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ABSTRACT	 Safeguard	of	built	heritage	often	involves	seismic	retrofitting	of	reinforced	concrete	
(RC) frame structures. When strength and ductility of columns must be enhanced, 
an effective technique is given by the use of Fibre-Reinforced Polymer (FRP) in 
forms of wraps glued to the columns, which are able to improve performance thanks 
to	confinement	action.	In	this	paper,	an	optimisation-based	procedure	for	the	design	
of	 FRP	 retrofitting	 of	 existing	RC	 frames	 is	 described.	The	 design	 aims	 at	 finding	
the most competitive solution in terms of cost and performance, while satisfying the 
damage levels imposed by Performance-Based Design for serviceability and ultimate 
seismic	hazard	levels.	The	resulting	multi-objective	optimisation	problem,	in	which	
the design variables are represented by the thickness of FRP wraps, is then solved 
by	means	of	Genetic	Algorithms.	The	application	to	a	realistic	case	study	shows	how	
the analysis of the resulting Pareto Front, i.e., the set of non-dominated solutions, 
clearly describes the threshold between cost and performance. Furthermore, interesting 
considerations about the sensitivity of the best solutions to the design variables can be 
made, improving the assessment of the optimisation results.
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1. Introduction and research objectives

In	earthquake-prone	areas,	a	great	number	of	residential,	commercial	and	public	buildings	is	
made of reinforced concrete (RC). Many of them were designed according to standards which did 
not take into account properly earthquake-induced effects on the structure, and thus may turn out 
to be particularly vulnerable. Recent catastrophic seismic events have shown that RC structures, 
if	not	correctly	designed,	may	suffer	from	substantial	damage	in	case	of	strong	earthquakes.	Thus,	
one of the most pressing issues in structural engineering is the assessment and the strengthening 
of	existing	heritage.

The	most	advanced	philosophy	for	the	analysis	and	design	of	structures,	increasingly	adopted	
by building codes, involves the concepts of performance-based capacity design (PBD) procedures. 
According to this approach, the engineer should proportion the building for intended nonlinear 
response and then use nonlinear structural analysis to verify that the structure’s performance would 
be	acceptable	when	subjected	to	various	levels	of	ground	shaking.	In	the	case	of	seismic	resistant	
concrete frames, over the last years, several authors proposed various PBD approaches, aiming 
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at	optimising	the	overall	performance	of	the	given	structural	system	(see	for	example	SEAOC,	
1995;	Applied	Technology	Council,	1996;	FEMA	356,	2000).	Beck	et al.	(1998)	first	developed	an	
optimisation methodology for PBD of elastic structural systems operating in an uncertain dynamic 
environment. Ganzerli et al.	 (2000)	 combined	 the	 PBD	 concept	 with	 structural	 optimisation	
methods,	introducing	a	nonlinear	analysis-based	approach.	In	doing	so,	the	performance-based	
constraints	were	defined	in	terms	of	plastic	rotations	of	beams	and	columns	of	frames,	as	suggested	
by	FEMA	guidelines	(FEMA	356,	2000).	Zou	and	Chan	(2005)	presented	a	further	optimisation	
procedure	based	on	the	“optimality	criteria”	concept,	while	Fragiadakis	and	Papadrakakis	(2008)	
proposed a reliability-based optimisation approach based on nonlinear response history analysis. 
In	accordance	with	this	approach,	an	evolutionary	optimisation	algorithm	was	used	to	optimise	
RC beam and column sections in terms of cost and performance.

In	 the	 field	 of	 rehabilitation	 of	 existing	 buildings,	 among	 a	 number	 of	 other	more	 or	 less	
common	 approaches	 (Santarsiero	 and	Masi,	 2015;	Truong	 et al.,	 2017;	Ma	 et al.,	 2017),	 the	
use of Fibre-Reinforced Polymers (FRP) now represents a well-established technique. Strips and 
grids for masonry walls and arches have been successfully applied by D’Ambrisi et al.	(2013),	
Gattulli et al.	 (2014),	Martinelli	et al.	 (2016),	while	the	use	of	FRP	rebars	and	aggregates	has	
been	explored	by	Gattesco	et al.	(2015),	Fava	et al.	(2016),	Yazdanbakhsh	et al.	(2016).	Further	
applications,	 as	 in	 the	 current	 research	 study,	 involve	 the	 use	 of	 FRP	 jackets	 for	 the	 seismic	
retrofitting	of	RC	structures.	When	FRP	jackets	are	used	for	the	confinement	of	RC	columns,	in	
particular,	the	enhancement	in	strength	and	ductility	of	the	columns	can	be	so	efficient	that	FRP	
jacketing	represents	one	of	the	major	retrofitting	techniques	for	the	improvement	of	their	seismic	
performance.	Due	to	this	huge	application	of	FRP	jackets	in	practice,	over	the	last	years	several	
researchers	investigated	in	fact	the	structural	behaviour	of	RC	retrofitted	elements	and	assemblies,	
see	for	example	Balsamo	et al.	(2005), Duong(2005),	Duong	et al.	(2007),	Le-Trung	et al.	(2010), Parvin(2010),	Parvin	et al. 
(2010),	Zhu	et al.	(2011),	Alaedini	et al.	(2015).

