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Vulnerability and Retrofitting of Torsionally Deformable RC buildings:
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ABSTRACT: The paper presents the seismic vulnerability assessment and the subsequent retrofitting strategies
of a reinforced concrete (RC) strategic building in Italy. At time of design, the erection site was not classified as
a seismic area. With a structural layout widely spread in non-seismic zones and for buildings designed with
obsolete seismic codes, the framed system was designed for gravity loads only, with an eccentric lift core and
moment-resisting frames aligned in one direction. The structural seismic capacity is impaired by torsional
deformability and the possible appearance of both brittle collapse mechanisms and pounding phenomena with an
adjacent building, while the seismic demand is governed by the classification of “strategic building”. Two
retrofitting strategies are here analysed, under the constraints of eliminating the torsional deformability and
minimizing the interruption of normal activities in the building. The results highlight the advantages and
disadvantages of the two strategies and the most important features of the structural response, providing
indications for further actions. The adoption of a design spectrum reduced by a 0.6 factor, roughly equivalent to

that for an ordinary building, extends the relevance of the work well beyond the case study.

KEYWORDS: RC non-ductile frame, torsional deformability, seismic vulnerability, obsolete codes,
retrofitting strategiesstrategic building.

1 Introduction

The recent earthquakes in L’Aquila (2009) and on the Po Plain (2012) brought to light different aspects of the
vulnerability of the Italian civil and industrial building stock. In the town of L'Aquila, the collapse of ten
reinforced concrete (RC) buildings resulted in about half of the casualties, but the large majority of buildings of
the same class and age (built in the '50-60’), while suffering severe damage survived the earthquake, guaranteeing
the primary function of saving life. The damage of the Po Plain event concerned mainly industrial precast
buildings, erected without enforcing seismic prescriptions. In both cases, damage can be attributed to inadequacy
of Technical Codes. Obsolete seismic codes, based on a limited knowledge, and delay both in encompassing recent
knowledge and in seismic zonation, are the most common causes of the vulnerability of buildings.

For RC buildings having a rectangular plan, a widely spread structural scheme is composed of a parallel moment
resisting frame aligned in the longitudinal direction and floor systems in the transverse direction. This resisting

scheme, very effective in carrying gravity loads, lacks in bi-directionality and results in buildings characterized
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by a strong and a weak direction, the former béiag of the frames and the latter the perpendicutar (Mulas
et al 2013; Mulas & Martinelli, 2017). Thus, thesggiacy of their seismic behaviour is not guarantiédaey are
located in an area that today is classified toflraaderate or high seismicity. The extension toehtre Italy of
the seismic zonation was only made in 2003 (OPCW432003). In 2008, in the framework of performance
based design, a new technical code (NTC 2008, 286f)ed multiple performance objectives (Figureif)
which a level of performance, expressed in termdashage state, is associated to a hazard levedyrims of
exceedance probability/Rin the reference periodrvthat describes the expected seismic load atlsitar{ath,

2005).

EARTHQUAKE PERFORMANCE LEVEL

Fully operational Operational Life safety Collapse prevention
ﬂ Frequent
o (Py,=81%)
| Unacceptable performance
(ZD (for new construction)
o Occasional
W (Py, =63%)
L
£
5 Rare
O (Py, =10%)
T
I_.
x
ﬁ Very rare \.
(Py, = 5%)

Figure 1 — Performance objectives (Kunnath 2005).

Nowadays, diagnostics and subsequent planningtiaffiténg interventions make it possible to redissgsmic
vulnerability. The literature reports several exéesf strengthening techniques for non-ductile $&Qctures
(Thermou and Elnashai, 2006; Thermou et al., 20h&rmou and Psaltakis, 2018; Zerbin and Aprile,3201
Mazza, 2015). Moreover, over the past two decadiesge number of studies were conducted on Fibnef&ced
Polymer (FRP) wrapping (among the others Ilki gt2012; Del Zoppo et al. 2017) and steel jacket@ugpniques
(e.g. Xiao and Wu, 2003; Choi et al., 2010) usecktmfit and to strengthen the existing RC colunfdetailed
review of conventional repair schemes for RC frdwa#dings was reported by Thermou and ElnashaiQ§20
Local (i.e., injection of cracks, shotcrete, sygdate adhesion, steel jacketing, externally borielRBs) as well as
global (i.e., RC jacketing, addition of walls, extael buttresses, steel bracing, base isolatio®ngthening
measures were discussed and their technologicéitappn details outlined. Although a multipliciyf factors
influence the selection of the retrofit solutiohefmou and Elnashai (2006) proposed a table sumaofahe
retrofit options, motivation for use, local and lggd effects, technological and design requirementsnded to
provide a rapid guide to potential users. A revithe possible alternative choices for retrofitiand possible
criteria for the mitigation of seismic risk is alsesented by Calvi (2013). It is shown that fiéssible to associate
a loss analysis to different strengthening stra®giepending on the cost of intervention. A degigthodology
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for the seismic upgrading of torsionally sensitagbstandard RC buildings was proposed by Thermalu an
Psaltakis (2018). The methodology aims firstly limmate the effect of torsional coupling on mogabperties
through the addition of peripheral RC walls anchthe modify the lateral response shape of the mglch each
direction, to achieve an optimum distribution akirstory drift along the building height. Zerbindafprile (2015)
presented four different design solutions for thieafit of an existing RC frame with poor concreteality and
inadequate reinforcement detailing. Strengthengigti®ns are based on FRP wrapping of the existngctural
elements or alternatively on the introduction ofvnRC shear walls. They concluded that low cost aod-
invasive FRP wrapping is in general the best soiutd retrofit existing RC buildings.

The choice of retrofitting techniques should taki® iaccount geometric limitations, architecturatstoaints and
both economic and operational feasibility consitieres, as well as the possible interruption of ttegmal
activities, if an invasive intervention is planné&toblems arise when retrofitting is applied tustures whose
load histories are not completely known, the awdlily of the original design documents and draveiiglimited,
and it is difficult to accurately access the st#tdamage and degradation of concrete and steel.

Within the building stock, the assessment of saisminerability of strategic facilities, such asspdal and school
buildings, is of paramount importance to guarafi@etionality even under extreme conditions. Far thasons
pointed out previously, a large number of stratdgiddings was designed without adequate seismieriz.
Recent studies showed the pronounced fragility \ariderability of Italian strategic buildings undseismic
actions (Perrone et al. 2015; Ruggieri et al. 20R@ggieri et al. 2021). Perrone at al. (2015) psagba Rapid
Visual Screening (RVS) method to determine a Salfietex for hospital buildings. The method includike
influence of hazard and exposure and focused orpéicaliarities of Italian hospital buildings incind the
vulnerability of structural and non-structural ekamts. The procedure was applied to two Italian REpktal
buildings built in the same period but in areaswdifferent seismic risks. High and medium levdlsisks were
identified for them: the absence of seismic detgifnd the irregularity of the structure playedraportant role
in classifying one of the two in a high level oflki In their study Ruggieri et al. (2020) propoad®VS procedure
for the seismic risk assessment of RC school mgkli The methodology, which accounts for the charastics
of Italian RC school buildings, includes both expr@sand hazard in the evaluation of the Safety®dnilbe RVS
methodology was applied to ten RC school buildiagd the results showed that most of the buildingd h
structural deficiencies due to in-plan and in-et®rairregularities as well as to the absencernicstiral detailing.
The aim of this paper is to study the vulnerabdityg to discuss the retrofitting strategies faaangular building
with unidirectional frames and eccentric cores. Thse study belongs to a RC strategic construticated in

Italy, designed for gravity and wind loads only.€Térection site was not included in the areasisfrse risk in



88 the zonation of Italian seismic codes, and hadbs#n struck by any strong earthquake since thelibgil
89  construction. Nowadays, the status stfategic building is associated to a very high seismic risk (sepifé 1),
90 that must be tackled by a structure that was ctiyrdesigned for gravity loads but not to provideadisfactory
91  seismic behaviour, whose design documents areamapletely available. In addition, the building ftienality
92  should be guaranteed during retrofitting operatiang floor plans cannot be modified, limiting timsertion of
93 new elements to the building perimeter. All thessies are discussed in the paper. For confideptialisons,
94  extensive details about the overall geometry andtion of the construction cannot be provided.

