	shape	in	plan	(L,	T,	U	or	+	shaped	plan)	into	several	parts	may	be	required	in	order	to	obtain	symmetry	and	rectangularity	of	each	individual	part	(Fig.	4.3).	To	prevent	hammering	effects
between	the	adjacent	parts,	a	sufficient	separation	between	individual	parts	should	be	provided.	It	is	recommended	that	the	width	of	separation	should	not	be	less	than	30	mm,	and	10	mm	should	be	added	for	each	storey	(or	3.0	m)	when	the	building	height	exceeds	9.0	m.	1-L	4B	-t	Separation	Separation	Figure	4.3.	Irregular	masonry	buildings	should
be	separated	in	regular	sections.	-	-	The	building	should	also	be	regular	in	elevation.	The	distribution	of	resisting	elements,	stiffnesses	and	masses	along	the	height	of	the	building	should	be	as	uniform	as	possible.	Concentration	of	masses	at	upper	storeys	should	be	avoided.	Sudden	changes	in	stifhess	due	to	changes	in	dimensions	in	plan,	distribution
and	type	of	structural	elements	in	the	adjacent	stories	along	the	height	of	the	building	result	in	severe	concentration	of	stresses,	energy	dissipation	demand	and	possible	damage	to	those	zones	(Fig.	4.4).	Mixed	structural	systems,	such	as	a	combination	of	masonry	structural	walls	in	one	storey	and	r.c.	frame	structural	system	in	the	adjacent	storey,
are	not	allowed	(Fig.	4.5).	Sometimes,	a	combination	of	r.c.	columns	and	masonry	shear	walls	within	the	storey	is	required	because	of	architectural	reasons.	If	this	is	the	case,	structural	masonry	walls	should	be	reinforced	with	vertical	Architectural	and	Structural	Concepts	of	Earthquake-Resistant	Building	Configuration	75	and	horizontal
reinforcement	to	improve	their	ductility	and	energy	dissipation	capacity.	R.c.	columns	should	be	part	of	a	frame	system,	connected	with	masonry	shear	walls	with	rigid	horizontal	diaphragms,	to	ensure	a	uniform	distribution	of	seismic	loads	among	the	reinforced	masonry	shear	walls	and	r.c.	columns.	A	detailed	structural	analysis	should	be	carried
out	to	verify	the	transfer	of	seismic	forces	from	one	type	of	structural	element	to	another.	In	the	design,	special	attention	should	be	paid	to	structural	details	to	ensure	that	the	structure	is	able	to	resist	the	assumed	effects	of	seismic	actions.	Adequate	Not	adequate	Bad	Figure	4.4.	Principles	for	building	configuration	in	elevation.	Figure	4.5.	Mixed
structural	system	should	be	avoided.	Although	the	criteria	for	structural	regularity	and	simplicity	are	fulfilled,	the	potential	seismic	resistance	of	the	structure	is	not	fully	utilised,	unless	the	requirements	for	rigid	horizontal	floor	diaphragm	action	and	good	connection	of	the	walls	are	fulfilled	at	the	same	time.	Namely,	if	the	walls	are	not	connected
together	at	floor	levels,	out-of-plane	vibration	will	cause	their	separation	along	vertical	joints	at	the	corners	and	wall	intersections.	Uncoupled	vibration	of	separated	walls	during	earthquakes	will	significantly	reduce	the	resistance	of	the	16	Earthquake-Resistant	Design	of	Masonry	Buildings	building	to	lateral	loads	and	will,	consequently,	lead	to	the
partial	or	total	collapse	of	a	building.	In	order	to	ensure	rigid	horizontal	diaphragm	action	of	floors,	the	following	requirements	should	be	taken	into	consideration:	-	Each	floor	should	be	situated	in	a	single	plane.	Sharp	dislevelements	should	be	avoided.	-	The	rigid	behaviour	of	horizontal	diaphragm	should	not	be	altered	by	the	presence	of
discontinuity,	such	as	stairways.	Large	opening	zones	should	be	strengthened	with	special	reinforcement	or	bond-beams.	-	Two-way	slabs	are	preferred	to	one-way	slabs,	as	they	distribute	vertical	gravity	loads	more	uniformly	onto	the	structural	walls.	4.3	Dimensions,	Building	Height	and	Number	of	Stories	On	the	basis	of	experience	and	tradition,	on
the	extent	of	earthquake	damage	due	to	the	type	of	materials	used	and	structural	systems	employed,	and	considering	the	current	level	of	technical	knowledge	and	construction	technology,	limitations	regarding	the	dimensions	and	height	of	masonry	buildings	have	been	set	in	most	existing	seismic	codes.	However,	based	on	the	results	of	recent
experimental	and	theoretical	investigations,	and	on	improvements	in	technology	and	methods	of	design,	limitations	regarding	the	dimensions,	building	height	and	number	of	stories	have	been	relaxed.	Except	for	unreinforced	masonry	located	in	seismic	zones	with	ag	2	0.3	g,	which	is	not	allowed	for	earthquake-resistant	shear	walls	in	buildings	higher
than	two	storeys,	no	limitations	regarding	the	size	and	height	of	masonry	buildings	are	specified	in	EC	6	and	8.	In	the	case	of	confined	and	reinforced	masonry	buildings,	which	fulfill	the	basic	requirements	for	the	quality	of	materials	and	structural	configuration,	the	size	and	height	of	the	building	depend	on	the	load-bearing	capacity	of	masonry
materials.	However,	the	structure	should	undergo	subsequent	verification	of	serviceability	and	ultimate	limit	states.	In	order	to	reduce	typical	effects	of	temperature	differences,	shrinkage	of	r.c.	floors,	and	differential	soil	settlements	common	to	long	buildings,	which	may	all	result	into	cracking	of	masonry	structural	walls	even	before	the	earthquake,
and	to	avoid	the	unfavourable	effects,	such	as	torsion	due	to	differences	in	ground	motion	along	the	length	of	the	building	in	the	case	of	earthquakes,	it	is	recommended	that	the	length	of	masonry	buildings	of	all	masonry	structural	Architectural	and	Structural	Concepts	of	Earthquake-Resistant	Building	Configuration	77	systems	or	their	separated
parts	should	be	limited	to	40	m	in	the	zones	of	high	(ug	2	0.3	g),	and	to	50	m	in	the	zones	of	moderate	and	low	seismic	intensity	(ag<	0.3	g).	In	the	case	of	unfavourable	soil	conditions,	further	limitations	regarding	the	maximum	dimensions	of	masonry	buildings	should	be	observed,	depending	on	the	specific	soil	characteristics.	Although	the	seismic
resistance	of	all	masonry	buildings	should	be	verified	by	calculation,	it	is	recommended	that,	having	in	mind	the	available	quality	of	masonry	materials	and	technology,	the	height	and	number	of	stories	of	masonry	buildings	constructed	in	one	of	the	construction	systems	may	not	exceed	the	recommended	values	specified	in	Table	4.1.	The	limitations
are	specified	for	the	traditional	brick	or	hollow	unit	masonry	construction.	Reinforced	grouted	cavity	masonry	is	exempted	from	these	limitations.	Table	4.1.	Recommended	maximum	building	height	Hand	number	of	stories	n.	4.4	Distribution	of	Structural	Walls	In	order	to	obtain	a	good	performance	when	subjected	to	an	earthquake,	structural	walls	in
a	masonry	buildings	should	be	uniformly	distributed	in	two	orthogonal	directions.	Their	number	and	strength	should	be	sufficient	to	resist	the	induced	seismic	loads.	The	walls	should	be	firmly	connected	to	the	floors,	which,	acting	as	rigid	horizontal	diaphragms,	distribute	horizontal	seismic	forces	to	the	walls	in	proportion	to	their	stiffness.	From	the
viewpoint	of	the	structural	system,	which	resists	the	seismic	loads,	the	walls	of	a	masonry	building	can	be	classified	as:	-	Structural	walls,	which	resist	the	horizontal	loads	acting	on	the	building,	and	78	-	Earthquake-Resistant	Design	of	Masonry	Buildings	Non-structural	walls,	having	exclusively	the	function	of	partitioning	the	building	space.	With
regard	to	the	carrying	of	vertical	loads,	the	structural	walls	can	be	further	subdivided	into	two	categories,	namely:	-	Load-bearing	walls,	which	carry	their	own	weight	and	vertical	loads	from	the	floors,	and	Bracing	walls,	which	carry	their	own	weight,	but	do	not	support	the	floors.	-	Considering	the	significance	of	structural	walls,	these	walls	should
have	a	minimum	thickness	of	400	mm	in	the	case	of	stone	and	300	mm	in	the	case	of	unreinforced	masonry	with	artificial	units,	whereas	240	mm	is	the	minimum	thickness	in	the	case	of	confined	and	reinforced	masonry	(see	Section	3.3.1).	However,	there	is	no	specification	in	EC	6	and	8	regarding	the	minimum	distance	between	them.	In	order	to
obtain	adequate	performance	for	different	masonry	structural	systems,	it	is	recommended	that	the	distance	between	the	structural	walls	should	be	limited	depending	on	the	structural	system	and	seismicity	of	the	zone	as	indicated	in	Table	4.2.	Table	4.2.	Recommended	maximum	distance	between	structural	walls	[3].	I	Design	ground	acceleration	ag



Unreinforcedmasonry	Confined	masonry	Reinforced	masonry	<	0.2	g	1	10	m	15	m	15	m	0.2-0.3	g	1	~~~	8m	12	m	12	m	2	0.3	g	r	~~	6m	8m	8m	1	Although	the	above	recommended	values	are	used	when	conceiving	the	structural	layout	of	the	building,	its	structural	stability	should	be	verified	by	calculation.	Limiting	factors	may	be	the	vertical	load-
bearing	capacity	and	the	out-of-plane	bending	capacity	of	these	walls.	4.5.	Wall	Openings	The	size	and	position	of	wall	openings,	such	as	windows	and	doors,	have	a	strong	effect	on	the	in-plane-resistanceof	a	masonry	shear	wall.	When	subjected	to	seismic	loads,	stress	concentration	takes	place	in	the	opening	zones,	which	Architectural	and	Structural