From	a	practical	point	of	view,	the	design	of	FRP	jackets	for	RC	structural	systems	should	
take	care	of	various	aspects,	as	well	as	could	be	carried	out	in	accordance	with	several	existing	
approaches	and	guidelines	characterized	by	intrinsic	limitations	(see	for	example	Rocca	et al., 
2008).	In	this	regard,	optimisation	techniques	have	proved	effective	in	the	design	of	such	retrofitting	
components.	Optimisation	procedures	have	been	proposed	by	Zou	et al.	(2007)	and	Choi	et al. 
(2014)	for	the	enhancement	of	the	seismic	performance	of	retrofitted	RC	frames.	Zou	et al.	(2007)	
discussed	the	optimal	performance-based	design	for	FRP	retrofitted	RC	frames.	Based	also	on	a	
calculation	example,	in	particular,	they	showed	that	the	seismic	response	of	a	FRP-retrofitted	RC	
frame	can	be	efficiently	optimized	when	the	design	solution	characterised	by	minimum	thickness	
of	the	FRP	jackets	(hence	minimum	volume	and	material	cost	of	the	retrofitting	system)	satisfies	
interstorey-drift demand after evaluating the nonlinear structural response by means of pushover 
analysis.	The	optimisation	problem	was	solved	there	by	using	gradient	techniques	after	explicitly	
expressing	the	objective	and	the	constraints	in	terms	of	design	variables,	i.e.,	FRP	thickness.	A	
Genetic	Algorithm	(GA)	optimisation	process	was	proposed	by	Chisari	and	Bedon	(2016)	for	the	
case	study	examined	by	Zou	et al.	(2007).	The	advantages	of	GA	methods	for	achievement	of	
optimal	FRP	jacketing	configurations	compared	to	more	traditional	gradient	methods	via	Taylor	
expansions	were	shown	to	be	i)	the	possibility	of	using	more	complex	material	model	descriptions	
accounting for softening, degradation and M-V interaction, ii) the possibility of embedding 
further	objectives	along	with	the	minimum	cost,	iii)	performing	sensitivity	analysis	of	the	major	
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Fig. 1 - Change in the stress-strain 
relationship for concrete as effect of 
confinement.

influencing	 parameters.	 The	 design	 of	 FRP	 retrofitting	 by	means	 of	 optimisation	 techniques,	
and	the	formulation	of	design	equations	through	neural	networks	and	GAs	was	also	explored	by	
Cascardi et al.	(2016),	Choi	(2017),	Vitiello	et al.	(2017).

In	this	paper,	the	optimal	design	procedure	is	further	extended	to	the	complete	design	of	the	
retrofitting	system.	The	key	novel	aspect,	compared	 to	Chisari	and	Bedon	(2016),	 is	given	by	
the reference design methodology, which accounts for all performance levels required for the 
structure in the framework of PBD. Furthermore, the methodology is characterised by the full 
adoption	of	 the	N2	method,	unlike	 the	preliminary	procedure	proposed	by	Chisari	and	Bedon	
(2016),	where	a	more	simplified	approach	was	utilised.

2. FRP retrofitting of RC frame structures

FRP	are	composite	materials	made	of	two	entities:	a	matrix,	usually	epoxy	resin,	and	the	fibres,	
usually	glass,	carbon	or	aramid	(Kevlar).	The	mechanical	characteristics	of	the	two	components	
are	markedly	different:	whereas	the	matrix	is	isotropic	with	very	low	elastic	modulus	and	strength	
(about	3	GPa	and	50	MPa,	respectively),	the	fibres	can	withstand	loads	in	their	axis	direction	only	
and	their	tensile	strength	and	elastic	modulus	may	reach	5000	MPa	and	240	GPa,	respectively	(Fibre	
Net	S.r.l.,	2015).	The	mechanical	properties	of	the	resulting	composite	depend	on	the	percentage	
and	arrangement	of	the	fibres	with	respect	to	the	matrix.

FRP	 can	 be	 applied	 to	 strengthen	 beams,	 columns,	 and	 slabs	 of	 buildings	 and	 bridges.	 It	
is possible to increase the strength of structural members even after they have been severely 
damaged due to loading conditions. Basically, FRP (and Carbon FRP in particular, CFRP) is 
available in different geometries: precured laminates (rods or plates) manufactured by pultrusion; 
wet	lay-up	systems	(uni-	or	bidirectional	fabrics)	in	which	resin	is	used	as	matrix	and	adhesive;	
prepreg	systems,	i.e.,	reinforcement	fibres	or	fabrics	into	which	a	pre-catalysed	resin	system	has	
been	 impregnated	by	a	machine.	 In	 this	work,	 the	 focus	will	be	on	wet	 lay-up	wraps	used	 to	
strengthen RC columns.

When	FRP	wraps	are	glued	to	RC	columns	placing	them	with	the	fibre	direction	orthogonal	to	
primary	axis	of	the	members,	they	produce	a	confinement	action	which	opposes	the	expansion	of	
the	concrete	core,	thus	causing	a	state	of	triaxial	stress	inside	the	element	(Realfonzo	and	Napoli,	
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2013;	Realfonzo	et al.,	 2013).	This	 can	 be	macroscopically	 accounted	 for	 as	 a	 change	 in	 the	
stress-strain relationship, with an increase in concrete strength and ductility (Fig. 1).