95 In the following, Section 2 describes the structi@ection 3 is devoted to structural modelling. Bseessment
96  of seismic vulnerability is addressed, through Botbar and nonlinear analyses, in Section 4. 8edipresents
97  afew options for retrofitting strategies; whossulés are discussed in Section 6. Conclusionsramgrdin Section
98 7. The Italian Code prescriptions adopted in thiskl(NTC 2018, 2018; Circolare n. 7, 2019), areilsimor
99  equalto those of Eurocode 8 (EN 1998-1, 2005; B8B13, 2005). Notable differences will be highligthtwvithin

100 the text.

100 2 TheBuilding under Study

102 The strategic building under study is composed ahynadjacent buildings, having independent RC faame
103  structures for vertical loads bearing capacity asafed by joints. This study considers only twdha&m, which
104  are precast buildings erected at the beginningh®fa0’s and depicted in Figure 2. Building Bl islgsed in
105  detail, while only dynamic properties are deterrdifier Building B2, to evaluate pounding phenomeatneen
106  them. In this respect, it must be taken into actohat seismic interaction between adjacent buggithat are
107  partly and in a non-symmetric way in contact mayoduce significant torsional oscillations (Karagénand
108  Naoum, 2018). This type of structural interacti@ierred to as asymmetric pounding, is unlikelyhi@ buildings
109 under investigation, having both the same storgliteiand the same story levels. Hence, their patémteraction
110 can be classified as a diaphragm-to-diaphragm soatij typically less severe than a diaphragm-torool

111 collision, taking place when the story levels & ttvo structures are different.

Boccaccallolol ol o otan kp:: § ::::::n:::::::n::::::ﬂ:—_‘_—_ ______ o Eewspd Seeeaed Medoatd EerServmenesd Gaomeiniars e
N@ Building B1 o
112 Building B2 0 (m) 10 = . -
113 Figure 2 - Plan of Buildings B1 (the case study)l &2. Stairs are located in B2 only.
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Available design documents include neither architedt drawings, here deduced from safety plansyvedical

cross-sections. Technical drawings are availableslfabs, but not for precast columns and beamsegigd

document named “Table of Columns” provides, at esitiy, cross-section dimensions and reinforcement

geometry for all the columns. For beams, the ostpfia commercial code are the only source of egledata.
Due to the lack of on-site tests, in this work anewical simulation of the initial design providedpartial

validation of reinforcement geometry. Foundatiosngl do not include the details of the reinforcengeaimetry.

Design loads and property of materials for pre@sments can be deduced from technical reportsts Tes

certificates are available for cast-in-situ conermtly. A limited uncertainty also affects the $@®perties.

2.1 Thestructural system
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Figure 3 — Building B1, ground floor plan, with tkeévator core (left) and the technical core (rightnits:
mm; columns, beams and wall numbers in grey.

The 4-story Building B1 cannot be classified asufegin plan according to NTC 2018 (2018), duehte lack of
symmetry about two perpendicular axes. At the lngdop, a horizontal roof supports a technical partment
for the elevator machinery. Floors have a rectaargobnfiguration of 33.25x13.7 m. Figure 3 shows ftian
view of the first/typical floor, while Figure 4 stws a longitudinal section. The short side (Y-dii@t} of the
building is divided into two spans, 5.9 m and 7nd%ong, while 6 bays span along the X-directioteralatively
6 m or 4.95 m long. The resisting system of BuiidBil is composed of three parallel frames actiogp@lthe
longitudinal X-direction: secondary transverse bgare present only along the perimeter (see Figur&his
spatial configuration of frames is widely spreadtady also for buildings erected in seismic ardasng the years
50 and 60. Hence, the structure lacks bi-directiynand has atrongX-direction, reflecting a typical configu-

ration for RC buildings deemed to support mainltical loads, as it was in the case study analypselliulas &
5



136  Martinelli (2017), where the structural behaviouasadominated by the presence of strong and weaktitins.
137 A few load-bearing walls, located in the two cocesld potentially contribute to a bidirectional birgg resisting
138 system even though they show an unfavourable a@tc@atsition.

139 The construction system of both buildings considtprecast elements (APE® precast system): singies
140 reinforced vibrated concrete (RVC) column, selfganing RVC beams and precast floors. Figure 5 shafew
141  details of the construction system. Additional dastitu concrete provides continuity at beam-tdiom joints,
142  even though such detail was not enforced, in n@swse zones, by the Italian code on precast strastat time

143  of design.

SECTION A-A

+15.09 m
1 & e 1 i (UL
i i i | i | 80im f
1 s | | | |_yperm |
“Il | | 1 | | soom |
1 B B ] B L ] o
3 .1900
0|
200 6000 . 4950 6000 . 4950 6000 . 4950 200
144 33250
145 Figure 4 - Building B1: longitudinal section (urnitsim).

146  Floors are made of precast RC one-dimensional sléhssteel trusses and polystyrene foam blocksifiog the
147  joists. Slabs are 240 cm wide and their whole théds is equal thl = 40.5 cm (4.5+32+4 cm). The lower layer,
148 4.5 cm thick, ensures a REI 120 resistance agfiadtazard, where the acronym REI identifies am&int that
149  must retain, for 120 minutes, the mechanical stteifB), the resistance to flames and hot gasesaftt),the
150 thermal insulation (I). A welded mesh with a diaer@®6 and with spacing of 200 mm is placed in thst i-
151  situ top layer of concrete. Roof floors are flatrrging an insulating layer, sheaths and gravel.

152  Columns are tapered, with sections reducing mowjngards, as shown in Table Al. All but three cresstions
153 are 40 cm deep; width is in the range 25-50 cmhEatumn has lower protruding longitudinal bars apger
154  pockets: lower bars of each column fit into thekmis of the one below or of the foundation (Figba®. During
155  construction, a column is plumbed and the pocketsaaled with a cast in-situ concrete. To ensligaraent

156  and verticality of columns during erection (Fighi® a hole (either centred or eccentric) housitgba is present



157  atthe upper ends. Shear reinforcement is proviged6 stirrups spaced of 20 cm, a detailing no éoradlowed
158 by both Italian and European codes. Perimetel inéills, 40 cm thick, are made of 25 cm masonrckdp5 cm

159  polyurethane layer and 10 cm RC precast outer paarthored outside the supporting columns.

