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Recent earthquakes have revealed the susceptibility of non-ductile reinforcedec¢Ro@e) buildings
with deficiencies related to stiffness and/or mass irregularities in plan and elevaiopaper proposes a
design methodology for the seismic upgrading of rotationally sensitive substan@arduRdings. The
methodology aims first to eliminate the effect of torsional coupling on muetads and shapes and then
modify the lateral response shape of the building in each direction so ashieve an optimum
distribution of interstorey drift along the building height. A case studysied to illustrate practical

application of the proposed methodology.
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1. Introduction
The majority of multi-storey R.C. buildings in southern Europe were built initseHalf of the 28
century. Most of the structures were designed for gravity loads onipfigrinenting the allowable stress
design philosophy which did not allow any control of the mode of failure and the corresponding
deformation capacity of the individual members. The first seismic codes werguiced in 1960s with
sdsmic detailing being at a primitive stage of knowledge. The fact that titkerm seismic codes were
introduced much later (more than 20 years later), in the mid-1980s, constitutes aleatherg issue
considering the decreased level of seismic protection and the increased seismiciliylradréie vast
majority of the built environment. Strong earthquake events have repeatedigtifidshe deficiencies of
non-ductile R.C. buildingsat member- and/or system-level. Insufficient reinforcement detailing of
components limit the ability of the whole structure to resist seismic loadicg gieformation demands
are such that exceed the available deformation capacity of the structure and thusctddoaat bearing
capacity (i.e., the structure can no longer support its self-weight and collapsesn-f&ysl deficiencies
such as eccentricities of stiffness and mass in both plan and elevation are commstinip gxiictures
leading to severe damage and eventually to colldpdeight irregularities may result due to the practice
of setbacks or penthouses in the upper floors. A special case of in-height iitiegukathe soft-storey
formation in pilotis type buildings which are common in southern Europe ffhie ground storey used for
commercial facilities is an open frame (bare frame), while the storeys abovefilleel)i In-plan
irregularities may result due to the uneven distribution of stiffness in ptarz@ntal irregularities) as a
result of architectural (e.g., L-shaped buildings or skew-plans) or dmatt{e.g., facade of commercial
buildings) features. Moreover, the position of the elevator shaft walls playsportant role in the
distribution of stiffness in plan.

The reduction of seismic risk through assessment and rehabilitation programs to upgrauggskhadi

are deemed inadequate with regards the level of seismic protection they protiel@ublic has become
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a recognized priority. Different retrofit strategies may be developed forductiie R.C. buildings
depending among other parameters on: (a) the mandated level of the interventitire (@el of
knowledge about materials, geometry and detailing; (c) hazard parameters, indhadiggfibition of
appropriate ground motion levels and their probability to occur; and (c) the iihabgectives of the
retrofit effort [Thermou and Elnashai, 2006; Calvi, 2013; Zerbin and Aprile, 204%z&J 2015]. Among
others, Thermou et al. [2007, 2012a, b] developed a retrofit design concept actondhigh response
may be improved by targeting for a fundamental mode shape that would prodeseadble pattern of
interstorey drift and therefore damage. This concept was further extended by Raddalopnd
Pantazopoulou [2011] in three-dimensional structures with torsiongdaiment in their lateral response,
where in the methodology developed the fundamental translational mode shape ismepedody
separating the contributions to translation and twisting from the correspohdsig modes of an
associated decoupled system.

Distribution rather than localization of damage is crucial; otherwise thkesehnk will jeopardize
the stability of the whole structure [Thermou et al., 2007, 2012a, b]. In the propbsed design
methodology, the general criteria that need be satisfied are correction ofegarrities in plan and in
elevation and elimination of mechanisms likely to lead to damage localizAtiother important issue is
the modification of the structural system so as to increase the redundancylaiethkload resisting
system.