Many authors have proposed mathematical material models for concrete in which the constitutive 
relationship	is	modified	as	an	effect	of	the	confinement	action	of	the	FRP	wraps	(Samaan	et al., 
1998;	 Lam	 and	Teng,	 2009;	Megalooikonomou	 et al.,	 2012).	 In	 general,	 such	models	 should	
consider	the	confinement	effect	exerted	by	both	transversal	reinforcement	and	FRP	wraps,	with	
deterioration	phenomena	if	relevant	(dynamic	analyses).	An	example	of	such	model,	used	in	the	
applicative	example	described	in	Section	4, is represented by the model developed by Braga et 
al.	(2006)	and	implemented	in	Opensees	software	package	(OpenSees,	2010)	by	D’Amato	et al. 
(2012).	 In	 the	referenced	works,	 the	model	has	proved	to	simulate	accurately	 the	behaviour	of	
confined	concrete	on	a	large	database	of	experimental	cases.	Starting	from	the	unconfined	stress-
strain	relationship	σz0(εz),	the	stress	of	confined	concrete	is	obtained	by	adding	the	quantity:

Δσz(εz)	=	2	ν B l2 (1)

where ν is Poisson’s ratio, l is the semi-length of the core section and B is the Airy’s constant, 
which was evaluated by Braga et al.	 (2006)	as	a	function	of	FRP	mechanical	and	geometrical	
characteristics.

3. Performance-based design (PBD) approach and multi-objective optimisation

3.1. General PBD concepts
PBD for seismic resistant structures (PBSD) represent a well-established process for the 

seismic	analysis	of	buildings	(including	new	buildings	as	well	as	retrofitting	of	existing	structural	
systems),	being	characterized	by	the	specific	intent	to	achieve	defined	performance	objectives	in	
future	earthquakes.	Performance	objectives	for	a	given	structure	are	strictly	related	to	expectations	
regarding	the	amount	of	damage	the	building	may	experience	in	response	to	earthquake	shaking,	
and the consequences of that damage.

The	reference	performance	objectives	are	detected	as	Operational	(O),	Immediate	Occupancy	
(IO),	 Life	 Safety	 (LS),	 Collapse	 Prevention	 (CP).	 These	 performance	 objectives	 are	 reached	
when the corresponding levels of overall damage are not overcome when the structure undergoes 
earthquake	 ground	 motion	 characterised	 by	 decreasing	 probability	 of	 exceedance	 during	 its	
nominal	life	time.	Clearly,	this	approach	entails	the	definition	of	a	Damage	Measure	(DM)	and	an	
Earthquake	Hazard	Level	(HL).	An	indicative	and	meaningful	DM	suggested	by	standard	codes	
is the interstorey drift ratio, i.e., the ratio between the relative displacement between upper and 
lower	floor	at	given	level	of	the	structure	(displacement	-	based	design:	DBD)	and	the	interstorey	
height.	The	HL	is	usually	described	by	Peak	Ground	Motion	of	the	earthquake,	or	globally	by	the	
design	spectrum	corresponding	to	the	given	probability	of	exceedance.	As	such,	given	a	structural	
typology,	the	performance	levels	are	verified	by	comparing	the	demand	at	given	HL	with	specific	
limit displacement values and reference interstorey drift amplitudes. Basically, the overall design 
process follows the approach given in Fig. 2.

In	this	research	study,	the	PBD	method	is	considered	in	conjunction	with	a	GA	optimisation	
approach	for	the	seismic	retrofitting	of	RC	frames	with	FRP	jackets.
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3.2. Displacement-based approach to inelastic structures
The	DBD	approach	proposed	by	Fajfar	and	Gašperšič	 (1996),	called	N2	method,	develops	

into two fundamental phases. Firstly, the capacity curve of the structure, describing the evolution 
of	the	structural	response	with	increasing	seismic	intensity,	must	be	determined.	This	is	obtained	
through a pushover analysis, in which static lateral forces on the structure are proportionally 
increased	 until	 collapse.	The	 second	 stage	 consists	 of	 identifying	 the	 performance	 point	 (PP)	
corresponding	 to	 the	 nonlinear	 response	 of	 the	 frame	 due	 to	 the	 assigned	 earthquake.	 This	
entails	 the	 study	 of	 elastic-plastic	 single-degree-of-freedom	 (SDOF)	 system	 equivalent	 to	 the	
real	structure	modelled	as	multi-degree-of-freedom	(MDOF)	system.	After	establishing	the	PP	in	
terms	of	SDOF	displacement,	the	corresponding	control	displacement	of	the	structure	is	evaluated	
and	all	quantities	of	interest	extracted	from	the	capacity	curve.	In	the	case	of	DBD,	interstorey	
drifts at PP are checked against the performance level requirements.