Concepts	of	Earthquake-Resistant	Building	Configuration	79	may	result	in	unexpected	cracking	of	masonry	and	the	subsequent	deterioration	of	resistance	of	masonry	elements	to	in-plane	lateral	loads.	In	order	to	improve	the	behaviour	of	masonry	buildings	when	subjected	to	earthquakes,	the	following	recommendations	should	be	observed	regarding
the	location	and	size	of	the	wall	openings:	Openings	should	be	located	in	those	walls	which	are	subjected	to	smaller	intensity	of	vertical	gravity	loads.	Openings	should	be	located	outside	the	zones	of	direct	influence	of	cocentrated	loads	at	beam	supports.	On	each	storey,	openings	should	be	located	in	the	same	position	along	the	vertical	line.	In	order
to	provide	an	uniform	distribution	of	resistance	and	stiffness	in	two	orthogonal	directions,	openings	should	be	located	symmetrically	in	the	plan	of	the	building.	The	top	of	the	openings	in	the	storey	should	be	at	the	same	horizontal	level.	Openings	should	not	interrupt	r.c.	bond-beams	at	the	top	of	structural	walls.	In	addition	to	the	above,	the	total
length	of	openings	in	a	shear	wall	should	not	exceed	half	of	the	wall’s	length.	It	is	also	recommended	that,	in	the	case	of	brick	and	hollow	unit	masonry	construction	in	the	zones	of	high	expected	seismic	intensity,	the	total	cross-sectional	area	of	structural	walls	in	each	of	two	orthogonal	directions	should	not	be	less	than	3	%	of	the	gross	floor	area.	4.6
Simple	Buildings	For	masonry	buildings	which	comply	with	the	provisions	regarding	the	quality	of	masonry	materials	and	construction	rules	(see	Chapter	3),	and	with	additional	structural	limitations	specified	in	EC	8,	an	explicit	safety	verification	is	not	mandatory.	Such	buildings	are	called	“simple	buildings”.	Simple	buildings	are	regular	buildings
with	an	approximately	rectangular	plan,	where	the	ratio	between	the	length	of	the	long	and	short	side	is	not	more	than	4,	and	the	projections	or	recesses	from	the	rectangular	shape	are	not	greater	than	15	%	of	the	length	of	the	side	parallel	to	the	direction	of	the	projection.	The	number	of	stories	above	ground	for	different	construction	systems	is
limited	depending	on	seismic	zones	to	the	values	given	in	Table	4.3.	The	resisting	walls	(shear	walls,	structural	walls)	should	be	arranged	almost	symmetrically	in	plan	in	two	orthogonal	direction.	A	minimum	of	two	parallel	walls	should	be	placed	in	each	orthogonal	direction,	the	length	of	each	wall	being	Earthquake	-Res	istant	Design	of	Masonry
Buildings	80	greater	than	30	%	of	the	length	of	the	building	in	the	same	direction,	and	the	distance	between	these	walls	not	being	greater	than	75	%	of	the	length	of	the	building	in	the	other	direction.	In	the	case	of	unreinforced	masonry	buildings,	walls	in	one	direction	should	be	connected	with	walls	in	the	orthogonal	direction	at	a	maximum	spacing
of	7.0	m.	Table	4.3.	Number	of	stories	above	ground,	allowed	for	simple	buildings	@C	8).	Design	ground	acceleration	ag	<	0.2	g	0.2-0.3	g	2	0.3	g	I	Unreinforced	masonry	Confined	masonry	Reinforced	masonry	3	4	5	2	3	4	1	2	3	At	every	floor,	the	cross-sectional	area	of	structural	walls	in	two	orthogonal	directions,	given	as	a	percentage	of	the	total
floor	area	above	the	level	considered,	should	be	not	less	than	the	values	given	in	Table	4.4.	Table	4.4.	Minimum	horizontal	shear	wall	cross-section,	given	as	%	of	the	total	floor	area	above	the	level	considered.	Design	ground	acceleration	ag	<	0.2	g	0.2-0.3	g	2	0.3	g	Unreinforced	masonry	Confined	masonry	Reinforced	masonry	3	2	2	5	6	4	5	5	4	In
addition	to	that,	at	least	75	%	of	the	vertical	load	should	be	supported	by	the	structural	walls,	and	the	difference	in	the	mass	and	in	horizontal	cross-section	of	structural	walls	between	the	adjacent	stories	in	two	orthogonal	directions	should	not	be	greater	than	20	%.	4.7	Non-structural	Elements	Failures	or	fall-downs	of	non-structural	elements,	such
as	partition	walls,	chimneys,	masonry	veneer,	ornamentations,	etc.,	might	cause	casualties	and	structural	damage	during	strong	earthquakes.	The	falling-down	of	non-structural	Architectural	and	Structural	Concepts	of	Earthquake-Resistant	Building	Configuration	81	elements	might	also	obstruct	passages	and	emergency	exits,	hence	preventing
emergency	interventions	after	the	earthquakes.	In	this	regard,	when	designing	masonry	buildings	to	resist	seismic	loads,	attention	should	also	be	paid	to	adequate	structural	detailing	of	non-structural	elements.	Partition	walls	are	made	of	Group	3	masonry	units	(see	Table	3.1)	and	are	usually	about	100	mm	thick,	or	less.	Depending	on	their
dimensions	and	the	seismic	zone,	partition	walls	may	be	either	unreinforced	or	reinforced	with	bed	joint	reinforcement	to	prevent	their	out-of-plane	instability.	If	reinforced,	4-6	mm	diameter	bars	are	usually	placed	in	the	bed	joints	with	a	vertical	spacing	of	400-600	mm.	Partition	walls	are	fixed	between	the	floor	slabs	by	means	of	cement	mortar
joints,	whereas	their	connection	with	structural	walls	or	tiecolumns	along	the	vertical	borders	is	achieved	either	by	bond	or	by	steel	anchors.	The	out-of-plane	stability	of	partition	walls	should	be	verified	by	calculation	(see	Sections	7.8	and	7.9).	It	is	recommended	that	masonry	gable	end	walls	and	attics	higher	than	0.5	m	are	anchored	to	the
uppermost	floor	bond-beams.	In	order	to	connect	those	walls,	r.c.	bond-beams	should	also	be	provided	on	top	of	those	walls.	In	the	case	where	the	height	of	those	walls	exceeds	4	m,	intermediate	bond-beams	should	be	added	at	intervals	not	exceeding	2	m.	In	addition	to	that,	r.c.	tie-columns,	as	specified	in	Section	3.3.2,	should	be	provided	at
distances	not	exceeding	4	m,	and	should	be	well	connected	together	with	r.c.	bond-beams	(Fig.	4.6).	Figure	4.6.	Tying	of	gable	end	walls	and	attics	with	r.c.tie-beams	and	columns.	82	Earthquake-Resistant	Design	of	Masonry	Buildings	Masonry	veneer	represents	an	architectural	feature	used	to	improve	the	outlook	of	the	faces	of	a	building.	Masonry
veneer	is	supported	by	the	main	structural	system	and	can	either	be	adhered	or	anchored	to	the	backing	structure.	If	veneer	is	not	a	part	of	a	structural	wall,	and	is	made	as	a	free	standing	wall	of	special	veneer	units,	it	should	be	adequately	bonded	to	the	backing	structure,	even	though	it	does	not	contribute	to	its	strength.	In	the	case	where	masonry
veneer	wall	is	attached	to	a	masonry	wall,	many	problems	related	to	differential	movements	between	veneer	and	support	due	to	shrinkage,	short	and	long	term	deflections,	temperature	differences,	and	the	like,	occurring	in	the	case	of	masonry	veneer	attached	to	r.c.	or	steel	structures,	disappear.	However,	in	order	to	prevent	its	falling-out	during
earthquakes,	even	adhered	masonry	veneer	should	be	adequately	anchored	to	structural	walls	with	steel	anchors	or	connectors.	Although	no	specific	requirements	regarding	masonry	veneer	are	provided	in	EC	6	and	EC	8,	it	is	obvious	that	similar	rules	as	in	the	case	of	non-structural	walls	should	be	considered	to	verify	the	stability	of	masonry	veneer
(see	Sections	7.8	and	7.9).	Free	standing	chimneys	and	ventilation	stacks	should	be	constructed	using	cement	mortars.	Adequate	anchoring	into	the	top	floor	and	reinforcement	above	the	top	floor	level	should	be	provided.	Ornamentations,	such	as	cornices,	vertical	or	horizontal	cantilever	projections,	etc.,	should	be	reinforced	with	steel	reinforcement
and	adequately	anchored	into	the	main	structural	system	of	the	building.	The	adequacy	of	the	anchoring	should	be	verified	by	calculation	as	specified	in	Sections	7.8	and	7.9.	4.8	References	Eurocode	6:	Design	of	masonry	structures,	Part	1-1:	General	rules	for	buildings.	Rules	for	reinforced	and	unreinforced	masonry.	ENV	1996-1-1	:	1995	(CEN,
Brussels,	1995).	Eurocode	8:	Design	provisions	for	earthquake	resistance	of	structures,	Part	1-2:	General	rules	and	rules	for	buildings	-	General	rules	for	buildings.	ENV	1998-1-2:	1995	(CEN,	Brussels,	1995).	Eurocode	8:	Design	provisions	for	earthquake	resistance	of	structures,	Part	1-3:	General	rules	-	Specijic	rules	for	various	materials	and
elements.	ENV	1998-1	-3	:	1995	(CEN,	Brussels,	1995).	Architectural	and	Structural	Concepts	of	Earthquake-Resistant	Building	Configuration	[4]	[5]	83	Construction	Under	Seismic	Condition	in	the	Balkan	Region.	Vol.	3	:	Design	and	Construction	of	Stone	and	Brick-masonry	Buildings	(UNIDO/UNDP,	Vienna,	1984).	International	Recommendations	for
Design	and	Erection	of	Unreinforced	and	Reinforced	Masonry	Structures.	CIB	Recommendations,	Publication	94	(CIB,	Rotterdam,	1987).	CHAPTER	5	FLOORS	AND	ROOFS	5.1	Introduction	Masonry	buildings	represent	box-type	structural	system	composed	of	vertical	structural	elements	-	walls,	and	horizontal	structural	elements	-	floors	and	roofs.