This paper presents a design methodology for the seismic upgrading of rotaisenaitive existing
R.C. buildings. The methodology aims first to eliminate the effect ofotmakicoupling on modal periods
and shapes. After this stage, the building is expected to respond independietiio lateral directions
(since torsional effects have been neglected) following the corresponding funalameé shapes. Next,
the translational response shape in each orthogonal direction is engineeredch®\te an optimum
distribution of interstorey drift along the building height [Thermou et 2007]. The proposed

methodology was implemented to an existing three-storey building constructesl @arly 1970s. The
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validity of the proposed methodology was assessed by carrying out inelastic andtisthe use of a
three-dimensional finite element model of the retrofitted structure. The rexiittate the efficiency of
the proposed design methodology for the seismic upgrading of existing torsionally uetaRui:

buildings.

2. Deficiencies of substandard R.C. buildings
The framework of modern earthquake engineering relies on regulating the dstribfistiffness and
mass in order to achieve a favorable distribution of deformation demands throughatrtutture, the
hierarchy of failure in structures through the capacity design rules and remfmtdetailing especially
in the plastic hinge regions in order to secure ductility. The presence ofWRIIE in seismic design is
considered significant since global lateral drift is controlled and damage in frame elements is reduced. The
introduction of walls leads to the development of dual structural systems. la system the support for
the vertical loads is mainly provided by a spatial frame and resistancer&b ladels is contributed to in
part by the frame systefeC8-Part Ill, 2005]. Depending on amount of the shear resistance of the walls at
the building base compared to the total seismic resistance of the whole stsystewad, wall and wall- or
frame-equivalent systems may result.

Reinforced concrete structures found in the urban areas of southern Europe Wweitnbste 1920s
and 1960s were designed for gravity loads only, whereas those built between 1960s andet®80s w
designed with the first generation of seismic codes. The knowledge regarding the seismic behavior of R.C.
buildings back then was rather limited and design was based on lot of simplifiessamptions.
According to the relevant paragraphs of the first Greek Seismic Code [Roy&eD&869] R.C. walls
should be: (i) placed in the two orthogonal directions so that the center of stiffness to be close terthe cen
of mass and at least at the central one third of the plan and cldsempatimeter of the building; and (ii)

arranged in such a way as the total area of the R.C. walls in any storel uhreation of loading to be at
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least equal to 1/500 (i.e., 2%o) of the total floor plan area of the stories above. This was the basic rule of

thumb used at that era. The graph in Fig. 1(a) presents the total ared tagdRoC. walls in ground

storey (first storey) and in both directions for buildings up to 8 storeys. Hfemca,well-designed 4-

storey building of the 1960s the area ratio of R.C. walls in the first sitoriegth directions should be at

least equal to 1.6%. In Fig. 1{§)l) some representative plan layouts of multi-storey buildings in Greece
of the 1960s are shown. The lack of knowledge and experience of the average civil endiaadlirig

the placement of R.C. walls is evident. Nether the number of R.C. walls isenificcording to required

area ratio of walls nor the position of the wall is efficient in provididgquate torsional resistance and

stiffness. This type of deficiencies are common in the building stock designed agctwdihe first
generation of seismic codes. Moreover, structures of that era are characterizedutiigciant
reinforcement detailing (e.g., inadequately anchored transverse and longjiteidifticement, sparse and
smooth stirrups, lap splices in the region of the plastic hinge, no stirrdape beam-column joints, bad
connection of the ground floor columns to the foundation system), poor quality of matenelsniform
distribution of stiffness and/or mass in plan and elevation, insufficient foundatgiem, and various
other weaknesses such as increased loading due to change of use and corrosion of reinfoedéngent
as example the country of Greece, common features of the buildings ofatlased on the standards of
the period were as follows:

- Materials: Concrete grade, B120 + B160 corresponding to contemporary concrete dbBcacter
cylinder strengths 8-10 MPa; Steel grade, S§F#20 MPa) for both longitudinal and transverse
reinforcement and Stlll {420 MPa) for longitudinal reinforcement as per DIN 1045 [1936].