3.2.1. Evaluation of the capacity curve
The	capacity	curve	represents	the	relationship	between	base	shear	and	top	displacement	of	the	

structure, when a system of lateral forces is applied to the structure and increased proportionally 
until	collapse.	The	main	ingredients	of	this	step	are:	i)	the	structural	model,	ii)	the	force	distribution,	
and	iii)	the	definition	of	collapse.	The	structural	model	must	represent	the	real	behaviour	with	a	
sufficient	degree	of	accuracy,	and	should	account	for	all	sources	of	nonlinearities	occurring	in	
the structure. A suitable approach, used in this work, consists of modelling structural members as 
nonlinear	beams	having	fibre	section,	and	using	a	material	model	for	concrete	as	that	proposed	by	
Braga et al.	(2006)	and	D’Amato	et al.	(2012).	The	force	distribution	is	determined	by	multiplying	
the	mass	matrix	 by	 an	 acceleration	 profile.	According	 to	 Italian	 building	 standard	 NTC2008	
(Decreto	Ministeriale	14	Gennaio	2008,	2008),	two	acceleration	profiles	should	be	used:	the	first	

Fig.	2	-	General	flow	chart	for	PBD	process.
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one	is	coincident	to	the	first	mode	shape,	while	the	second	one	is	constant.	The	collapse	is	defined	
as the point corresponding to a reduction in global strength, i.e., base shear, up to 85% of the 
maximum	structural	capacity.

3.2.2. Equivalent bilinear SDOF
The	application	of	the	N2	method	requires	the	use	of	an	equivalent	elastic-plastic	SDOF	to	

represent the global behaviour. Force F* and displacement d* of the equivalent system are related 
to the corresponding quantities Fb and dc, base shear and top displacement of the real system, 
respectively, by the relationships:

(2)

where	Γ	is	the	modal	participation	factor,	defined	as:

(3)

In	Eq.	3,	τ	 is	 the	 influence	vector,	M	 the	mass	matrix	and	 	 the	first	modal	 shape	vector,	
normalised such that dc =	1.	The	mass	of	the	equivalent	SDOF	is	defined	as	m

* = T Mτ. After this 
change of variables, the capacity curve must be converted into a bilinear system, having stiffness 
k*	equal	to	the	secant	stiffness	at	0.6	Fbu

*, while the yielding force is evaluating by equating the 
areas	under	the	capacity	curve	and	the	bilinear	curve	respectively.	This	implies:

(4)

where du
* is the ultimate displacement of the system and Eb is the area under the capacity curve.

3.2.3. Identification of the Performance Point
The	displacement	demand	of	 the	nonlinear	 system	depends	on	 the	 elastic	period	T * of the 

equivalent	SDOF.	If	T *	≥	TC, corresponding to the limit between the constant pseudo-acceleration 
and constant pseudo-velocity, the inelastic demand d *

max is equal to that of an elastic system with 
same period d *

e,max; otherwise it may be evaluated as:

(5)

where q* = Se (T
*) , with Se (T

*) ordinate of the elastic design spectrum at T *, represents the ratio 
between	elastic	response	force	and	yielding	force	of	the	equivalent	system.	If	q*	≤	1,	it	is	assumed	
that d *

max = d *
e,max.
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3.2.4. Displacement checks
The	primary	check	consists	of	verifying	that	the	ductility	demand	of	the	system	is	lower	than	

the	capacity.	This	correspond	to	the	inequality	d *
max	≤	d

*
u, the satisfaction of which may be critical 

at	LS	and	CP	performance	levels.	Once	this	has	been	verified,	the	verification	of	the	damage	state	
of the structure may be carried out by evaluating the interstorey drifts corresponding to the PP top 
displacement d *

c,max	=	Γd *
max and comparing them to the limits prescribed by the code.

3.2.5. Computational cost
The	complete	verification	procedure	for	the	design	of	a	new	building	or	a	retrofitting	action	

requires that more than one force distribution and more than one earthquake hazard level [and, 
consequently, performance points (PPs) and checks] should be considered. Whereas the capacity 
curve	is	the	result	of	a	nonlinear	FE	analysis,	and	thus	the	introduction	of	a	further	force	distribution	
doubles	the	analysis	time,	the	computational	time	required	by	steps	described	in	sections	3.2.2	to	
3.2.4	is	usually	negligible	compared	with	that	for	step	in	section	3.2.1	and	so	multiple	earthquake	
intensity	levels	may	be	readily	considered	without	excessive	computational	effort.

3.3. Optimal PBD design
The	 procedure	 described	 in	 the	 previous	 sub-section	 represents	 a	 general	 verification	

procedure,	which,	applied	to	FRP	retrofitting	of	RC	frames,	gives	as	output	a	simple	“yes/no”	
answer	to	the	question	“Does	the	retrofitted	structure	satisfy	the	performance	requirements	for	the	
given	earthquake	hazard	levels?”.	However,	a	far	more	effective	procedure	may	be	developed	in	
the	framework	of	structural	optimisation.	The	designer,	implicitly	or	explicitly,	always	searches	
for	 a	 structure	 characterised	by	minimal	 cost.	Hence,	 the	most	 rigorous	 and	 effective	method	
to achieve this goal consists of formulating the design as an optimisation problem in which the 
performance	checks	act	as	constraints,	while	the	cost	is	the	objective	to	minimise.	Generally,	the	
cost is assumed proportional to the weight of the structure, possibly scaling differently components 
made	of	different	materials.	In	some	cases,	costs	not	directly	dependent	on	the	weight	(i.e.,	due	
to	transportation,	welding,	etc.)	may	be	embedded	in	the	procedure	through	specific	terms	in	the	
cost	function.	Objectives	and	constraints	depend	on	some	input	variables	x which are varied in the 
search	for	the	solution.	The	space	of	the	values	that	can	be	assumed	by	the	input	variables	is	called	
‘design space’. Further enhancements may be accomplished if, more realistically, a larger number 
of	objectives	are	considered	(Chisari	and	Bedon,	2016).	If	they	refer	to	performance	objectives,	as	
in	this	work,	where	the	ductility	supply	provided	by	the	retrofitting	system	is	maximised,	a	deep	
investigation on the threshold between cost and performance may be accomplished.