Vertical	gravity	loads	are	transferred	from	the	floors	and	roof,	which	act	as	horizontal	flexural	elements,	to	the	bearing	walls,	which	support	the	floors	and	act	as	vertical	compression	members.	Finally,	the	loads	are	transferred	fkom	the	bearing	walls	to	the	foundation	system	and	into	the	ground.	In	the	case	of	earthquakes,	however,	floors	and	roof
act	as	horizontal	diaphragms	which	transfer	the	seismic	forces,	developed	at	floor	levels,	into	the	walls.	In	addition	to	this,	floors	and	roofs	connect	the	structural	walls	together	and	distribute	the	horizontal	seismic	forces,	developed	in	a	masonry	building,	among	the	structural	walls	in	proportion	to	their	lateral	stiffness.	Bond-beams	are	provided
along	each	structural	wall	at	floor	levels	to	assist	the	floors	in	connecting	the	structural	walls.	5.2	Floors	According	to	EC	6	and	EC	8	[l,	21,	a	floor	or	roof	structure	can	be	made	of	reinforced	or	precast	concrete	or	timber	joists	incorporating	boarding,	provided	the	floor	or	roof	structure	is	capable	of	developing	horizontal	diaphragm	action.	The
connection	between	the	floors	and	walls	should	be	provided	by	steel	ties	or	r.c.	bond-beams.	The	design	lateral	loads	should	be	transferred	between	the	walls	and	interconnecting	elements	either	by	means	of	anchors	(straps)	or	by	the	frictional	resistance	between	the	walls	and	the	floors	or	roofs.	85	86	Earthquake-Resistant	Design	of	Masonry
Buildings	Different	types	of	floors	can	be	used	in	the	earthquake	resistant	construction	of	masonry	buildings.	Monolithic	r.c.	slabs,	which	are	cast	simultaneously	with	r.c.	bond-beams	(Fig.	5.	l),	represent	the	most	simple	solution.	Sufficient	bearing	length,	being	not	less	than	65	mm	in	normal	cases,	should	provide	the	required	bearing	capacity	and
transfer	of	shear	forces.	-	--	Rc.	slab	-	Figure	5.1.	TypicaI	example	of	monolithic	cast-in-place	r.c.	slabs	with	bond-beams	(after	[3]).	prefabricated	element	st-in-place	concrete	earn	U	Figure	5.2,	Typical	example	of	prefabricated	slabs	with	r.c	topping	and	bond-beams	(after	[3]).	87	Floors	and	Roofs	In	cases	where	the	floors	are	made	of	prefabricated,
reinforced-concrete	or	reinforced-masonry	elements,	precast	elements	should	be	well	anchored	into	the	bond-beams	along	the	wall.	R.c.	topping	having	a	minimum	thickness	of	40	mm,	made	of	at	least	grade	C	20	concrete	and	reinforced	with	at	least	6-mm	diameter	bars	at	200	mm	intervals	in	both	orthogonal	directions,	placed	at	the	mid-depth	of
the	topping,	should	be	cast	simultaneously	with	r.c.	bond-beams	(Fig.	5.2).	In	cases	where	the	floors	are	made	of	large	prefabricated	elements	without	r.c.	topping,	steel	connectors	should	be	provided	along	the	connections	between	two	elements	to	transfer	the	shear	and	tension	forces	developed	in	the	horizontal	diaphragm	during	an	earthquake	fiom
one	element	to	another.	Steel	connectors	should	be	strong	enough	to	ensure	monolithic	rigid	diaphragm	action	of	the	floor	during	the	strongest	expected	earthquake.	Adequate	anchors	should	also	be	provided	at	supports	to	ensure	good	connection	of	structural	walls	and	rigid	horizontal	diaphragm	action	of	such	type	of	floors	(Fig.	5.3).	icntcd	elcmcnl
elem	m-	I	Figure	5.3.	Typical	example	of	a	slab	made	of	large	prefabricated	elements	(after	[3]).	Wooden	floors	represent	flexible	horizontal	diaphragms.	As	some	recent	experimental	and	analytical	studies	indicate,	the	flexibility	of	horizontal	wooden	floors,	adequately	anchored	to	structural	walls,	may	improve	the	seismic	behaviour	of	masonry
buildings	in	the	specific	case	of	long	span	structural	walls	141	88	Earthquake-Resistant	Design	of	Masonry	Buildings	In	the	case	of	wooden	floors,	rigid	horizontal	diaphragm	action	is	provided	by	nailing	plywood	to	timber	joists	at	the	bottom	and	top,	or	by	nailing	boards	or	planks	to	timber	joists	in	both	diagonal	directions:	in	one	direction	at	the
bottom	and	in	the	other	one	at	the	top	(Fig.	5.4).	Sometimes,	wooden	floors	are	stiffened	by	nailing	boards	or	planks	in	both	orthogonal	directions	only	at	the	top	of	the	joists.	In	any	case,	however,	r.c.	bond-beams	or	steel	ties	should	be	provided	along	the	walls,	and	timber	joists	should	be	anchored	into	the	bond-beams	or	walls	with	steel	anchors.