UPPER COLUMN PLAN

pockets positioning tube
| |/ |
] S - B
o
o
o~ - q
— — = -
8 3
." “ & cast in-situ o Ll upper bars
~ concrete i L precast beam
p125)azs, p12s) 175 4 . _
" \ "
L kY L — _47- |
[ \;
LOWER COLUMN PLAN —m
protruding bars hole 4 -
I i N lower bars I

precast beam
lower column pockets |4 —_——

k| upper column
q k| protruding bars

positioning tube ¢80/

¥ 200 ¥ 200 "

(b) .
column s ] deitional bars
s 250/300/ | /| castin-situ concrete
400/500 400/500 [l

/".“ | floor bars
[

50

4 . 50/150
precast slab | '
300 |,
160 el @ Lo =
161 Figure 5 — APE® precast system, details for genexjcolumns cross-sections, b) beam-column jaint,
162 internal longitudinal beam and d) external longitoal beam (units: mm).

163  All beams are 39 cm high. Transversal beams atangualar, 30 cm wide. Longitudinal beams are of tyyes:
164 the central ones, T-shaped, are 110 cm wide; tteealaones, L-shaped, are 80 cm wide. The shap®wof
165 rectangular cross-sections is due to the in-sist ohthe slabs extending up to the beams (Figard)5These
166 elements lack in seismic detailing: in particukstirrups spacing and geometry are constant alogig lgngth.
167 Dimensions in Figure 5 are not exhaustive of theaaimensions used in construction. The geometrthe
168 joint reinforcement is not known.

169 The RC walls composing the lift core and the techinGore were cast on site. They develop alongtiiee height
170  of the building with a constant thickness of 20 drhe lift core has an opening of 2.2 m at eachrfladnile the
171  technical core has an opening only at the grounat f{Fig. 3). Only one of the available documermistains the
172  construction detail of the reinforcement of a genesall of the lift/technical core. In vertical, 2@ spaced of 20

173 cm and 2010 spaced of 20 cm are arranged for thednd last two floors, respectively. Horizontaltiie
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reinforcement is constant and equal to 238 spat@&b @m. Herein, this reinforcement is adopted dihrthe
walls-The document does not contain data on thelsl®f connection of walls to adjacent beams.

Foundations are composed of RC footings 80 cm héghported by piles and connected by RC beams 80 cm
high and of different widths. There are seven typlefootings, differing in size and in the numbédrpiles on
which they rest. The foundation system is only ipliyt adequate, due to lack of connections in tve t
perpendicular directions between adjacent plinths.

FeB44k-class steel was used for all the strucelmhents, with a characteristic yielding strerfgtis 430 MPa
and an ultimate tensile strendih= 540 MPa. Several types of concrete were useldagacteristic cubic strength
(Rew) of 25 MPa was used for foundations and waRg= 30 MPa was used for columns, infills, slabs, and
Rk = 45 MPa was used for beams. The lack of a comdedbwledge of materials and geometry would require
experimental activities to adopt the highest l@fénowledge LC3 allowed by Italian Code for exisfistructures
(equivalent to KL3 in EN 1998-3, 2005). Hence, hie following, the average knowledge level (LC2 &2is
assumed and material strengths are reduced byfideoce factor of 1.2, even though a very limiteatertainty
affects the properties of the cast-in-factory ceteiof beams and columns. The values of dead aadblads to

be adopted in the structural analysis according®@ 2018 (2018) are listed in Table 1.

Table 1 — Dead loads and live loads for each floor.

Floor (floor part) Self-weight + furniture | Surface weight of partitions Live loads
(kN/m2) (kN/m?) (kN/m?)
Fourth floor 6.5 - 15
First-second-third floor 7.0 7.05 5.0
Ground floor 7.0 7.05 5.0
Stairwell 6.5 - 4.0
Landings 6.0 - 4.0
Technical compartment 3.0 - 5.0

The plan of Building B2 is depicted in Figure 6.tiVa different but more favourable plan configwatisince
cores have a reduced eccentricity, Building B2 séslte same type of resisting system, structueahehts and

materials and the same values of load describeBdiding B1.
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Figure 6 - Typical floor plan of Building B2 (dim&ons in mm).
3 Structural Modelling

Structural models of the structures under studydaseloped by means of the SAP2000 (2018) finkeneht
software, based on the original design documerdsoanthe knowledge of the current state of theding. A
linear model is built for static, modal and respoapectrum analyses, while a nonlinear model ifosg@ushover
analysis. In the latter, nonlinear behaviour iscdbgd through Mander’s stress-strain model (Mardet., 1988)
for concrete, while a hardening elastic-plasticstibutive law with kinematic hysteresis is assuniedsteel.
Lumped plasticity elements are adopted by intraty@utomatic plastic hinges (SAP2000 2018) at ik e
sections of elements. The parameters necessattyefonoment-plastic rotation angle relationshipstaken from
ASCE 41-07 (2007), Tables 10.7 and 10.8, dependimghe value of internal forces, reinforcementasti
material properties and sizes of beams, columnsvaalts. Tables 2 and 3 show the material propeffies
concrete and steel, respectively. As anticipata@ngths are reduced by the factor 1.2 correspgntiinthe
knowledge level LC2.

Table 2 - Concrete properties. Note; £Young modulusid = compressive design peak strengths strain at
the compressive peak strength; = ultimate strain in compression

Material E: [MPa] fed [MPQ] £cx103 £ax103
C20/25 30076 17.0 2.0 3.5
C25/30 31311 204 2.0 3.5
C35/45 34462 30.5 2.0 3.5
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Table 3 - Steel properties. Note;££Y oung modulus;d = yielding design strengthgf= ultimate design strength;
fyk= yielding characteristic strengthyf= ultimate characteristic strengthssy = yielding strain;esy = ultimate
strain

Material & [MPa] fya [MPa] fua [MPa] fyik [MPa] fic [MPa] | esyx10° | esux103
FeB44k 200000 358 450 394 495 1.79 67.5

Figure 7 - FE model of Buildings B1 (left) and BRkt).

Figure 7 shows the FE model of Buildings B1 andBa&ors are modelled as rigid horizontal diaphragmsause
of their very high in-plane stiffness. Beams antlicms are modelled using two-node beam elemenB(Bs

per node), having a 3-D formulation including tfifeets of biaxial bending, torsion, axial deforneettiand biaxial
constant shear deformation. A rigid zone lengtluadtp half of the beam-column joint length, is siolered for
both beams and columns. Columns are clamped atlihsé, accounting for the effect of a foundatipstem

with high flexural stiffness.

Walls are modelled by using thevitle bearty formulation, i.e. using shear-deformable beanmelsts and
introducing rigid links into the end nodes in ortteconsider the actual size of the section. Dita#d connection
between orthogonal walls is enforced by assumimtjca shear transmission at the floor levels. Gartion to

adjacent beams follows the geometric detail in Fegu8 and 6. At each floor, lintels centreline Hes same
vertical coordinate of the slab to comply with tiggd diaphragm hypothesis. A rigid zone lengtldopted also
for beam-wall connections, with a length equaladf bf the actual length of the connection. Infillalls, lacking

the proper details of the connection to the colyraresnot considered in the FE model. Mass oftiegielements
(beams, columns, walls) is automatically accouritedwhile masses of slabs, infills, landings amairs are
assigned, for each floor, to a master node, locattéide centre of mass of the floor. The momenteftia about
the vertical axis is also accounted for. Sincertyé seismic event RC structural elements undewagking, 30%

and 20% stiffness reduction in terms of area andhemi of inertia are considered for Life Safety LirState

10
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(LSLS; no-collapse requirement in EC8) analysis 8asnage Limit State (DLS) analysis, respectiveliie T
stiffness reduction applied to columns is justifiedhe light of the results, shown in Section 4nlterms of both
capacity and ductility. Tables 4 and 5 show theaultesof the modal analysis performed for B1 and B2,

respectively, assuming the 30% stiffness reduct@mupled torsional/transversal modes appear in teashs.