Once	the	design	space,	the	objective	and	the	constraints	are	set,	the	solution	of	an	optimisation	
problem may be obtained by using different approaches. Basically, the cheapest methods in terms 
of	computational	burden	(i.e.,	number	of	evaluations	of	the	objective	function)	are	those	based	on	
the	evaluation	of	the	gradient	of	the	objective	function	[steepest	descend:	Box	et al.	(1969);	trust	
region: Byrd et al.	(1987)].	When	the	objective	function	is	not	explicitly	known	(as	in	the	present	
case,	where	it	results	from	the	evaluation	of	FE	model)	and	no	information	about	the	convexity	
of	the	function	is	present	and,	even	more,	in	case	of	multi-objective	optimisation,	less	efficient	
but more general methods are preferred. Among those, GAs (Goldberg, 1989) are rather popular 
because of their ability to solve different typologies of problems (Chisari et al.,	2015,	2016,	2017)	
and will be used in this work. Unlike gradient-based methods, GAs improve a set of possible 
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solutions	(called	population)	in	average	according	to	the	predefined	constraints	and	objectives.
The	 general	 scheme	 which	 must	 be	 followed	 when	 PBD	 of	 FRP	 retrofitting	 systems	 is	

approached by a GA optimisation procedure is outlined in Fig. 3.	After	defining	a	template	FE	
model and setting up the GA parameters, the analysis consists of evaluating the trial solutions 
of	 each	population,	 i.e.,	 running	 the	FE	model	 (one	or	more	 if	 several	 force	distributions	 are	
used),	 extracting	 output	 variables	 (i.e.,	 interstorey	 drift,	 internal	 forces,	 displacements)	 at	 PP	
corresponding	to	different	HLs	and	evaluating	objectives	and	constraints.

4. Case study

As	a	reference	case	study,	the	4-storey,	3-bay	RC	frame	displayed	in	Fig. 4 was investigated. 
A	 350×550	 mm	 cross-section	 was	 considered	 for	 all	 the	 beams.	 The	 internal	 and	 external	
columns	were	500	mm-	and	350	mm-dimension	square	columns,	respectively.	The	details	of	the	
reinforcement for the RC frame elements are shown in Fig. 4a.

The	 reference	 frame	 is	considered	as	part	of	an	office	building,	with	50-year	nominal	 life,	
supposed	to	be	located	in	Catania	(Italy).	The	example	has	been	selected	as	a	typical	building	
designed according to modern codes but without consideration of the seismic action, since Catania 

Fig.	3	-	Flow	chart	of	the	optimisation	process.
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Fig.	4	-	a)	Cross-section	properties	for	the	concrete	structural	elements,	and	b)	front	view	of	the	structure.	Nominal	
dimensions in millimetres.

area has not been considered as seismically relevant until recent years (1981). For this reason, it 
will be seen that the bare frame does not comply with code prescriptions about interstorey drift 
ratio.	According	to	Italian	Seismic	Code	NTC2008,	the	structure	is	considered	as	Use	Class	II,	
and	the	reference	parameters	for	seismic	action	modelling	(exceedance	probability	and	seismic	
risk parameters) are displayed in Table	1.	Considering	Subsoil	Category	2,	Topographic	Category	
T1	and	damping	ratio	5%,	the	corresponding	elastic	design	spectra	for	the	4	performance	levels	
are shown in Fig. 5.

Table	1	-	Reference	seismic	action	parameters.

 Performance level  Exceedance probability during Return ag F0 TC
* 

  Nominal Life Period [year] [g] [-] [s] 

 Operational 81%  30 0.0623 2.55 0.242

 Immediate Occupancy 63%  50 0.0766 2.55 0.264

 Life Safety 10% 475 0.2063 2.46 0.358

 Collapse Prevention  5% 975 0.2834 2.42 0.443

In	terms	of	mechanical	calibration	of	materials,	concrete	was	assumed	to	have	an	unconfined	
compressive strength of fc =	21	MPa.	According	to	the	formulation	proposed	by	the	Model	Code	
(International	Federation	for	Structural	Concrete,	2012),	the	corresponding	Young	modulus	was	
set equal to Ec =	30,660	MPa,	while	 the	ultimate	strain	 for	confined	concrete	was	assumed	as 
ε2 =	0.00356.	The	steel	reinforcement	was	then	characterized	by	Young	modulus	Es =	210	GPa,	
yielding stress fy =	300	MPa,	strain-hardening	ratio	0.01	and	ultimate	strain	equal	to	3%.	Finally,	
the	 FRP	 reinforcement	 was	 considered	 in	 the	 form	 of	 an	 elastic-brittle	material,	 with	Young	
modulus Ef =	 230	GPa	 and	 ultimate	 strain	 εf,u =	 0.00913,	 corresponding	 to	 an	 ultimate	 stress 
σf,u =	2100	MPa.	This	latter	value	represents	the	FRP	hoop	strength,	significantly	lower	than	the	
flat	coupon	strength	obtained	in	tensile	tests.