Figure	5.4.	Stiffening	of	wooden	floors.	5.3	Bond-beams	Horizontal	r.c.	bond-beams	(tie-beams)	should	be	constructed	at	the	top	of	all	structural	walls	at	every	floor	level,	or	with	a	distance	not	exceeding	4	m	between	them.	Bond-beams	represent	a	horizontal	framing	system	which	-	Transfers	the	horizontal	shear	induced	by	the	earthquakes	fiom	the
floors	to	the	structural	walls.	-	Connects	the	structural	walls.	-	Improves	the	in-plane	rigidity	of	horizontal	floor	diaphragms.	-	In	combination	with	vertical	tie-columns,	improves	the	strength	and	energy	dissipation	capacity	of	masonry	walls.	In	order	to	achieve	the	assumed	behaviour,	a	number	of	structural	details	and	recommendations	has	been
developed	on	the	basis	of	experience	and	experimental	research.	Concrete	of	at	least	class	C	15	should	be	used.	According	to	specifications	given	in	EC	8,	the	cross-section	of	horizontal	bond-beams	should	not	be	less	than	150	by	150	mm.	Usually,	the	vertical	dimension	of	a	r.c.	section	of	a	bond-beam	is	equal	to	the	thickness	of	the	floor	structure,
whereas	its	Floors	and	Roofs	89	horizontal	dimension	may	be	less	than	the	thickness	of	the	wall	in	order	to	accommodate	an	outer	thermal	insulation	layer,	but	not	less	than	150	mm.	Following	the	experiments	and	observations,	at	least	four	plain	steel	(yield	stress	2	240	m	a	)	,	10-mm	diameter	reinforcing	bars,	with	a	total	of	314	mm	crosssectional
area,	should	be	used	to	reinforce	the	bond-beam,	although	a	cross2	section	of	240	mm	is	specified	as	the	minimum	by	EC	8.	These	requirements	need	to	be	considered	in	correlation	with	the	limitation	of	the	height	of	unreinforced	masonry	buildings	in	seismic	zones	(see	Section	4.3).	In	order	to	provide	the	integrity	of	the	walls’	connecting	system,
care	should	be	taken	that	the	reinforcement	of	the	bond-beams	is	adequately	spliced	and	anchored	at	the	corners	and	at	wall	intersections.	Stirrups	of	6-mm	diameter	plain	bars	at	200	mm	intervals	are	used	to	confine	the	longitudinal	reinforcement.	Sixty	bar	diameters	overlaps	are	required	by	EC	8	for	the	longitudinal	reinforcement	of	the	bond-
beams.	According	to	EC	6	and	EC	8,	the	resistance	of	the	r.c.	bond-beams	should	not	be	taken	into	account	in	the	design,	and	the	bond-beams	do	not	need	to	be	designed	for	seismic	loads.	As	was	the	case	of	vertical	confining	elements,	this	is	a	mere	consequence	of	fact	that	limited	experimental	information	regarding	the	mechanism	of	action	and
distribution	of	lateral	seismic	loads	onto	bond-beams	and	structural	walls	during	earthquakes	is	available.	The	amount	of	reinforcement	in	the	bond-beams	is	determined	on	empirical	basis	[3].	In	Table	5.1,	a	proposal	is	given	to	choose	the	adequate	dimensions	and	number	of	plain	steel	(yield	stress	240	MPa)	reinforcing	bars	of	horizontal	confining
elements	on	the	basis	of	the	number	of	storeys	of	the	building	under	consideration	and	the	seismicity	of	the	location.	Table	5.1.	Typical	reinforcement	of	horizontal	r.c.	bond-beams	(after	[3]).	No.	of	Position	Low:	Moderate	:	0.2	g	S	ag	c	0.3	g	ag	c	0.2	g	storeys	(storey)	4	bars,	4	8	mm	4	bars,	4	10	mm	2	1-2	4	1-2	4	bars,	4	1	0	mm	4	bars,	4	12	mm	4
bars,	4	8	mm	4	bars,	4	10	mm	2-4	4	6	1-2	4	bars,	4	12	mm	4	bars,	4	14	mm	6	3-4	4	bars,	4	10	mm	4	bars,	4	12	mm	4	bars,	4	8	m	m	4	bars,	4	1Omm	5-6	6	--	~	~~	~	I	I	High:	0.3	g	5	ag	4	bars,	4	12	mm	~	4	bars,	4	bars,	4	14	mm	4	12	mm	4	bars,	4	16	mm	4	bars,	4	14	mm	I	4	bars,	4	12mm	90	Earthquake-Resistant	Design	of	Masonry	Buildings	However,
as	indicated	by	experiments	(see	Section	10.5.1.),	two	mechanisms	govern	the	behaviour	of	bond-beams	in	the	case	of	flexible	floors:	bending	due	to	out-of-plane	vibration	of	the	walls	and	tension	due	to	seismic	shear	which	developed	in	the	walls	in	the	direction	of	seismic	action.	However,	in	the	case	of	monolithic	floors	and	rigid	horizontal	floor
diaphragm	action,	the	bond-beams	represent	a	constituent	part	of	the	diaphragm.	In	this	particular	case,	their	reinforcement	is	carrying	the	tension	developed	in	the	tensioned	chord	of	the	diaphragm,	subjected	to	seismic	loads.	5.4	Lintels,	Balconies	and	Overhangs	For	vertical	loads	lintels	function	as	beams,	which	support	the	weight	of	the	wall	and
floor	above	the	opening.	Lintels	can	be	made	of	either	cast-in-place	concrete,	or	prefabricated	reinforced	concrete,	or	reinforced	masonry	elements.	Depending	on	the	distance	from	the	top	of	the	opening	to	the	top	of	the	adjoining	floor,	cast-in-place	lintels	can	be	cast	either	independently	or	monolithically	with	the	bond-beam	and	floor	slab.	The	latter
solution	provides	improved	behaviour	in	the	case	of	an	earthquake	(Fig.	5.5).	Monolithic	bond-beam	and	lintel	Bond-beam	Lintel	Figure	5.5.	Typical	configuration	of	lintels	in	seismic	zones	(after	[3]).	In	seismic	zones,	the	lintels	and	parapets	should	be	regularly	bonded	to	the	masonry	of	the	adjoining	walls	and	connected	to	them	with	horizontal
reinforcement.	In	the	case	where	r.c.	tie-columns	are	used	to	confine	the	walls	along	the	openings,	the	reinforcement	of	the	lintels	should	be	anchored	into	r.c.	tie-columns.	In	order	to	prevent	local	collapse	due	to	crushing	of	supports	in	earthquakes,	sufficient	bearing	length	should	be	provided	at	the	end	of	the	lintels.	Floors	and	Roofi	91	It	is
recommended	that	a	minimum	of	250	mm	bearing	length	should	be	provided	at	both	ends.	As	a	rule,	the	lintel	width	should	be	equal	to	the	thickness	of	the	wall.	In	the	case	of	external	walls,	however,	the	lintel	width	may	be	reduced	to	accommodate	the	outer	thermal	insulation	layer.	As	is	the	case	of	bond-beams,	the	lintel	width	should	not	be	less
than	150	mm.	Figure	5.6.	Typical	disposition	of	cantilever	slabs	and	overhangs	(after	[3]).	Balconies	and	overhangs	are	typical	cantilever	structural	elements,	where	non-desirable	vertical	vibration	can	be	induced	during	earthquakes.	In	order	to	reduce	the	vertical	oscillation,	it	is	recommended	that	the	span	of	balconies,	overhangs	and	other
cantilever	elements	should	be	limited	to	(Fig.	5.6):	-	1.20	m	for	cantilever	slabs	cast	continuously	with	the	floor	slabs,	and	-	0.50	m	for	cantilever	slabs	anchored	into	the	bond-beams	without	the	continuity	with	the	floor	slab.	The	stability	of	cantilever	balconies	and	overhangs,	exceeding	the	recommended	span,	should	be	verified	by	taking	into	account
the	vertical	component	of	seismic	loads.	According	to	EC	8	[	6	]	,the	analysis	for	determining	the	effects	of	the	vertical	component	of	the	seismic	action	can	be	carried	out	on	the	basis	of	a	partial	model	of	the	structure,	which	includes	the	elements	under	consideration	and	takes	into	account	the	stiffhess	of	the	adjacent	elements.	According	to	EC	8	[7],
the	effects	of	vertical	components	of	seismic	motion	are	modelled	by	the	response	spectrum	as	defined	in	Section	2.2.5,	but	with	the	ordinates	reduced	by	a	factor	of	0.7	for	vibration	periods	T	shorter	than	0.15	s,	by	a	factor	of	0.50	for	vibration	periods	longer	than	0.50	s,	and	linearly	interpolated	value	of	factor	for	a	vibration	period	between	0.15	s
and	0.50	s.	92	Earthquake-Res	istant	Design	of	Masonry	Buildings	5.5	Roofs	In	order	to	transfer	inertia	forces	developed	at	the	roof	level	into	the	supporting	walls,	the	roof	system	should	be	adequately	braced	in	both	orthogonal	directions,	and	should	be	adequately	anchored	into	the	r.c.	bond-beam,	constructed	at	the	top	of	the	load-bearing	and
structural	walls	(Fig.	5.7).	Structural	systems	which	exert	lateral	forces	on	the	attic	masonry	walls	and	gable	walls	should	be	avoided.	If	such	situations	cannot	be	avoided,	the	attic	walls	should	be	anchored	to	the	uppermost	floor	by	means	of	adequately	spaced	r.c.	tie-columns.	Figure	5.7.	Typical	timber	roof	structure.	In	order	to	reduce	seismic
loads,	light	roof	structural	systems	and	roof	cover	(tiles)	are	preferred	to	massive	structures.	Where	prefabricated	elements	are	used,	r.c.	cast-in-place	topping	with	a	minimum	thickness	of	40	mm	should	be	provided.	In	such	a	case	the	ends	of	the	prefabricated	elements	should	be	embedded	into	the	r.c.	bond-beam	along	the	complete	perimeter	of	the
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BASIC	CONCEPTS	OF	LIMIT	STATES	VERIFICATION	OF	SEISMIC	RESISTANCE	OF	MASONRY	BUILDINGS	6.1	Fundamentals	After	many	centuries	of	traditional	use	and	decades	of	allowable	stresses	methods,	limit	states	verification	of	seismic	resistance	of	masonry	structures	has	been	recently	introduced	to	seismic	codes.	The	philosophy	of