Table 4 -Modal properties of B1 assuming a 30% stiffnessicédn due to cracking.

) Modal Participating | Cumulative Modal Participating
Mode Period Mass [%0] Mass [%] Mode type
] Mx My Mrz Mx My MRz -

1 1.290 7.9 36.3] 421 7.9 36.3 42.1 Torsional/Trarsal
2 0.556 74.9 9.1 0.4 82.8 45.4 42.5 Longitudinal

3 0.420 0.1 25 9.5 82.8 47.9 52.0 Torsional

4 0.310 4.1 38.5 38.2 86.9 86.4 90.2 Transversedidoal
5 0.233 0.4 1.0 1.3 87.3 87.4 91.5 Torsional/Trarsal
6 0.173 10.9 25 0.0 98.2 89.9 91.5 Longitudin@rBversa

Table 5 -Modal properties of B2 assuming a 30% stiffnessicédn due to cracking.

Modal Participating | Cumulative Modal Participating
Mode Period Mass [%)] Mass [%] Mode type
s Mx My Mgz Mx My MRz -

1 0.525 7.2 47.5 33.2 7.2 47.5 33.2 Transversaidpal
2 0.252 59.3 21.0 3.1 66.5 68.5 36.3 LongitudinaliBversa
3 0.186 13.6 14.3 53.7] 80.2 82.8 90.0 Torsional3varsal
4 0.169 3.2 10.0 0.6 83.4 92.9 90.7 Transversal

5 0.095 0.1 0.7 0.6 83.5 93.6 91.2 Transversal

6 0.079 10.8 3.1 0.5 94.3 96.6 91.7 Longitudin@rfBversa

As already stated, Building B1 is not regular iarpldue to lack of symmetry caused by the eccémnto€ the
two cores. In addition, it belongs to the classoo$ionally deformable buildings (as defined byrbtalian and
European Codes), also due to the unidirectionalite>of the beams. The fundamental period is assatiwith
a torsional modal shape. Building B2 is also taraity deformable, but, owing to the reduced ecdeityrof lift
cores, is characterized by shorter periaddthe torsional mode appears &rode only. For both buildings,

small columns’ cross-sections contribute to tfienbde period elongation.

4  Assessment of Seismic Vulnerability

The seismic action on Building B1 is representedabgsponse spectrum depending on the site sefamard

and on the soil type, in accordance with the IteBaiilding Code (NTC 2018, 2018) and coherent withgeneral
11
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concepts of EC8. The status of strategic importaridée building is associated with a nominal Nfg = 100

years associated to a coefficient of usage €, resulting in a reference period ¥ C,XVn = 200 years. Hence,

large return periods are associated with the LSMEBLS, equal to 1898 yearsyP= 10% in Figure 1) and
120 years (Fk= 81%), respectively. The soil type is of classtti® topographic amplification factor is 1.0. The
resulting horizontal peak ground acceleration (P@AD.258) for the LSLS and 0.0%j for the DLS. The
corresponding elastic and design response speetdepicted in Figure 8, where vertical lines iadiécthe periods
of the first three modes of Building B1 (Table #ine very long first mode period falls in the spanirdescending
part, i.e. the constant velocity branch. The assessadopts the full spectrum, as for a new stractdowever,
the LSLS design spectrum is obtained from the ielaste by adopting a behaviour factpe 1.5, smaller than
the value one would adopt in design. In fact, @udné torsional deformability of the structure, thfactor cannot
be larger than 2a further reduction is adopted due to the lackdd#cmate detailing to guarantee a sufficient
ductility level. These assumptions will be revisedhe retrofitting phase.

Following prescriptions of NTC 2018 (2018), the lgsas do not account for vertical excitation anddpatial
variability of the motion. The former can be negecbecause there are no prestressed, suspendgigvea or
longer than 20 m elements, even though the grouoeleration @> 0.15. The latter was not considered due to
the limited plan dimension of the building and ke fpresence in the longitudinal direction of beammecting

footings.

0.8
7a_ — LSLS elastic spectrum
06 F —— LSLS design spectrum |
— DLS design spectrum
o —ii ——T,=129s
T 047 i -
o TN IN e T,=055s
——— T,=0420s
0.2r .
0 1 1

Natural period (s)
Figure 8 — Elastic and design spectra, 5% dampingT; and & = first three periods of Building B1.

4.1 Response spectrum analysis

The response spectrum analysis (RSA) is only peddr for the horizontal components of seismic motion
Accidental eccentricities of centres of mass amituced to account for the uncertainties aboupthstion of

these points and the spatial variability of seismition. A total of 32 load combinations arises wilee four
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possible positions of the centre of mass are amsutito the 8 possible combinations of the seisaoiton
components in both horizontal directions. Seisrffieats are determined by applying the 30% combamatule.
Dead and live loads are considered according taéimmic combination defined in both NTC 2018 (204:&d
EN 1990 (2005). Inertial masses acting during tm¢hejuake are defined according to the Italian Code

All the elements are checked with regard to the $$8lesign spectrum: beams are verified in bendifigajd
shear V), columns in combined moment and axial fordg &nd in shear. Walls are verified in shear, afdete
and bending. The rate of actiéacarried by thé-th elements defined in bending, in bending coupled with &xia
load and in shear, as the ratio between capadity,(Mgz,(N), Vg4 respectively) and demantf,, Mgy (N), Vigy

respectively) as it follows:

Mpg
M= M— (1)
vy _ Mra(N)
BT Mga(N) @)
_ Vaa
§ = Via (3)

The non dimensional parametégs, E,I;’(N), &Y are computed for all the structural elements. ¥alsmaller than
unity denote an insufficient capacity. Figures 9, dnd 11 show the results for beams, columns arit$,wa
respectively. For the sake of compactness, in tfiggees values larger than one were set equahity.uA black

circle, a blue square, a red triangle and a greembus indicate results at,2, 3¢ and 4" floor, respectively.

1 . —o—0—9 : ‘_..— ———— 1 —b—ﬂ—»—ﬂ—rﬁ—v—ﬁ—:—.‘ )—:—U—A—‘—n—ﬂ—ca—g—ﬂ—‘ e
" % n | I L4 °
o8} ¢ ¢ ATE= L0004 08} . ?
e * seo . 4 °
~ 06f ® . L . ~ 06
— A ® ‘ A —
= uw > w
R SaE O PR L w04t ® 1%floor
: bt aA ° _ = 2" figor
02r¢ . ¢ 0.2} 4 3% floor
(@) ® (b) Roof
0 : : : : 0 : : : :
100 105 110 115 120 100 105 110 115 120

beam number

beam number

Figure 9 - Beams assessment: a) bending, b) shear.