386

Boll. Geof. Teor. Appl., 58, 377-394 Chisari and Bedon

The	 RC	 frame	 was	 modelled	 in	 OpenSees.	All	 the	 frame	 members	 were	 represented	 by	
nonlinear force-based elements, in which the constitutive law at element level is evaluated by the 
fibre-approach	applied	 to	 the	cross-section.	 In	particular,	 forceBeamColumn	element	 type	was	
used,	which	is	based	on	the	non-iterative	(or	iterative)	flexibility	formulation.	The	locations	and	
weights of the element integration points are based on so-called plastic hinge integration, which 
allows	the	user	to	specify	plastic	hinge	lengths	at	the	element	ends	(Scott	and	Fenves,	2006).	Two-
point Gauss integration is used on the element interior while two-point Gauss-Radau integration 
is	applied	over	lengths	of	4Lp	and	4Lp at the element ends, where Lp is the plastic hinge length, 
assumed here as Lp	=	0.08L	+	0.022	fy db in which L is the member length and db is the longitudinal 
reinforcing	bar	diameter	(Paulay	and	Priestley,	1992).

The	material	model	utilized	for	the	confined	concrete	is	the	ConfinedConcrete01	characterized	
by	the	capability	to	estimate	the	increment	of	strength	and	ductility	due	to	the	FRP	confinement.	
The	model	needs	not	to	be	changed	in	case	of	absence	of	FRP	jacket.	The	material	model	for	the	
steel	reinforcement	was	the	Giuffrè-Menegotto-Pinto	model.	It	must	be	emphasized	that,	although	
accurate	enough	to	capture	beam	and	column	failure,	the	model	cannot	predict	non-ductile	joint	
panel	 failure,	which	 can	 be	 relevant	 in	 case	 of	 existing	 buildings.	More	 advanced	modelling	
approaches should be used to this aim (De Risi et al.,	2017).	Furthermore,	the	presence	of	infill	
panels can affect the overall response (Chaker and Cherifati, 1999; Al-Chaar et al.,	2002)	and	
should	be	properly	modelled	in	real	cases.	Given	the	illustrative	purpose	of	this	worked	example	
and	the	high	variability	of	the	infill	panel	response	(which	depends	on	the	characteristics	of	its	
components, their arrangement, the presence of openings and the bond condition with the RC 
frame),	the	effect	of	infill	panels	on	the	structure	was	neglected	at	this	stage.

The	 columns	were	 fixed	 at	 the	 base.	A	 first	 loading	 step	 accounting	 for	 gravity	 load	was	
considered,	 before	performing	 the	pushover	 analyses.	The	gravity	 loads	 consisted	of	 the	 self-
weight γ =	23000	N/m3 plus a distributed load equal to p =	50	kN/m	on	the	beams.	Afterwards,	two	
load	distributions	for	pushover	analyses	were	considered	separately,	the	first	(D1)	with	horizontal	
loads increasing proportionally to M  where M	is	the	mass	matrix	and	 	the	first-mode	shape,	
and	the	second	(D2)	with	horizontal	loads	proportional	to	the	seismic	masses.	P-Δ	effects	were	
not taken into account.

The	 total	 mass	 of	 the	 RC	 frame,	 considering	 the	 seismic	 masses	 corresponding	 to	 the	
aforementioned	loads,	was	estimated	to	be	equal	to	392.12	t.

Fig.	5	-	Elastic	design	spectra	for	the	
case study.
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4.1. Analysis of the bare frame
A	preliminary	modal	analysis	was	performed	on	the	bare	frame;	the	periods	of	the	first	three	

modes are displayed in Table	2,	along	their	modal	masses.	As	the	first	mode	has	a	participating	
mass equal m =	84.49%	>	75%,	the	use	of	force	distribution	D1	is	allowed	by	NTC2008.	The	first-
mode shape, normalised with respect to the mass, is represented in Fig. 6	with	an	amplification	
factor	equal	to	4000.

Table	2	-	Results	of	the	modal	analysis	of	the	bare	frame.

 Mode of vibration Period [s] Participating mass

 1 0.796 84.49%

 2 0.256 10.25%

 3 0.148 3.48%

Fig.	6	-	First-mode	shape	of	the	bare	frame.