Eurocode	6:	Design	of	masonry	structures	[I]	and	Eurocode	8:	Design	provisions	for	earthquake	resistance	of	structures	[2],	which	regulate	the	design	and	construction	of	masonry	structures,	is	based	on	the	fundamental	requirement	that	a	structure	should	be	designed	so	that,	with	acceptable	probability,	it	will	remain	in	use	within	the	expected	life
period	and	under	expected	maintenance	conditions.	This	means	that	the	structure	should	withstand	all	actions	and	influences	likely	to	occur	in	its	life	time	without	substantial	damage,	but	will	also	not	be	damaged	disproportionally	in	cases	where	accidental	events	such	as	explosions,	impacts,	earthquakes	or	human	errors	might	occur.	In	seismic
regions,	two	basic	requirements	are	considered	in	the	design:	0	No	collapse	requirement,	and	Damage	limitation	requirement.	The	structure	should	be	designed	and	constructed	to	withstand	the	design	seismic	action	without	local	or	general	collapse.	It	should	also	retain	structural	integrity	and	load-bearing	capacity	after	being	subjected	to	an
earthquake	with	expected	intensity	(design	earthquake).	If	the	structure	is	subjected	to	seismic	95	96	Earthquake-Resistant	Design	of	Masonry	Buildings	actions	having	higher	probability	of	occurrence	than	the	design	earthquake,	but	of	a	lesser	intensity,	no	damage	to	structural	or	non-structural	elements	should	occur	that	might	limit	the	use	of	the
building,	or	the	costs	of	which	would	be	disproportionally	high.	Therefore,	two	basic	limit	states,	corresponding	to	the	above	criteria,	need	to	be	verified	in	the	design	of	a	structure	to	resist	seismic	loads:	Ultimate	limit	state	which	is	associated	with	collapse	or	other	forms	of	structural	failure	which	may	endanger	the	safety	of	people,	and
Serviceability	limit	state	which	is	associated	with	the	occurrence	of	damage,	deformations	or	deflections,	beyond	which	the	specified	service	requirements	of	the	building	are	no	longer	met.	Because	of	specific	characteristics	of	masonry	structures	and	masonry	materials,	there	is	usually	no	need	to	check	the	serviceability	limit	states.	Generally,
masonry	buildings	are	rigid	structures	in	the	case	of	which	even	ultimate	deformations	and	displacements	are	relatively	small.	In	most	cases,	if	a	masonry	structure	is	verified	for	ultimate	state,	the	requirements	for	serviceability	limit	will	be	automatically	fulfilled.	6.2	safety	Verification	and	Partial	Safety	Factors	for	Materials	The	safety	of	a	structure
against	earthquakes	is	a	probabilistic	function	which	depends	on	the	expected	seismic	action	and	ability	of	the	structural	system	to	resist	the	earthquake.	According	to	EC	6	and	EC	8,	the	following	general	relationship	shall	be	satisfied	for	all	structural	elements:	where	Ed	is	the	design	value	of	the	actions'	effects,	and	Rd	is	the	design	resistance
capacity	of	a	structural	member	under	consideration.	When	considering	a	limit	state	of	transformation	of	the	structure	into	a	mechanism,	it	should	be	verified	that	a	mechanism	does	not	occur	unless	the	actions	exceed	their	design	values.	According	to	EC	8,	the	design	value	Ed	of	the	actions'	effects,	i.e.	the	design	value	of	bending	moments,	axial	and
shear	forces	in	the	seismic	design	situation	is	determined	by	combining	the	characteristic	values	of	the	relevant	actions	defined	in	EC	8	and	Eurocode	1:	Basis	of	design	and	action	on	structures	[3]:	97	Basic	Concepts	of	Limit	States	Verification	of	Seismic	Resistance	of	Masonry	Buildings	where	Gly	=	the	characteristic	value	of	permanent	action	j,	i.e.
self-weight	of	the	structure	(dead	load	),	fixed	equipment,	etc.,	AEd	=	the	design	value	of	seismic	action	for	the	reference	return	period,	Pk	=	the	characteristic	value	of	prestressing	action,	if	any,	&i	=	the	characteristic	value	of	variable	action	i.	Snow,	wind	and	fire	are	not	taken	into	account	in	the	case	of	an	earthquake,	y~=	the	importance	factor,	~
2	,=	i	the	combination	coefficient	for	quasi	permanent	value	of	variable	action	i	(live	load).	In	the	case	of	residential	and	office	buildings,	~2	=	0.3,	in	the	case	of	congregation	areas	and	shopping,	however,	~2	=	06.	Importance	categories	and	importance	factors	for	buildings	y1	are	given	in	Table	6.1.	The	importance	factor	=	1.O	is	associated	with	the
design	earthquake	having	a	reference	return	period	of	475	years.	Table	6.1.	Importance	categories	and	importance	factors	for	buildings	(EC	8).	Importance	I	Buildings	~	~	I1	I11	~~	Buildings	whose	integrity	during	earthquakes	is	of	vital	importance	for	civil	protection,	e.g.	hospitals,	fire	stations,	power	plants,	etc.	Buildings	whose	seismic	resistance
is	of	importance	in	view	of	the	consequences	associated	with	a	collapse,	e.g.	schools,	assembly	halls,	cultural	institutions,	etc.	Buildings	of	intermediate	size	and	normal	use,	e.g.	apartment	houses,	office	buildings,	etc.	Buildings	of	minor	importance	for	public	safety,	e.g.	agricultural	buildings,	etc.	~	I	Importance	factors,	y~	~-	I	I	~	1.4	1.2	I	1.o	I	0.8
According	to	design	philosophy	of	the	Eurocodes,	characteristic	values	of	material	mechanical	properties	should	be	taken	into	account	in	the	calculations	of	design	resistance	capacity	Rd	of	masonry	structural	members.	However,	to	be	in	compliance	with	the	design	actions’	effects	in	the	seismic	situation,	the	characteristic	values	of	material
mechanical	properties	are	further	reduced	by	partial	safety	factors	for	materials	YM	in	the	case	where	the	ultimate	limit	state	is	98	Earthquake-Resistant	Design	of	Masonry	Buildings	verified	in	accordance	with	Eq.	(6.1).	The	values	of	partial	safety	factors	of	masonry	in	a	nonnal	situation	are	given	in	Table	6.2.	Table	6.2.	Partial	safety	factors	for
material	properties	"(M	(EC	6).	YM	Category	of	execution	C	A	B	Category	of	I	1.7	2.2	2.7	manufacturing	control	of	I1	2.0	2.5	3.0	masonry	units	Anchorage	and	tensile	and	compressive	2.5	2.5	2.5	resistance	of	wall	ties	and	straps	Anchorage	bond	of	reinforcing	steel	1.7	2.2	Steel	(Ys)	1.15	1.15	Note:	The	value	of	y~	for	concrete	infill	should	be	taken	as
that	appropriate	to	the	category	of	manufacturing	control	of	the	masonry	units	in	the	location	where	the	infill	is	being	used	Masonry	(see	note)	i	In	a	seismic	situation,	however,	the	values	of	partial	safety	factors	for	masonry	strength	ym	are	reduced.	The	recommended	values	are	specified	in	Table	6.3.	The	partial	safety	factor	for	reinforcing	steel
should	be	taken	as	ys=	1.O.	Table	6.3.	Partial	safety	factors	for	masonry	strength'ym	in	seismic	situations	(EC8).	ICategory	of	execution	I	I	A	I	B	I	C	I	Category	of	manufacturing	control	of	masonry	units	It	is	clear	that,	once	the	safety	level	of	the	structure	against	earthquakes	have	been	decided	upon,	the	determination	of	both	the	design	seismic
action	and	design	resistance	capacity	becomes	an	interdependent	procedure.	The	philosophy	of	determination	of	partial	and	global	safety	factors	used	in	the	calculation	of	R	d	and	structural	behaviour	factors	used	in	the	calculation	of	Ed	should	be	compatible,	otherwise	the	verification	according	to	Eq.(6.1)	would	lead	to	the	99	Basic	Concepts	of
Limit	States	Verification	of	Seismic	Resistance	of	Masonry	Buildings	wrong	conclusions.	In	order	to	estimate	accurate	values	of	parameters	appearing	on	both	sides	of	Eq.	(6.1),	realistic	data	about	the	seismic	behaviour	of	the	structure	under	consideration	and	the	expected	seismic	ground	motion	should	be	known.	Since	limit	states	of	structural
behaviour	are	considered,	mathematical	models	should	be	developed	on	the	basis	of	the	experimentally	verified	theoretical	hypotheses	that	take	into	account	the	characteristics	of	the	actual	seismic	behaviour	of	structures.	6.3	Design	Seismic	Action	To	determine	the	design	value	of	seismic	action,	the	presence	of	all	gravity	loads	(in	other	words:
masses,	inducing	seismic	forces)	should	be	taken	into	account	in	the	following	combination:	where:	VEi	=	(p	V2i,	and	the	values	of	(p	are	given	in	Table	6.4.	Table	6.4.	Values	of	3.5	m	or	n	=	4,	H	<	3.5	m:	Ph	=	2,	n	=	4,	H	>	3.5	m	or	n	=	5,	H	<	3.5	m:	Ph	=	4,	n	=	5	,	H	>	3.5	m	or	n	=	6,	H	<	3.5	m:	Ph	=	6.	The	seismicity	of	micro-location	of	the
building,	expressed	in	terms	of	design	ground	acceleration	ag	is	defined	by	the	parameter	Pi:	ag=O.l5:	Pi=O,	ag	=	0.20:	Pi	=	3,	0	~g	=	0.25:	Pi	=	9,	ag=	0.30:	Pi	=	15.	The	seismic	vulnerability	index	of	individual	buildings	is	then	calculated	by:	(10.1)	As	can	be	seen,	the	frnal	index	is	corrected	by	factor	Fs,	which	takes	into	account	the	structural