For beams, numbered from 101 to 122 (see Figural3)itical cross-sections are analysed (bothseartt! mid-
span) and the worst result for each beam is reptedén Figure 9. For columns, biaxial bending aril force
are considered, taking into account both positivét @egative sign of the spectral value of the taf@ure 10a

shows the most critical situation for each column.
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Figure 10 - Columns assessment: a) bending and fotiee, b) shear.

Frame elements show deficiencies in bending anars@aly 9 out of 88 beams comply with flexure regunents
and, in some cases, strength covers only 10% o&ddnThe situation is better for shear requiremesattisfied
by 68 elements, with strength covering at least ®@%emand. For columns, only 12 out of 80 meetm@ssion
and bending requirements, but 42 verify sheartasie. The result worsens moving upwards, dueetdoss of
the favourable contribution of axial force. An opgjie trend is observed for beams. Column C16 ekt of the
elevator core, is subjected to a tension larger tha strength offered by longitudinal reinforcemen

Walls are the most critical elements. Due to thgffness, they attract a significant rate of sé¢saction but their
reinforcement ratio is not sufficient to provide tborresponding strength. Due to the low valuex@ldorce due
to gravity loads, only 3 out of 29 wall elementg aerified in tension and bending and 22 are stéjeto a
tension exceeding the strength of longitudinalfegitement (results are not shown here for the sékeevity).

Figure 11 shows that no wall is verified in shetiQwing in some cases percentages around 5%.

1 T T T T T

®  Ground floor
08¢ = 18 fi0r
A 2™ f50r
—~ 08 ¢ 39f00r
> w ¢
Sl 7!
02% A o
° 4 &
u e ®
O L L 1 1 1
1 2 4 5 6 7 8
wall number

Figure 11 - Walls assessment: shear (see Figuog @/&ll numbering).
The Italian seismic code also poses a few requingsn®r deformability and ductility. For the firaspect, a
minimum distance between two adjacent buildingedgiired to prevent pounding phenomena. For the wader

study, a realizable value of gap equal to 7.8 coukhbe present at top floor. The sum at top flobt.SLS
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horizontal spectral displacements for Buildings 8% B1 is equal to 11.6 cm, exceeding the minimathoes

required by the Italian code. The larger contritmiti9.3 cm, is due to B1.

Inter-story drifts under DLS seismic action are gored for Building B1, to avoid non-structural dagaahat

would make the construction temporarily unfit faeu The code requirement is satisfied at each #tmrg the

longitudinal X-direction (Figure 3), but only atethop floor along the transversal direction, thatfams it to be

the weak direction for Building B1.

For the second aspect, the available ductilityivature is computed for all structural elementsbéams respect
ductility prescriptions, while columns and walle aery far from fullfilling ductility requirement®nly 5 out of

60 nodes respect thistrong column - weak beanctiterion. The results worsen moving upwards sineams

dimensions are constant while columns are tapevigtdl a reduction of reinforcement area. Hencetlbritollapse

mechanisms where beams do not develop their fplhaty, as soft/weak story, could occur. Since tnatesgy

about the ductile properties of elements was taknaccount in design, these results confirm thendness of

the choice of a g-factor equal to 1.5 for the avddjistructure.

4.2 Pushover analysis

Response spectrum analysis highlights the defi@snaf the individual structural elements (columbsams,
walls). The nonlinear static analysis, or pushoamalysis, is adopted to investigate how these idefites
influence the overall behaviour of the structurd émanalyse the collapse mechanisms. In this aisalgravity
loads acting in the seismic combination are apglistl Subsequently, an incremental pattern ofZumtal forces
is applied, monotonically increasing up to theapodle limit state. Neglecting the accidental ecggtytaccounted
for in RSA, at each floor forces are applied atd¢betre of mass (the master node), that is in édcgrosition
with respect to the centroid of the rectangulan@eea. Forces are distributed along the heighdrdoty to an
estimate of the pattern of floor inertia forcespsidering two force distributions as prescribedbth Italian and
European Code, one from Group 1 of the main digtidns, the other from Group 2 of secondary distidns.
The former, denoted as “type 17, is proportionathte inertia force at each floor calculated throaghultimodal
linear dynamic analysis. The latter, denoted apétg2”, corresponds to a uniform force distributalong the

height of the construction.
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Figure 12 — Capacity curves for seismic forces ggupl(a) in X-direction; (b) in Y-direction.
As allowed by the Italian Code NTC 2018 (2018) famlinear static analysis, each of the two horiabnt
components (X- and Y-direction, see Figure 3) ipliad separately. The model is subjected to a neali
monotonic, pushover analysis, adopting the cerftraass of the last floor as control node. The asedyare in
displacement control, with a displacement step.25 @m, a maximum number of iterations per ste@kp40,
and a tolerance of 0.001 mm on the displacementiliBqum at each load step is imposed with the kew
Raphson method. The resulting capacity curvegimgef top displacement() versus base shedt,} are shown
in Figure 12a and 12b, for both type 1 and typeistridutions and forces acting in +X and 1Y directs,

respectively.

Figure 13 — Plastic hinges evolution for seismiaddorces of type 1 applied along +Y direction: (@d step
12 (point A in Fig. 12b) and (b) load step 37 (gdnin Fig. 12b).

In Figure 12, the most critical load condition isen by seismic load in the positive Y-directiontlwa force
distribution of type 1. In this case the structoam sustain only a very small top displacement leigua.5 mm.
In the X-direction, the structure has a largehaligh limited, displacement capacity equal to T2m3. In the Y-
direction a lack of both ductility and strengthdietected, confirming that the weak direction oflthéding is the

transverse direction (see the value of the basar shd-igure 12b). For the most critical load cdiudi, a brittle
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failure was observed in the walls due to the leféensile forces, exceeding the capacity provisgethe limited
amount of steel reinforcement and preventing thiedvelopment of frames capacity.

Figure 13 shows the evolution (i.e., the formatémm development) of plastic hinges, for the moshateding
seismic load combination (+Y direction, type 1 disition) at two different load steps. In partiaylgigure 13a
refers to the load step 12 (point A in Fig. 12bijles Figure 13b shows the plastic hinges developraethe end
of the analysis (load step 37, point B in Fig. 1Zi)e evolution of plastic hinges confirms that iware the
weakest structural elements under seismic actibhs.wall base cross-sections plasticize prematuatlpw
values of the horizontal seismic forces, due todhmbined effect of axial force and bending mome@tastic
hinges develop first on the columns and then ob#aens, confirming the non-fulfilment of the hieday strength

principle of ‘weak beam-strong column

5 Retrofitting Strategies

The seismic analyses pointed out the drawbacks torfited. At a global/structural level, a desimbétrofitting
intervention should modify the building respondenimating the torsional deformability associateithaa long,
first mode period, while limiting the risk of pound on the adjacent building connected with theessore
deformability. At the element level, it is necegstar provide strength and ductility. Retrofittinggategies aiming
to reduce the structural role of either the wallshe frames, transforming them in secondary elésn@iTC
2018, 2018; EN 1998-1, 2005), are not applicabtéitocase. On one side, the good quality of taméd precast
structure, in terms of construction system (contynat nodes) and material properties, suggestataiaing their
role as a lateral force resisting system. On therdtide, the weakness of the walls indicate tieat &ire not strong
enough to be the primary elements. Base isolappears practically unrealizable due to the lack bhsement.
Moreover, it could be impossible to accommodateldinge relative displacements between adjacentlingi
involved in this technique.