- Column detailing: cross section dimensions 250 + 600 mm, diameters of column longitudinal
reinforcement @14 + @20, transverse reinforcement @6/250 + 300 mm, dian&teradrarely
applied, longitudinal reinforcement ratio 7%o + 9%o < 10%o.

- Beam detailing: cross section dimensions 100x300 + 300x600 mm, diameters of beam lohgitudina

reinforcement bars @10 + @18, beam transverse reinforcement @6/200 + 250 mm.
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Wall detailing: thickness 150 + 200 mm, length: 1.5~3.5m, boundary elements: length 2a@rin
web reinforcement: #@28/250.

Anchorage / lap splices construction practice: longitudinal reinforcemigimthwoks with arbitrary
lengths, stirrups anchored with 90° hooks, unconfined lap splices (Fig. 2(a)).

Lack of a continuous vertical load path along the height of the building.

There is no typical floor since the dimensions of the columns and beams changefeynio storey.
Often in-plan column layout does not follow a grid pattern, hence leading to insiinggbrts (Fig.
2(b)).

Beam-column joints were usually left without stirrups, for convenienceoafktruction. Another
commonly reported location of failure is in the beam-column joints, particutadpnnections over
the perimeter of an R.C. frame building.

Foundation usually comprised single column conical-shaped, lightly reinforcesigeotin well-
attended structures, a network of lightly reinforced, rectangulaioee@00 mm by 400 mm to 500

mm) connecting beams were used to join the upper sections of all footings.
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FIGURE 1 (a) Area ratio of walls in the first storey, py 1, according to the Greek Seismic Code [Royal Decree,

1959]; (b)-(d) Representative floor plan layouts of multi-storey bugklin Greece of the 1960s.

FIGURE 2 (a) Beam reinforcement detailing of the 1920s in Greece (original drgwi) Indirect support.
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3. Proposed retrofit design methodology

The proposed retrofit design methodology aims to modify radically tipemee of old substandard R.C.
buildings with torsional sensitivity. For this scope a retrofit design methoddiagybeen developed
which comprises two design stages. First, structural eccentricities areizethiand simultaneously
torsional resistance and stiffness are enhanced. This is realized by the additidénesssdif the periphery
of the building through adoption of global intervention methods (e.g., R.C. iafi$)wAt the end of this
design stage, the building is symmetric in plan and torsionally balanced. Thuspuhd grotion in the
two orthogonal axes (x-x and y-y) will cause only lateral motion, whereaystenswill experience no
torsional motion unless the base motion includes rotation about the vertical axisildimg fsimodified
further as to respond in each lateral direction according to a target reshapse called hereafter target
response shape. The objective is to mitigate damage localization through contaaliidation of the
lateral response shape. This is achieved by a weighted distribution of aaditifness along the height

of the building.

3.1 Conceptual framework

The unsymmetric plan depicted in Fig. 3(a) corresponds to the constant floor pkm existing
multistorey R.C. building. Due to the distance between the center of mass (CMeaahter of stiffness
(CS) (i.e., eccentricities,@nd ¢ in Fig. 3(a)), the building is expected to simultaneously undergo lateral
motion in the two orthogonal directions (x-x and y-y) and torsion about the Veatitsa whenever
subjected to the x- or y- component of ground motid. floor rotation, 0;, as a result of force Jfacting

at the CM is:

g M,; -V,;-cosae +V,; sinae, 1
Tk K/ (1a)
Z,)
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FIGURE 3 Plan layout (a) of the existing building; (b) of the retrofitted buildimgcéntricity

elimination).
where K is the rotational stiffness defined at the CS according to:

KL =Ky, (% —8)2+Ky - (v —¢,)?] (1b)
i=1

and K, K,; are the lateral stiffness of the individual floor elements ang;xs the distance of the
geometrical center of each element from the origin xOy. The eigenvalue probleenexigting building

whose solutiomprovides the natural frequencies, ws, and modes, @, is described mathematically by:

m O 0| |®, K, 0 -6, K, | |P,
2
o;-|0 m 0 |1D =] 0 K, e-K, |'\9, 2)
0O 0 J,| |9, --K, K, K, D,

where s (S=X,Y,2z) is the natural frequendy,, K,, K, are the diagonal submatrices of the translational
stiffness in x and y direction and of the rotational stiffn@g=[®s 1, Osz..., Dspl' (S=X, Y, z) are the
mode shapes of the system, J,, are the diagonal submatrices of the mass and moment of inertia.