system.	According	to	the	proposed	methodology,	Fs	=	1.0	for	plain	and	Fs=	0.75	for	confined	masonry	buildings.	The	method	has	not	yet	been	calibrated	to	earthquake-damaged	buildings.	However,	as	can	be	seen	in	Fig.	10.7,	where	the	assessed	values	are	correlated	with	the	values	obtained	by	detailed	seismic	resistance	verification	of	a	group	of
existing	masonry	buildings	in	the	City	of	Ljubljana	[27],	reliable	estimates	can	be	obtained	by	this,	although	simple,	method.	Recently,	expert	systems,	based	on	large	databases	of	the	values	of	many	parameters	influencing	the	seismic	resistance	of	buildings,	have	been	developed	[283.	In	most	cases,	non-parametric	models	and	neural	networks	are
used	to	model	the	seismic	vulnerability.	10.4	Methods	of	Strengthening	of	Masonry	Walls	Different	technical	measures	have	been	developed	for	repairing	and	strengthening	masonry	buildings.	Some	of	them	are	based	only	on	the	analysis	of	earthquake	damage	and	engineering	judgement,	and	have	never	been	actually	verified.	Others,	however,	are
based	on	both	earthquake	damage	observation	and	experimental	investigations,	and	have	been	verified	either	in	the	laboratory	or	by	a	real	earthquake.	Different	methodologies	are	available	for	different	types	of	masonry	walls.	The	type	and	quality	of	masonry	materials	and	a	building's	structural	layout	are	the	main	criteria	to	be	considered	when
choosing	the	Repair	and	Strengthening	of	Masonry	Buildings	217	adequate	method	of	strengthening.	However,	the	choice	of	the	most	suitable	technical	solution	depends	also	on	the	required	degree	of	improving	the	resistance	of	the	wall.	This	is	indicated	by	seismic	resistance	verification	and	redesign	of	the	existing	structure.	While	efficient
interventions	in	stone-masonry	are	more	or	less	limited	to	injecting	the	grout	into	the	void	parts	of	the	walls,	various	possibilities	are	available	for	the	repair	and	strengthening	of	brick-	and	block-masonry	walls.	The	procedures	can	be	classified	into	the	following	main	groups:	Repair	of	cracks.	Repointing	the	joints	with	cement	mortar.	Application	of
reinforced	cement	coating	on	one	or	both	sides	of	the	walls.	Grouting	with	cement,	modified	cement,	or	epoxy	grout.	Prestressing	the	walls	in	vertical	or	horizontal	direction.	Reconstruction	of	the	most	damaged	parts	of	the	walls.	10.4.I	Repair	of	cracks	According	to	recommendations	given	in	Annex	K	to	Part	1-4	of	EC	8,	cracks	may	be	sealed	with
mortar	if	the	crack	width	is	large	(about	10	mm),	and	the	thickness	of	the	wall	is	relatively	small.	Otherwise,	the	cracks	should	be	injected	with	cement	grout	which	contains	admixtures	against	shrinkage.	If	the	cracks	are	fine,	the	use	of	epoxy	is	recommended,	but	if	the	cracks	are	larger	than	10	m,	the	damaged	area	should	be	reconstructed	using
stitching	bricks.	In	the	case	of	brick	and/or	block	masonry,	the	cracks	can	be	injected	either	with	epoxy,	if	their	width	does	not	exceed	1.0	mm,	or	with	cement	grout,	if	their	width	varies	between	0.3-3.0	mm.	Taking	into	account	the	effectiveness	of	intervention	and	the	cost	of	materials,	the	use	of	cement	grouts	has	been	preferred	to	epoxy	injections
for	the	repair	of	earthquake-damaged	masonry	walls.	However,	experience	has	shown	that	the	price	of	epoxy	grout	can	be	reduced	and	application	range	increased	by	adding	inert	filler	materials,	such	as	fine-grained	quartz	sand,	to	epoxy	resins.	In	order	to	inject	the	cracks	with	cement	grout,	the	damaged	part	of	plaster	is	removed	from	the	wall,
and	the	injection	nozzles	are	built	into	the	holes,	drilled	into	the	wall	along	the	crack	at	0.3-0.6	m	intervals.	The	surface	of	the	wall	is	then	cleaned,	and	the	cracks	are	sealed	and	the	nozzles	fixed	to	the	wall	with	fast	binding	mortar.	Before	injecting,	cracks	are	washed	with	water.	Usually,	the	mix	consisting	of	90%	of	Portland	cement	and	10%	of
Pozzolana,	is	used.	In	the	case	21	8	Earthquake-Resistant	Design	of	Masonry	Buildings	of	grouting	of	5.0-10.0	mm	wide	cracks,	fine	sand	can	be	added	to	the	mix	for	better	results.	When	injecting	the	grout,	the	pressure	in	the	container	is	slowly	increased	up	to	3	bar	and	is	kept	constant	until	the	wall	absorbs	the	grout.	After	that,	the	pressure	is
increased	to	4	bar	and	kept	constant	for	5-10	minutes	in	order	to	densify	the	mix	and	to	drain	excess	water.	The	effect	of	grouting	the	cracks	on	the	lateral	resistance	of	brick-	and	blockmasonry	walls	has	been	tested	experimentally	[29].	It	has	been	found	that	by	injecting	the	cracks	with	cement	or	epoxy	grout,	the	original	load-bearing	capacity	of	the
walls	is	recovered	(sometimes	even	improved,	as	in	the	case	of	poor	quality	masonry),	but	the	rigidity	in	most	cases	is	not.	Therefore,	the	grouting	of	cracks	in	brick-	or	block-masonry	walls	represents	a	typical	method	of	structural	repair.	Typical	results	are	given	in	Table	10.3.	Table	10.3.	Effect	of	injecting	the	cracks	on	tensile	strength	and	shear
modulus	(af€er1291).	I	Grouted	cracks	Original	Masonry	unit	I	~	Brick	(B	20)	Brick	(B	20)	0.5	3	.O	0.07	0.20	-	0.1	1	0.25	-	Ceramic	block	(B	20)	Ceramic	block	(B20)	4.8	6.1	0.15	0.19	360	240	0.26	0.18	250	380	Light	concrete	block	(B	7.5)	2.9	0.19	380	0.28	380	Fly-ash	block	(B	15)	Fly-ash	block	(B	15)	1.3	1.3	0.14	0.16	370	480	0.14	0.22	230	490	In
the	case	of	excessively	wide	cracks	in	brick	and/or	block	masonry	walls,	the	damaged	area	is	reconstructed	as	recommended	in	Part	1-4	of	EC	8,	or	cracks	are	sealed	with	cement	mortar	or	grouted,	but	in	addition,	the	area	around	the	crack	is	coated	with	reinforced-cement	coating	(Fig.	10.8),	as	described	in	subsequent	sections.	In	such	a	way,	good
connection	between	the	separated	parts	of	the	wall	is	provided	and	the	integrity	of	resisting	elements	ensured.	219	Repair	and	Strengthening	of	Masonry	Buildings	0.3	m	0.10-0.15	m	0.3	m	m	t	0.3	m	0.10-0.15	m	0.3	m	=	0.	.	.	.	,	,	.	,,,,	~	Figure	10.8.Repairing	of	heavily	cracked	brick-masonry	wall	with	r.c.	coating	(after	[S]).	Heavily	damaged	part
Rebuilt	with	original	material	Figure	10.9.	Reconstruction	of	the	central	part	of	a	heavily	cracked	stone-masonry	wall	(after	[S	I).	In	the	case	of	stone-masonry	walls,	however,	reconstruction	of	parts	or	complete	walls	is	usually	necessary	where	severe	cracks	occur	in	the	middle	part	of	the	wall,	or	if	that	part	of	the	wall	has	been	disintegrated	during
the	earthquake.	In	the	case	of	reconstruction,	original	materials,	mortar	and	stone,	which	are	compatible	with	the	materials	of	the	remaining	part	of	the	wall,	should	be	used	(Fig.	10.9).	If,	for	example,	the	part	of	the	masonry	that	is	removed	is	220	Earthquake-Resistant	Design	of	Masonry	Buildings	replaced	by	concrete,	the	rigid	concrete	element
represents	a	potential	cause	of	serious	damage	to	neighbouring	masonry	during	the	future	seismic	events.	However,	care	should	be	taken	to	improve	the	integrity	of	the	masonry	wall	by	using	connecting	(stitching)	stones,	as	well	as	to	provide	good	connection	between	the	existing	and	new	masonry.	10.4.2	Repointing	Where	the	bed-joints	are
relatively	level,	the	mortar	is	poor	and	the	units	are	good,	the	resistance	of	a	wall	to	vertical	and	lateral	loading	can	be	considerably	improved	by	replacing	a	part	of	the	existing	mortar	with	mortar	of	significantly	better	quality,	e.g.	cement	mortar.	ti3	2i3	t	w	tt3	ti3	-i1	L	tf3	1	1	ti3	ti3	ti3	tt-t-t	Figure	10.10.	Repointing	of	a	brick-masonry	wall.	For	that
purpose,	existing	mortar	up	to	1/3	of	the	wall’s	thickness	is	removed	from	the	joints	on	one	or	both	sides	of	the	wall	using	clamps	or	electric	tools.	In	order	to	prevent	vertical	instability,	the	wall	is	first	repointed	on	one	and	then	the	other	side.	Care	should	be	taken	and	numerical	verification	of	stability	(buckling)	is	needed	to	determine	the	allowable
depth	of	removal	of	mortar.	Once	the	existing	mortar	has	been	removed,	the	surface	of	the	wall	is	cleaned	and	moistened	with	water	jet.	Steel	reinforcement	is	sometimes	placed	in	the	bedjoints	to	improve	the	ductility	and	energy	dissipation	capacity	of	the	structure.	In	Repair	and	Strengthening	of	Masonry	Buildings	22	1	the	case	of	normal	bed-joint
thickness	(1.0-1.5	cm),	6-mm	bars	are	placed	at	0.3-0.5	m	intervals	along	the	height	of	the	wall,	adequately	anchored	at	the	ends	of	the	wall,	e.g.	into	the	vertical	tie-columns.	The	joints	are	then	repointed	with	cement	mortar.	After	sufficient	strength	of	the	mortar	is	attained,	the	procedure	of	repointing	is	repeated	on	the	other	side	of	the	wall	(Fig.