In this work, two retrofitting strategies are dexdsthat respect the constraint, dictated by thklimgi usage, of
inserting new elements in the perimeter only. Tley in the same way at the element level, where the
strengthening of the existing frames is pursueduph the addition of an external steel reinforcetmeéth the
CAM® (Active Confinement of Masonry) system (Marnettale, 2018; Monti et al., 2016). At a global levisle
aim of regularizing the torsional mode and religvthe overstress of existing walls is reached lingén two
opposite ways on the building stiffness, eithereasing or decreasing it.

The design philosophy of the proposed interventfoliews the prescriptions of the NTC 2018 (201&)éxisting
buildings that lists two main categories of retitofg interventions, depending on the value ofrtt® (e between

17



383 the maximum seismic action that the structure ciinstand safely and the seismic action that woeldied for
384 a new building. A value ofe = 1 characterizes thmonformationintervent, when the existing building is made
385 adequate to sustain the whole seismic input.JEcr 1 animprovemenintervention takes place. In both cases,
386 the value of the other actions acting simultangoissthe same as for new buildings (NTC 2018, §88y the
387  case study, given the lack of capacity of the aagstructural system and the status of strategiiding, a value
388 of (e =0.6 is assumed as a realistic limit to be putsiitis represents the minimum value that musebetred

389 in any retrofitting intervention on a strategic ®iig building (88.4.2).

390 5.1 Stiffening strategy

391 The stiffening strategy, schematically shown inuFgg14, aims to increase the structural seismiaap In the
392  stiffening intervention, a new transverse RC shedlt is inserted in the structural system, in aifpms where a
393 foundation beam is present. The new vertical ele¢metending along the whole building height, isaduced
394  along the plan perimeter between the columns C7CGinY replacing the external infill between the tWais

395 choice allows use of internal spaces during refimient works. The new wall is intended to redueedigmand
396  on existing walls. Its position is capable of regiding the torsional mode shapes and stiffenimgsttnuctural
397 system, inserting a resisting element along th&dimgi’'s weak direction. The wall is designed witlt@ncrete
398 class C35/45 and reinforcement bars of type B450@. wall thickness is 40 cm and its width is consia

399 elevation. Its connections to the existing elemangscarefully detailed.

. ] =
--— additional wall
400 7 ri 4
401 Figure 14 — Stiffening strategy for Building B1:ditibn of a new RC wall.

402  To assess the effect of this strategy on the gloda&viour, a modal analysis is performed in the-pttervention
403  state, assuming again a 30% reduction of stifft@sscount for cracking. The results in Table 6vsltioat the
404  natural periods undergo a reduction with respetiigadnitial state (Table 4) up to 56%, 42% and 48%the first
405 three modes respectively, as it can be appreciateijure 15. Coupling of modes vanishes, the ¢orsi mode
406  shifts to the third position, the value of thetfimsode period is very close to that of BuildingiBZ'able 5. These
407  findings highlight the effect of the reduction bkteccentricity between the centre of stiffnessthat of mass,
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confirming the regularization of the torsional molreover, with the wall insertion in the transsedirection,

the longitudinal one becomes the weakest direction.

Table 6 -Modal analysis of retrofitted Building B1, stiffei strategy.

] Modal Participating Cumulative Modal Participating
Period Mode type
Mode S Mass [%] Mass [%]
s
Mx My Mgz Mx My Mgz -
1 0.563 82.9 0.6 1.2 82.9 0.6 1.2 Longitudina
2 0.325 1.6 70.6 8.8 84.5 71.2 10.0 Transversal
3 0.238 1.4 7.9 67.0 85.9 79.1 77.0 Torsional
4 0.178 12.0 0.1 1.9 97.9 79.2 78.8 Longitudina
5 0.097 1.8 0.4 0.1 99.7 79.5 78.9 Longitudina|
6 0.092 0.0 13.7 2.4 99.7 93.2 81.3 Transversal
7 0.069 0.3 0.0 0.0 99.9 93.2 81.3 Longitudina|
8 0.060 0.0 4.2 16.2 100.0 97.5 97.6 Torsional
0.8 . :
——LSLS (g=1.5)
——LSLS (q=2.0)
0.6 1 |——LSLS (60%)
——-—LSLS (q = 2.0)*

2 N
To 047 1
%) 1 N N N P T,
0.2 L == -\ | ——— T:3
\X T,

0 L : ' T,

0 1 2 3 4 :

T3

Natural period (s)

Figure 15 - Design spectra at LSLS before and a#teofitting. T;, T,, Ts andTy, T, , T; = first three periods of
Building B1 before and after stiffening retrofiigin

An accurate design of the additional wall leadartancrease in the available ductility and ovesttngth which,
together with the change in structural type duaéoregularization of the torsional mode, allowstfe adoption
of ag-factor = 2, corresponding to a mixed system eqaiviaio uncoupled walls, as defined by NTC 2018 801
and EN 1998-1 (2005). Moreover, the facfer= 0.6 is applied to the initial seismic input, lsog in the same
way the whole response spectrum. Figure 15 shosvsdmparison between the LSLS spectra scaled éomtb
g-factors considered, and the LSLS spectrum with2 further scaled to 60%. To appreciate the effedhis
reduction, the same figure shows that the desigotagm corresponding to the reference periadS0years of
the ordinary buildings (labelled &SLS (g = 2.0) practically coincides with the reduced spectrimthis way,
even though not explicitly stated in the Italiand8pthe earthquake performance of the buildindnitesl from
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the Safety Critical Objective to the Basic Objeet{¥igure 1). Finally, the shift of the first mogeriod, leading

to an increase of demand, is well visible.

Table 7 —Total base shear and frames percentage, originafigaration vs. stiffening strategy.

Base shear before Base shear after Base shear after
o o Frames o Frames o
Direction retrofitting[KN] o retrofitting[KN] o retrofitting[KN]
0 0
g=1.5 g=2 g=2, LSLS 60%
X 10474 22 7048 17 4229
Y 9717 21 7921 2 4753

A response spectrum analysis is carried out opdiséintervention building. Table 7 shows the resinl terms
of base shear force in the X- and Y-direction. PHeand 3¢ columns list, for the original configuration, thase
shear and the percentage carried by the framgseatagely. The # and ¥ list the same values, for the post-
intervention configuration, while thé"&olumn accounts for the reduction in the desiggcspm. The demand
in terms of seismic actions on the retrofitted ctuee is reduced by 60% along the X-direction an&2% along
the Y-direction, respectively. The percentage ohded on frames reduces in X-direction and goesstitoaero

in the transverse Y-direction, where the new walhdded. In this configuration, beams and colunawe lthe
capacity corresponding to the demand posed byedtHaced design spectra, hence reaching what isedefin
“seismic improvemehby the Italian Code (NTC 2018, 2018), with thecegtion of few frame elements, having
the required shear capacity but not the bendingaigp For these elements, a strengthening thraaglitional
longitudinal bars welded at the end sections tabmgrofiles allows to balance the demand of t8&8& spectrum
scaled to 60%. The horizontal displacement at LSt $he interface with the adjacent building, isvrequal to
6.5cm, a value compatible with the current comsionm practices and sufficient to avoid the pougndin
phenomenon. The DLS deformability checks are ndisfged in both directions due to the addition ofeaty stiff
element along the original critical direction (s&ection 4). However, a few critical elements witttie core still
reveal deficiencies, under both eccentric axiatitemand shear. At ground floor, the transversé Wal, and the
longitudinal W1 and W5 walls (Fig. 3) havégindex in the range 0.4-0.55. The wall W5, thawtes continuity
between the two beams B113 and B114 in the Noafmdr(see Figure 3), is in the same range alsosatafid
second floor. A strengthening through the CAM® systdoes not suffice to raise theindex to the unity for

these walls.
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5.2 Softening strategy