The mode shapes are coupled through the stiffness matrix, K, because the stiffipedep are not
symmetric about the x and y axes. The objective of retrofitting is to elimawentricity so that
Ko=Ko=K=Ko,=0 (i.e., §=6~0, i.e., move the CS to the CM, and thls0 (Eq. (1a)), and to

simultaneously increase the rotational stiffness sk that the torsional radius could receive higher values
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than the radius of gyration, then the system would be uncoupled in x, y and Dd#ettis can be
achieved by adding stiffness to the system in strategically selected posititine periphery of the
building as to minimize eccentricity and simultaneously increase torsionalnesis(Fig. 3(b)). The
translational and rotational stiffness of floor j of the strengthened sydtenthe addition of m structural
members (e.g., R.C. walls) are:

- Floor translational stiffness of the strengthened building:
. n m " n |
K ZZKXJ +ZKx,p » Ky, ZZKy,i +ZKy,q @
i=1 p=1 i=1 g=1

- Floor rotational stiffness of the strengthened building:

n | m
KR =D (K X +K, - yP)+025 L% ) KR +025 1% - > KE, (3b)
i=1 g=1 p=1

m |
where Z KX’,O and ZKy,q refer to the additional stiffness required as to remove any eccentrichg of t
p=1 g=1

floor plan.
Eq. (2) that describes the eigenvalue problem for the existing building igiedoaccordingly as to
account for the effect of the additional stiffness that lead to elimination of eccentricitplaamtement of

the torsional resistance:

m 0 O] (&Y (K 0 0 ||&]
@-/0 m 0 |<@fi=| 0 K5 0 |<&F (4)
0 0 J, | |&f 0 0 K| |&F

where o (S=x,y,2) is the natural frequency of the retrofitted systégfi, K,?, K, are the diagonal
submatrices of the translational stiffness in x and y direction and of tagonal stiffness of the
retrofitted system.®:")'= [Dg 1, Osa..., Ds\l' (S=X, Y, 2) are the mode shapes of the systend,, are the
diagonal submatrices of the mass and moment of inertia. Thus, the three uncoupled equations that describe

the eigenvalue problem are:
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W, M@ =K D0} m- & =K dF; 0 -m-&F =K -d} (5)

According to Eq. (5) the modified building (Fig. 3(b)) will response indepelydenthe two lateral
directions (torsional effects have been neglected) following the corresponding fundancetlgalapes.

In the proposed rehabilitation framework, deformation demand is quantified by interstdtey dr
throughout the building. The degree of stiffness irregularity along the heighedfuilding, and the
resulting local increase in the magnitude of demand (i.e., the magoftirdposed interstorey drift (ID)),
during an earthquake may be diagnosed by the morphology of the fundamental translaidmaif m
vibration [Thermou et al.,, 2007]. The proposed methodology targets the systematic redfiction
deformation demand, and in particular, the elimination of any tendency for localipdtiiemand in parts

of the structural system.

AX

*—o . Py oo -

) 3 g

1 e -5 ._é_
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] iy = &
= : 5 hi I

| - NN By AR | R

| (@) (b)& ()&

Plan Elevation

FIGURE 4 Lateral displacements profiles; (a) triangular; (b) shear; (c) flexural.