10.10).	10.4.3Reinforced-cement	coating	In	the	case	of	seriously	damaged	brick-	and	block-masonry	walls,	or	where	there	is	a	need	to	strengthen	the	existing	structure,	the	application	of	reinforcedcement	coating	(jacket)	on	one	or	both	sides	of	the	wall	represents	a	logical	way	of	improving	the	lateral	resistance	and	energy	dissipation	capacity	of	the
system.	Since	the	method	is	easy	to	apply	and	very	efficient,	it	has	been	widely	used	for	strengthening	existing	masonry	walls	all	over	the	world.	The	possibilities	of	using	ferro-cement	and,	most	recently,	carbon	fibre	coating	instead	of	ordinary	reinforcing	steel,	have	been	experimentally	studied.	If	reinforcing	steel	is	used,	plaster	is	first	removed
from	the	wall.	Mortar	is	removed	from	the	joints	between	the	bricks	or	blocks,	10-15	mm	deep,	and	the	cracks	in	the	wall	are	grouted.	The	wall	surface	is	cleaned,	moistened	with	water	and	spattered	with	cement	milk.	The	first	layer	of	cement	coating,	i.e.	10-15	mm	thick	cement	mortar	layer	(compressive	strength	20-30	MPa),	is	applied.	The
reinforcing	mesh	is	then	placed	on	both	sides	of	the	wall	(4-6-mm	diameter	bars	at	100-150	mm	intervals	in	the	vertical	and	horizontal	directions),	connected	together	with	steel	anchors	(6-mm	diameter	bars,	placed	in	the	pre-drilled	holes	and	cemented	or	epoxied,	4-6	pieces	per	m2	of	the	wall's	surface).	After	the	reinforcing	mesh	is	connected	to	the
anchors,	the	second	layer	of	cement	coating	is	applied,	so	that	the	total	thickness	of	coating	does	not	exceed	30	mm	(Fig.	10.1	1).	In	a	similar	way,	feno-cement,	and	carbon-	or	polyester-fibre	coating	can	be	applied,	Similar	results	as	in	the	case	of	conventional	r.c.	coating	have	been	reported	with	regard	to	the	improvement	in	lateral	resistance	of
brick	masonry	walls,	in	the	case	where	adequate	connection	between	coating	and	masonry	has	been	achieved	[3	1,	321.	For	better	results,	reinforcement	can	be	placed	diagonally	in	order	to	follow	the	possible	direction	of	cracks.	Although	both	technologies	have	several	advantages	in	comparison	with	conventional	methods,	they	have	not	yet	been
widely	applied	because	of	their	relatively	high	costs.	222	Earthquake-Resistant	Design	of	Masonry	Buildings	The	effect	of	strengthening	the	brick-	and	block-masonry	walls	by	coating	has	been	experimentally	investigated	in	the	laboratory	and	in	situ	[18,	29,	31,	321.	The	experiments,	which	have	all	shown	that	r.c.	coating	improves	the	lateral
resistance,	have	also	indicated	the	importance	of	adequate	anchoring	of	coating	reinforcement	to	the	existing	masonry.	If	the	connection	was	not	adequate	to	prevent	splitting,	the	coating	separated	from	the	wall	at	the	occurrence	of	cracks	in	the	masonry	wall	and	buckled.	z	0.5	m	10-15	mm	Figure	10.11.	Application	of	r.c.	coating	to	brick-masonry
walls	(after	[5]).	As	shown	by	experiments,	by	applying	r.c.	coating,	the	shear	resistance	of	the	tested	walls	was	significantly	improved	(Table	10.4).	Consequently,	in	the	case	of	walls	with	geometry	aspect	(heightlwidth)	ratio	greater	than	1.0,	the	failure	mechanism	changed	from	shear	to	bending.	As	indicated	by	experiments,	the	improvement	in	the
lateral	resistance	is	inversely	proportional	to	the	quality	of	the	original	walls.	It	is	significant	in	the	case	of	poor-quality	masonry,	but	not	so	in	the	case	of	good-quality	walls.	Other	systems	of	application	of	cement	coating	can	also	be	used	(e.g.	shotcreting),	otherwise	the	coating	is	simply	applied	by	concreting.	In	the	latter	case,	however,	the
thickness	of	coating	is	increased	to	80-100	nun.	If	concrete	is	poured	into	forms,	reinforcing	mesh	consisting	of	8-10	mm	diameter	bars	at	250	mm	intervals,	is	used.	Concrete	is	used	for	stone-masonry	walls,	in	the	case	of	223	Repair	and	Strengthening	of	Masonry	Buildings	which	30	mm	thick	cement-plaster	layers	would	not	be	enough	to	strengthen
a	two-leaf	wall	which	is	more	than	50	cm	thick.	Typical	examples	of	strengthening	stone-masonry	walls	with	reinforced-concrete	coating	are	shown	in	Figs.	10.12	and	10.13.	Table	10.4.	Effect	of	coating	on	the	lateral	resistance	of	a	wall.	Type	of	Grade	Grade	Brick	I3	20	I	M	0.4	Brick	B	10	I	M	0.3	C.	blockB	7.5	I	M	5	Brick	B	20	I	M	7.2	Brick	B	15	I
Resistance	cement	I	Steel	I	Steel	I	Steel	I	Ferro-cem.	I	Carbon	34	47	128	276	299	1	1	I	I	I	118	167	167	693	426	I	II	I	1	I	I	Multiplier	3.5	3.6	1.3	2.5"	1.4	Note:	*	Diagonal	compression	tests	[31].	Existing	wall	Cage	reinforcement	detail	10-20	cm	=	5	cm	Cage	7	R.c.	Figure	10.12.Connecting	the	r.c.	coating	to	stone-masonry	wall	with	shear	connectors
(after	[5]).	In	the	case	of	stone-masonry,	plaster	and	loose	stones	are	first	removed	from	the	wall	and	any	cracks	are	ealed	or	injected	with	cement	mortar	or	grout,	Next	Page	224	Earthquake-Resistant	Design	of	Masonry	Buildings	respectively.	Then,	holes	for	steel	anchors-6-8-mm	diameter	reinforcing	steel	bars	placed	on	either	side	of	the	wall-that
will	connect	the	coating	reinforcement-are	drilled	through	the	wall	at	50-60	cm	intervals.	Sometimes,	stones	are	removed	fiom	the	wall	at	regular	intervals	and	a	reinforcement	cage	is	placed	in	the	chase	or	the	void	created	by	removing	the	stone.	By	filling	the	chase	with	concrete,	a	shear	connector	is	formed	which	efficiently	transfers	the	forces	from
the	new	coating	to	the	wall.	This	system	is	used	where	only	one-side	coating	is	provided	and	where	heavy	and	thick	stone-masonry	makes	the	drilling	of	holes	for	the	anchors	difficult.	Existing	Figure	10.13.	Application	of	r.c.	coating	on	one	side	of	the	wall	with	new	r.c.	slab	(after	[S]).	Before	concreting,	dust	is	removed	and	the	surface	of	the	wall	is
washed	with	water	jet.	Depending	on	the	thickness	of	the	coating,	the	concrete	is	either	shotcreted	(80	mm)	or	poured	in	the	form	(at	least	100	mm).	In	the	case	of	shotcrete,	the	reinforcing	mesh	(8-10	mm	diameter	bars	at	250	mm	intervals)	is	placed	on	the	finished	first	layer	of	shotcrete,	the	anchors	are	tied	to	the	bars	or	welded	mesh	fabric,	and
the	second	layer	of	the	shotcrete	is	applied.	If	the	concrete	is	poured	in,	the	reinforcing	mesh	is	fixed	to	the	position	before	concreting.	As	the	test	results	and	subsequent	analyses	indicate,	it	is	not	possible	to	estimate	the	lateral	resistance	of	a	coated	wall	panel	by	simple	calculation.	As	a	rule,	the	calculated	values,	obtained	on	the	basis	of	simple
combination	of	the	theoretical	lateral	resistance	of	the	existing	wall	and	reinforced-cement	coating,	do	not	correlate	with	experimentally	obtained	results.	Therefore,	practical	SYMBOLS	=	area	of	horizontal	cross-section	of	r.c.	column	=	equivalent	area	of	composite	section	of	infilled	frame	=	design	value	of	seismic	action	=	area	of	horizontal	cross-
section	of	infill	=	area	of	horizontal	reinforcement	=	area	of	vertical	reinforcement	=	area	of	horizontal	cross-section	of	wall	=	stiffness	degradation	parameter	=	depth	of	stress	block	=	peak	ground	acceleration	=	width	of	a	building	=	design	base	shear	coefficient	=	stiffness	degradation	parameter;	Ccff	CI	Ccr	CR	crh	crv	Csd	Dmin	d	dcr	de	dmax