The second strategy aims to weaken the buildirdyaiag its stiffness and thus the seismic demandhé
softening intervention, the existing RC walls aplaced by a frame system of columns 40x50 cm eadb in
transverse (3039 cm) and longitudinal directidd®x<@9 cm), as shown in Figure 16. To eliminatettiisional
deformability, the cross-sections of columns C7 &idt are increased to 40x70 cm. The new elemests ar
designed with a concrete of class C35/45 and reiafoent bars B450C. A modal analysis is performegbsess

the effect of the intervention on the global stemat behaviour.

T
i ] 5|
.

-kF-1 =—cross-section increase

-11-5 <—cross-section increase

] ) :

Figure 16 -Softening strategy for Building B1.

Table 8 -Modal analysis of retrofitted Building B1, softegistrategy.

) Modal Participating Cumulative Modal Participating
Mode Period Mass [%] Mass [%] Mode type
] Mx My Mrz Mx My Mrz -
1 1.648 0.0 75.3 5.7 0.0 75.3 5.7 Transversal
2 1.195 6.4 6.4 73.1 6.4 81.6 78.8 Torsional
3 1.026 84.0 0.5 5.9 90.4 82.1 84.7 Longitudinal
4 0.466 0.0 12.9 0.7 90.4 95.1 85.4 Transversa
5 0.372 1.4 0.2 9.4 91.8 95.2 94.8 Torsional
6 0.339 6.7 0.0 1.4 98.5 95.3 96.2 Longitudinal

The results of the modal analysis in Table 8, fades having a participating mass larger than 5%wsh
significant period elongation, due to the changsgtinctural type from a mixed system to a framéesypswith T,
going from 1.290 to 1.648 s, with a 27% increadee Tirst mode is a translation in Y-direction. Tioesional
mode shifts to the" position, highlighting the reduction of the eccarity between centres of stiffness and mass
and the regularization of the torsional mode. Tai and the change of structural typology allovconsider a

behaviour factor higher than that adopted in thelyses on the original building. However, due te thack of
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ductility of the original frame, g-factor equal to 2 is chosen also in this case. A3 8nalysis considering only
60% of the seismic input (see Figure 15) is carnetl on the post-intervention situation. Base shwathe
retrofitted structure is significantly lower thamthe original structure, undergoing a reductior6B% along X
direction and by 75% along Y direction, respectn@lable 9). However, in this case about 70% ofidthse shear
in both directions must be balanced by the origirmines and it turns out that beams and columns fae
required capacity in shear but not in bending. f&ams, an additional reinforcement, designed usiag@CAM®
system, suffices to provide the required bendirgaciy to all the elements, but the beam includetvben C7
and C14 at first, second and third floor. Hence, dtiffening of these columns implies an increasmirnal
forces also for the beams connecting them. Fomen$y only 55 out of 80 elements reach the requiegrcity.
Strengthening is not possible in cases where thmuatrof necessary reinforcement would not satisé/NTC
2018 limit (87.4.6.2.1) on the maximum ratio betweeinforcement and concrete areas. The requirezliam
would result in a brittle beam behavior that, imtuwould not correspond to the adoptefactor. In the softened
configuration, the structure is more deformablee Tlorizontal displacement at LSLS at the B1-B2rfate is
equal to 15 cm, even larger than in the originalfiuration and the DLS deformability checks ar¢ setisfied

along either of the two directions.

Table 9 —Total base shear and frames percentage, originafigaration vs. softening strategy.

Base shear before Base shear after Base shear after
Frames Frames
Direction retrofitting[KN] o retrofitting[KN] % retrofitting[KN]
0 0

g=1.5 g=2 g=2, LSLS 60%

X 10474 22 5643 72 3278

Y 9717 21 4001 68 2401

5.3 Increase of seismic capacity dueto theretrofitting strategies

The benefits/limitations of the two retrofitting thedologies investigated in this study are compavid the
performance of the original un-retrofitted buildimgterms of strength of each structural membees, (beams,
columns and walls), accounting for the reductiothim design spectrung & 2, LSLS{e = 0.6).

The rate of actio§e defined in Egs. (1-3), for bendingX{(), for bending coupled with axial Ioaa,';((m) and for
shear £Y), respectively, is herein evaluated for the respiitRSA on the original building and after the laggtion
of the two retrofitting interventions. For the salebrevity, only the ground floor columns, groufholor walls
and first floor beams are examined in the followiRigure 17 compares the rate of acghin beams at the first

floor. The benefits of the strengthening intervent{labelled as “ret. #1” in Figure 17) over thégoral and
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softening solution are clearly visible, while otlitpited improvements on the original building asheeved with

the softening intervention (labelled as “ret. #2'Figure 17).

1 L L

100 105 110 115 120
beam number

Figure 17 — Rate of action factors in beams atfitst floor under bending moment action: comparisdn
original building (“orig.”) with the two retrofittng strategies (“ret. #1” and “ret. #2")

Figure 18 presents the rate of act{ﬁﬁ’v) in columns at the ground floor. The stiffeningeintention guarantees

a safe conditions for almost all columns. Benefieidects can be appreciated also with the apptinadf the

softening intervention although many columns sided a local intervention.
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Figure 18 — Rate of action factors in columns & ¢glmound floor under bending and axial force: comgan of
original building (“orig.”) with the two retrofitthg strategies (“ret. #1” and “ret. #2")

Finally, Figure 19 compares the rate of ac§§rin walls at the ground floor. Higher values ar¢aitied after the
application of the stiffening intervention compatedthe original un-retrofitted building, althougl in walls

remains well below the unit.
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Figure 19 — Rate of action factors in walls at tireund floor under shear force: comparison of omigji
building (“orig.”) with the stiffening strategy (“et. #1").

Numerical results obtained from RSA show that #gutarization of the torsional mode, accomplishgdbbth
strategies, does not suffice to eliminate the stinat deficiencies of the building. However, thekaof capacity
in the retrofitted configuration of the stiffenistrategy is such that local interventions with @8M® System
suffice to fill the gap with the demand correspargio the reduced seismic input. The only notakt®ptions

remain, as already stated, in some wall of thescore

6 Discussion of results

The seismic behaviour of the building at study &lwharacterized by the analyses performed ivtteerability
assessment and in the post intervention stateviodifferent retrofitting strategies. In the origlrstate, frames
provide approximately the same fraction of basesirethe two directions. This fact can be expldiméth the
cross-section geometry, since in the central fratmground floor several sections have a width greitan the
depth. Core walls attract about 80% of the basarstsince, differently from columns, they have astant
stiffness along the height. The building geometrigh unidirectional frames and eccentric coreshesorigin of
the occurrence of coupled torsional/transversal esodhn this case study, the main effect of the latki-
directionality of frames is not the significant pemce of a strong and weak direction (as it waklittas &
Martinelli 2017) but the amplification of the radé the torsional mode, arising from the eccentyioit the cores.
The vulnerability assessment is based on respgesgram and pushover analyses. The former adoptfuth
spectrum of a strategic building and a g-factoraé¢o 1.5, whose choice appears correct when dyathecks
are performed. The latter shows that the low reagdment ratio of walls can limit the full developmef the
frames capacity.