The	results	of	the	pushover	analysis,	as	described	in	Section	6	for	the	bare	frame,	are	reported	
in Table	3.	It	is	evident	that	the	limits	proposed	by	NTC2008	for	serviceability	limit	states	(0.5%	at	
IO	for	rigid	partitions	interfering	with	the	structure	flexibility;	2/3	of	the	previous	for	Operational	
Performance	Level)	are	verified	for	both	force	distributions;	on	the	contrary,	the	top	floor	demand	
required	by	LS	and	CP	 levels	 by	FEMA	356	 (2000)	 (which	 is	 applied	 as	NTC2008	does	not	
provide	limits	for	ultimate	limit	states)	are	not	met	by	the	structural	capacity.	The	capacity	curve	
is displayed in Fig. 7, from which it is possible to deduce minimum ductility μ = min (μD1, μD2) = 
3.54,	corresponding	to	a	behaviour	factor	q =	2.28.

Fig.	7	-	Capacity	curves	for	the	bare	frame.
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4.2. Optimal design of the FRP reinforcement
The	problem	of	properly	designing	the	FRP	retrofitting	system	for	a	RC	frame	can	be	stated	

as:

(6)

where
- th,k is the FRP wrap thickness at column h and storey k;
- w(t) is the total volume of the FRP reinforcement;
- μ = uu/uy is the ductility, with uy, uu are the top displacement at yielding and ultimate state 

respectively;
- di

Dj	is	the	interstorey	drift	ratio	at	floor	i for force distribution Dj.
By	imposing	the	double	objective,	i.e.,	minimisation	of	the	FRP	volume	and	maximisation	of	

ductility,	it	is	possible	to	highlight	the	threshold	between	cost	and	performance.	The	optimisation	
analyses were then conducted according the scheme described in the previous sections. A GA 
with the following properties was used:

- initial population creation: Sobol sequence;
-	 population	size:	50	individuals;
-	 number	of	generations:	50;

Table	3	-	Results	of	the	pushover	analysis	on	the	bare	frame.

 Force Performance Maximum Interstorey Top floor Top floor 
 distribution level  interstorey drift ratio limit demand capacity 
   drift ratio  [mm] [mm]

 D1 O 0.206% 0.333% 18.78 93.20

  IO 0.269% 0.500% 24.61 93.20

  LS 0.911% 1.000% 81.50 93.20

  CP - 4.000% 122.89 93.20

 D2 O 0.185% 0.333% 17.07 73.57

  IO 0.239% 0.500% 22.39 73.57

  LS - 1.000% 74.14 73.57

  CP - 4.000% 111.79 73.57

(a)

(b)

(c)

(d)

(e)

(f)

IO IO

CP CP

IO

CP
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-	 ranking	type:	linear,	with	scaling	pressure	2.0;
- selection type: stochastic universal sampling;
-	 crossover	type:	BLX-α,	with	probability	1.0	and	parameter	α=2.0;
-	 mutation	type:	aleatory,	with	probability	0.007;
-	 NSGA-II	approach	(Deb	et al.,	2002),	in	which	ranking	is	based	sequentially	on:	i)	constraint	

satisfaction, ii) domination, and iii) crowding distance was adopted to solve the multi-
objective	optimisation.	The	GA	was	implemented	in	the	software	TOSCA	(Chisari,	2015).

As design variable for the optimisation problem, the thickness of the FRP wraps applied to 
the	columns	was	considered.	In	particular,	different	thicknesses	were	assumed	for	external	and	
internal	columns	and	for	each	floor.	The	problem	consisted	thus	of	eight	design	variables	(four	
floors	times	two	column	typologies).	The	FRP	thicknesses	were	allowed	to	vary	between	0	(no	
reinforcement)	to	2	mm,	with	0.001	mm	increments.

In	Fig. 8 the scatter plots of the solutions analysed during the optimisation analysis in terms 
of	FRP	volume	vs.	interstorey	drift	checks	are	displayed.	It	is	evident	that	all	solutions	satisfy	
serviceability	limit	states,	and	the	effect	of	the	reinforcement	is	negligible.	This	is	expected,	since	
the bare frame is characterised by interstorey drifts already below the elastic limit, and the effect 
of FRP reinforcement in this behavioural range is null, i.e., it acts on strength and ductility, but 
not	on	stiffness	of	 the	structural	 system.	On	 the	contrary,	 the	effect	on	ultimate	 limit	 states	 is	
more	pronounced,	but	only	LS	condition	requires	retrofitting	to	be	satisfied,	while	all	solutions	
are	well	below	CP	limit.	However,	this	plots	do	not	consider	solutions	not	satisfying	constraints	
(a)	or	(b)	in	Eq.	6.	This	becomes	clearer	if	one	looks	at	Fig. 9, where those conditions are plotted 
against	FRP	volume.	It	is	evident	that	condition	(a)	is	always	satisfied,	meaning	that	even	without	
reinforcement	the	demand	at	IO	is	below	the	elastic	limit	of	the	equivalent	bilinear	system.	On	the	
contrary,	the	ultimate	top	displacement	demand	at	CP	may	not	be	attained	if	the	retrofitting	system	
is	not	well-designed.	The	need	of	 increasing	ductility	 to	achieve	demand	was	already	noticed	

Fig. 8 - Scatter plots of the solutions analysed during the optimisation analysis in terms of FRP volume vs. interstorey 
drift	check	at:	a)	O,	b)	IO,	c)	LS,	d)	CP	levels.
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Fig. 9 - Scatter plots of the solutions analysed during the optimisation analysis in terms of FRP volume vs. displacement 
check	at:	a)	IO,	b)	CP.

from the results of the bare frame displayed in Table	3; however, it is interesting to note that even 
large	values	of	FRP	reinforcement	may	not	lead	to	the	satisfaction	of	ductility	demand	(existence	
of points in the top-right part of Fig. 9b).