shear	stress	distribution	factor	=	coefficient	of	effectiveness	of	horizontal	reinforcement	=	interaction	coefficient	=	Hcr/Hmax	ratio	=	masonry	infill	capacity	reduction	factor	=	horizontal	reinforcement	capacity	reduction	factor	=	vertical	reinforcement	capacity	reduction	factor	=	strength	degradation	factor	=	minimum	tie	diameter	=	displacement;
effective	depth	of	wall	=	displacement	at	crack	limit	=	displacement	at	elastic	limit	=	maximum	displacement	257	258	dHlnax	drv	E	E	Ec	Ed	e	eU	e,	eY	F	Fi	Fa	Fbd	Fid	Fr	Fw	f	fb	fbok	fck	fcvk	Ji(	fm	fv	fvk	fv0	fvko	h	hk	fx	fx	1	fx2	Earthquake-Resistant	Design	of	Masonry	Buildings	=	displacement	at	maximum	resistance	=	diameter	of	vertical
reinforcing	bar	=	energy	=	modulus	of	elasticity;	modulus	of	elasticity	of	masonry	=	modulus	of	elasticity	of	concrete	=	design	value	of	action	effect	=	eccentricity	=	ultimate	eccentricity	=	eccentricity	in	x-direction	=	eccentricity	in	y-direction	=	seismic	force,	acting	in	a	storey	=	seismic	force,	acting	on	the	i-th	wall	in	a	storey	=	seismic	force,	acting
on	element	=	design	base	shear	force	=	design	seismic	force,	acting	at	the	i-th	storey	=	compression	force	in	compressed	reinforcement	=	resultant	of	compressive	stresses	=	compressive	strength	of	masonry	=	normalised	compressive	strength	of	masonry	units	=	characteristic	anchorage	bond	strength	=	characteristic	compressive	strength	of
concrete	=	characteristic	shear	strength	of	concrete	=	characteristic	compressive	strength	of	masonry	=	compressive	strength	of	mortar	=	shear	strength	of	masonry	=	characteristic	shear	strength	of	masonry	=	shear	strength	of	masonry	at	zero	compressive	stress	=	initial	characteristic	shear	strength	of	masonry	at	zero	compressive	stress	=
tensile	strength	of	masonry;	tensile	strength	of	steel	=	characteristic	tensile	strength	of	masonry;	characteristic	tensile	strength	of	steel	=	flexural	strength	of	masonry	=	flexural	strength	of	masonry	parallel	to	bed	joints	=	flexural	strength	of	masonry	perpendicular	to	bed	joints	259	Symbols	=	yield	strength	of	steel	=	shear	modulus;	shear	modulus
of	masonry	=	shear	modulus	of	concrete	=	characteristic	value	of	permanent	actionj	=	acceleration	of	gravity	(9.8	1	ms-2>	=	height	of	building;	lateral	load	=	resistance	at	crack	limit	=	resistance	at	maximum	displacement	=	resistance	of	vertical	steel	due	to	dowel	action	=	design	resistance	of	vertical	steel	due	to	dowel	action	=	elastic	load	=
flexural	resistance	of	r.c.	column	=	flexural	resistance	of	reinforced	masonry	wall	=	design	flexural	resistance	of	reinforced	masonry	wall	=	flexural	resistance	of	plain	masonry	wall	=	design	flexural	resistance	of	plain	masonry	wall	=	maximum	resistance	=	maximum	resistance	of	horizontally	reinforced	wall	=	tension	in	horizontal	steel	=	tension
capacity	of	horizontal	steel	=	shear	resistance	of	confined	masonry	wall;	shear	resistance	of	r.c.	column	=	design	shear	resistance	of	r.c.	coated	masonry	wall	=	design	shear	resistance	of	prestressed	masonry	wall	=	design	shear	resistance	of	a	reinforced	masonry	wall	=	contribution	of	horizontal	steel	=	resistance	of	wall	to	sliding	=	shear	resistance
of	plain	masonry	wall	=	design	shear	resistance	of	plain	masonry	wall	=	resisting	storey	shear	=	ultimate	lateral	load	=	resistance	of	confined	masonry	panel	before	the	separation	of	infill	=	ultimate	resistance	of	confined	masonry	panel	=	ultimate	design	load	of	plain	masonry	wall	=	ultimate	resistance	of	frame	260	Earthquake-	Res	istant	Design	of
Masonry	Buildings	=	ultimate	resistance	of	=	height	critical	segment	of	a	building	of	wall	=	height	of	frame	=	height	of	compressed	strut	=	intensity	of	earthquake	=	moment	of	inertia	of	r.c.	column’s	section	=	damage	index	=	equivalent	moment	of	inertia	of	composite	section	=	moment	of	inertia	of	masonry	infill’s	section	=	moment	of	inertia	of
masonry	wall’s	section	=	strength	correction	factor	=	stiffness	of	wall	=	effective	stiffness	of	wall	=	effective	stiffness	of	equivalent	r.c.	coated	wall	=	effective	stiffness	of	masonry	wall	=	effective	stiffness	of	r.c.	coating	=	effective	stiffness	of	the	i-th	wall	=	stiffness	of	wall	at	maximum	resistance	=	stiffness	of	wall	at	ultimate	resistance	=	stiffnesses
of	wall	in	x-	and	y-direction	=	exponents	influencing	the	shape	of	elastic	response	spectrum	=	exponents	influencing	the	shape	of	design	response	spectrum	=	length	of	building	=	anchorage	length	=	span	of	frame	=	length	of	compressed	strut	=	magnitude	of	earthquake	=	bending	moment	of	fixed-ended	i-th	wall	=	bending	moment	at	the	bottom	of
the	i-th	wall	=	bending	moment	at	the	top	of	the	i-th	wall	=	design	flexural	capacity	of	wall’s	section	=	ultimate	flexural	capacity	of	wall’s	section	=	flexural	capacity	of	r.c.	column’s	section	=	prestressing	effect	multiplier	=	multiplier	for	horizontal	prestressing	=	multiplier	for	vertical	prestressing	=	mass	at	the	i-th	storey	level	Symbols	261	=	vertical
load	=	number	of	stories;	number	of	events	=	probability	of	occurrence	=	characteristic	value	of	prestressing	action	=	shear	force	=	shear	force,	carried	by	the	i-th	wall	=	characteristic	value	of	variable	action	i	=	behaviour	factor	=	behaviour	factor	associated	with	structural	element	=	return	period	=	design	resistance	capacity	=	soil	parameter	=
seismic	coefficient	associated	with	structural	element	=	ordinate	of	design	response	spectrum	=	ordinate	of	elastic	response	spectrum	=	seismic	resistance	coefficient	=	design	seismic	resistance	coefficient	=	spacing	of	horizontal	reinforcement	=	displacements	of	masses	mi	and	mj	in	the	first	mode	shape	=	period	of	vibration;	time	=	period	of
vibration	of	structural	element	=	first	vibration	mode	period	of	bare	r.c.	frame	without	infills	=	first	vibration	mode	period	of	structure	with	infills	=	tension	force	in	reinforcing	steel	=	thi	c	h	e	s	s	=	weight	of	building	(gravity	loads)	=	weight	of	structural	element	=	weights	of	masses	mi	and	mj	=	co-ordinates	of	area	centre	of	the	i-th	wall	=	co-
ordinates	of	storey	mass	centre	=	co-ordinates	of	storey	stiffness	centre	=	section	modulus;	height	of	centre	of	structural	element	above	the	base	=	heights	of	masses	mi	and	mj	above	the	level	of	seismic	loads	262	Ear	fhquake-Resistant	Design	of	Masonry	Buildings	=	design	ground	acceleratiodacceleration	of	gravity	ratio;	stiffness	degradation
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=	compression	stress	due	to	vertical	prestressing	=	principal	tension	stress	=	average	shear	stress	=	average	shear	stress	at	maximum	resistance	=	diameter	of	reinforcing	steel	=	principal	compression	stress	angle	=	storey	drift	rotation	angle	at	elastic	limit	=	principal	tension	stress	angle	=	ultimate	storey	drift	rotation	angle	=	storey	load
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