Retrofitting is pursued at both global and localele At global level, the regularization of torsammodes is

reached with two different strategies, either stiffig or softening the building. In the first caas, additional
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wall is added in the transverse direction; in tteosid, core walls are substituted by a new frarsgegy. Even
though both strategies are successful in elimigatinsional deformability and coupling between saarse and
torsional modes, the first one is to be prefercethé second on the ground of retrofitting at Idegel, where the
same technique, based on the adoption of the CAdteny, is used. In fact, in the stiffening strategkere the
frames’ contribution is exploited to its best i thlane of the frames, a successful retrofittingéched for them.
This is not accomplished in the second strateglyetirainates the cores contribution and loads thmés beyond
their capacity. Moreover, in the softening stratetine frame deformability increases to an unactdptievel,
that alone would be sufficient to discard it.

Two points need to be underlined. First, the adwoptf a different g-factor in the assessment amafiting
phase, where the lower g-factor corresponds tbulfiding situation with respect to current codejlesthe higher
is coherent with the advantages brought by thefiiing intervention. Secondly, the reduced spattadopted
in the retrofitting phase is practically coincidemith the full spectrum for an ordinary buildingloaving the
interest of this case study to be extended to tide Wuilding stock erected with obsolete seismidexoor in

absence of a correct seismic zonation.

7 Conclusions

This paper presents the results of the vulnerglabsessment and the discussion of two retrofitrategies for
a RC strategic building erected around 1990. The study shows the typical features of a wide aébsildings
whose design, fully complying with technical codissgoverned by gravity loads, due to the lack abaect
seismic zonation in the Italian Technical Codese Tésisting system is composed of RC plane framekd
longitudinal direction and erected with a precaststruction system in which continuity among beand
columns is achieved through integrative on sitdimgsand of two eccentric cores. As a first cos@u, the
vulnerability assessment permitted to understard stsismic response of the building in its origistdte,
highlighting the building torsional deformabilitthe role played by frames and core walls and ttle ¢ seismic
capacity at element level. Two retrofitting straémgwere then discussed, both respecting the eomistof
minimizing the interruption of the normal activgié the building and not modifying the originaaps, two vital
needs for both strategic and ordinary buildingse Stiffening strategy, in which all the resistinigreents are
classified as primary and can fully exploit theapacity, showed itself to be the only capable whielating the
torsional deformability, reducing the building defability and, associated to a local strengtheiritgrvention

trough the CAM system, to provide the required strength to alirents but three walls within the cores.
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The results of the analyses provide clear indicatifor further studies on the stiffening strateggr the case
study, an on-site survey, taking advantage oftdnedardization of the precast system, could elitaittze strength
reduction deriving from incomplete knowledge, amdvide the details of beam-to-column joints andeesly

of the critical connection of the wall W5 to thejaxknt beams. A possible difference, while not ryaad the
global behaviour, could influence significantly tstate of stress of the core. As a general cormiydi appears
that investing resources in the level of knowledge favour the reduction of the retrofitting intemtion. As in
this case, on site survey can be driven by thenpirgdry results of response spectrum and pushowaysis. The
available ductility in the retrofitted configuratican be assessed through a pushover and canrbased with
ad-hoc interventions: as tlogfactor increases with increasing ductility, théssec demand decreases. The case
study here presented provides an excellent benéhtmanvestigate on retrofitting strategies, noalgaed here,

aiming to provide ductility and energy dissipatiorthe structure.
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643 Appendix

644  Table A1l — Dimensions and reinforcement ratiosodfimns cross-section, building B1. Section numbeb®ld
645  denotes cross-section having a higher stiffnesksartransverse (out-of-plane) direction.

Section . Section Section ] .
Ground Ps First Ps Second Ps Third | Section [cm] Ps
[cm] [cm] [cm]
floor [%] floor [%] floor [%] floor [%]
bx | by bx | by bx by bx by
C.l1l1 40 25| 0.8( c.21 40 25| 0.80 C.3.1 4( 25 0.62 Cc41 4(|) 25 0.62
C.1.2 40 40| 0.95 C.2.2 40 30 1.05 C.3.2 4( 30 0.85 CA4.2 4({) 30 0.67
C.1.3 40 40| 0.95 C.2.3 40 30 1.05 C.3.3 4( 30 0.85 CA4.3 4({) 30 0.67
C.l4 40 40| 0.95 C.24 40 30| 1.08 C.34 4( 30 0.85 C4.4 4(}) 30 0.67
C.15 40 40| 0.95 C.25 40 30| 1.08 C.35 4( 30 0.85 CA45 4(}) 30 0.67
C.1.6 40 40| 0.95 C.2.6 40 30| 1.08 C.3.6 4( 30 0.85 CA4.6 4(}) 30 0.67
C.1.7 40 40| 0.74 C.2.7 40 40 | 0.79 C.3.7 4( 30 1.05 CA4.7 4({) 30 1.05
C.1.8 40 50 | 0.76 C.2.8 40 40 | 0.79 C.3.8 4( 30 0.85 C.A48 4({) 25 0.80
C.19 40 50 | 1.41 C.2.9 40 40| 0.95 C.3.9 4( 30 0.85 cC49 40 25 0.62
C.1.10 40 50 | 1.41 C.2.10 40 40| 0.91 C.3.1Q 40 3 0.85 C.4.10 40 25 2 0.6
C.1.11 50 50 0.82]3 C.211 | 40 50 | 0.90 C.3.11 40 40 0.79 C.4.11 40 30 0/67
C.1.12 50 50 0.8213 C.212 | 40 50 | 0.90 C.3.12 40 40 0.79 C.4.12 40 30 0/67
C.1.13 50 50| 0.88 C.2.13 | 40 50 | 0.90 C.3.13 40 40 0.79 C.4.13 40 3 0l67
C.1.14 40 50 | 1.41 C.2.14 | 40 50 | 1.41 C.3.14 40 40 0.95 C.4.14 40 40 0/95
C.1.15 40 30| 0.8% C.2.15 40 25 1.0 C.3.15 40 25 0.80 C.4.15 40 25 2 0.6
C.1.16 40 30| 1.0% C.2.16 40 30 1.05 C.3.14 40 3(1) 1.05 C.4.16 40 30 5 1.0
c.1.17 40 50 | 1.06 C.2.17 40 40| 0.74 C.3.17 40 31) 0.85 C.417 40 30 7 0.6
C.1.18 40 50 | 1.06 C.2.18 40 40| 0.74 C.3.18 40 31) 0.85 C.4.18 40 30 7 0.6
C.1.19 40 50 | 1.06 C.2.19 40 40| 0.7¢ C.3.19 40 31) 0.85 C.4.19 40 30 7 0.6
C.1.20 40 40| 0.9% C.2.20 40 40| 0.9% C.3.2¢ 40 41) 0.79 C.4.20 40 30 5 1.0
646
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