The	Pareto	Front,	i.e.,	the	set	of	non-dominated	solutions	in	the	objective	space,	is	displayed	
in Fig. 10.	We	can	identify	three	regions	in	the	plot.	In	the	region	bound	by	a	red	rectangle,	it	
is	possible	to	notice	an	approximately	linear	trend	between	ductility	and	FRP	volume	from	the	
minimum value μ=5.23	until	 approximately	μ=8.41.	After	 this	value	 (blue	 rectangle),	 a	 small	
increase	in	ductility	can	only	be	achieved	at	expenses	of	a	large	increment	of	cost	(almost	vertical	
branch).	In	the	last	two	design	points	(inside	the	green	rectangle),	compared	to	the	previous	area,	a	
small	increment	in	FRP	volume	causes	a	significant	increase	in	ductility.	From	these	observations,	
it seems reasonable to suppose that the points belonging to the blue area are anomalous in the 
context	of	 the	Pareto	Front,	and	probably	related	 to	a	non-optimal	path	of	 the	analysis.	 In	 the	
following,	thus,	we	will	be	concerned	about	the	design	points	identified	by	the	red	rectangle,	i.e.,	
the area where FRP volume and ductility are characterized by a quasi-linear trend.

One	of	the	advantages	of	the	optimisation	approach	proposed	here	is	the	possibility	of	studying	
the sensitivity of the best solutions to the input variables. While it is obvious that FRP volume 
is linearly correlated to the thickness, since the width and length of the wraps are constant, the 
dependence of ductility on FRP reinforcement for the Pareto Front individuals may be highlighted 

Fig.	10	-	Pareto	front	of	the	optimisation	analysis.
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in scatter plots as those displayed in Fig. 11.	 It	 is	 evident	 here	 that	 the	 only	 design	 variable	
responsible	 of	 increasing	 ductility	 is	 the	 FRP	 thickness	 at	 floor	 1	 for	 the	 internal	 columns,	
which is almost linearly related to μ.	To	keep	FRP	volume	as	low	as	possible,	all	the	other	FRP	
reinforcement is selected to be close to zero.

Finally, in Fig. 12	the	capacity	curve	of	the	best	solutions	according	the	two	objectives	(cost	
and	ductility)	are	shown.	It	is	evident	that	to	minimize	cost	the	most	stringent	constraint	(CP	top	
displacement	demand	for	D2	force	distribution)	is	attained	without	safety	margins,	i.e.,	the	demand	

Fig.	11	-	Dependence	of	ductility	on	FRP	wrap	thickness,	as	obtained	for	internal/external	columns	at	each	floor.

Fig.	12	-	Retrofitted	frame	capacity	curves:	a)	best	cost	solution,	and	b)	best	ductility	solution.
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is	coincident	with	the	end	of	the	capacity	curve.	On	the	contrary	the	best	solution	according	to	
ductility	objective	presents	larger	safety	margin	against	collapse.

5. Summary and conclusionsconclusions

In	 this	work,	 the	 optimal	 PBD	 of	 a	 retrofitting	 system	made	 of	 FRP	wraps	 for	RC	 frame	
structures	is	proposed.	The	design	is	formulated	as	an	optimisation	problem	in	which	the	cost	of	
the	system	is	minimised	and	the	overall	ductility	of	the	structure	maximised,	with	the	constraints	
given	by	building	code	about	interstorey	drifts	at	different	levels	of	seismic	intensity.	The	problem	
is then solved by means of GA.

A	case	study	is	considered,	in	which	seismic	retrofitting	of	an	existing	RC	frame	not	satisfying	
code	prescriptions	must	be	designed	by	means	of	the	proposed	technique.	The	results	show	that	
feasible solutions may be readily found, and the threshold between cost and performance is 
investigated	by	studying	the	Pareto	Front	of	the	multi-objective	optimisation.	In	the	specific	case,	
it	is	possible	to	apply	retrofitting	on	the	internal	columns	at	first	floor	only,	while	FRP	wraps	are	
mostly	ineffective	at	the	other	floors	and	at	the	external	columns.	The	minimum-cost	solution	is	
located at the boundary between the feasible and unfeasible region of the solution space, i.e., it 
strictly	satisfies	the	performance	constraints	without	providing	adequate	safety	margins.	These	
could be directly inserted in the constraint formulation or another solution belonging to the Pareto 
Front but characterized by larger ductility may be selected.

The	proposed	procedure	has	the	desirable	property	to	be	general	and	applicable	to	any	kind	
of structure, provided that an appropriate modelling of the basic seismic behaviour is carried out. 
For this reason, further developments will focus on more accurate modelling of the structures (by 
including	joint	failure	and	infill	panel	contribution)	and	the	effect	of	different	material	models	for	
confined	concrete	on	the	optimal	solution	provided	by	the	procedure.	This	preliminary	study	will	
also serve to set up a parametric study aimed at providing general recommendations for the design 
of	FRP	retrofitting.
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