This objective is achieved by engineering the translational mode-shape ofuttersirso as to
optimize the distribution of interstorey drift (ID) according to the metlagyodeveloped by Thermou et
al. [2007]. For example, a uniform distribution of ID would correspond to a liireeimode shape (Fig.
4(a)) whereas a shear-type first mode is marked by higher increments in #greflmavs, gradually
decreasing toward the upper floors (Fig. 4(b)). The reverse pattern occulsdaralftype translational
mode (Fig. 4(c)). In a reverse process of redesign, in which the desiratdm pett ID distribution
prescribes the proper morphology of the fundamental mode shape, it is relativajiitfetinaiard to

evaluate the pattern of stiffness distribution throughout the structure that i®dequproduce a desirable
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translational mode. The necessary stiffness that is estimated from this patéssarded to each floor
through pertinent interventions, as required. Dimensioning and detailing of theserititers refer to the

basic mechanics of reinforced concrete.

3.2 Stepwise presentation of the proposed methodglo

The entire procedure is outlined by the following steps:

Step 1. Assessment of the existing buildin@he existing building is assessed at local (i.e., at member
level) and global level (i.e., structural level). Flexural and shear resistarveellaess chord rotation at
yielding and at ultimate are calculated following the procedure described in ECI8-F2005] and the
Greek Code for Interventions [GRECO, 2014]. The expressions utilized ap@ggyendix A. The shear
strength ratio, s (=Vg;/Vy, <1), is defined which when is lower than unit premature failure dueectar s
expected [Thermou and Pantazopoulou, 2011]. Moreover, the effective stiffnesstaicheal members

is estimated. The structural regularity in plan is assessed by adopting the eghamiiéria defined by
EC8-Part | [2004] The slenderness, A (=Lma/Lmin), Of the building in plan should be less than 4.Q.{L
and Ly, are the in plan dimensions of the building measured in orthogonal direcfldres)structural
eccentricity in both directions x-x and y-y,@nd g,, should be smaller than 30% of the torsional radius
in both horizontal directions, and , respectively. The torsional radius for each direction of analysis x

andy, ¢ and f, should be largetan the radius of gyration, {s. The following conditions apply:

r/
€y < 0.30-r, andr, >/, withr, = T(Z 4P
X
r
€x < 0.30-r, andr, >/ withr, = KZ (6b)

y
where K" is the torsional stiffness of the retrofitted building (after the ettidn of torsional effects)

defined at the center of stiffness (CS). The center of stiffness ignitetel according to the procedure
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provided by the Greek Annex of EG8xt | [2004] with the determination of the fictitious elastic axis of
multistorey buildings [Hellenic Seismic Code, 2000, Makarios and Anastsia89d8a,b, Makarios,
2008]. For this purpose a spatial model of the building is required and elastic aw#lysisacked cross
sections is performed. Alternatively, eigenvalue analysis could also be perfamesséssing the mode
shapes and the influence of torsion.
Step 2: Elimination of the torsional sensitivityThe objective is to eliminate the effects of torsion in
response. This could be easily accommodated with the addition of global interveatiwds (e.qg., infill
R.C. walls, metallic cross braces) at the periphery of the building. The positilie added structural
elements is selected as to minimize structural eccentrigitye(g=0) and also to offer enough torsional
stiffness, K° (Eq. 4). The effect of the added structural members on the response of the Lsilding
assessed by eigenvalue analysis considering cracked cross sections. In case thatwbenfiodes are
translational with a mass participation factor close to 85% then the amount of added stiffoesislé&zed
sufficient.
Step 3: Controlling the distribution of interstorey drift

Target period: The target period of the retrofitted buildinggef is defined. An acceptable range for
selecting the target period value in retrofitting a flexible building beylefined by the code prescribed
value [EC8, 2004] as the most stringent lower limit, and the period of thefust after solving the

torsional behavior issues, as the upper, more lenient limit:

005 Ho' <Toage <Tr (7)

tot —
where Hy is the total height of the building and & the period of the building after the elimination of
torsional response. Alternatively,J.:may be estimated as not to exceed a preset limit value described by
the drift demand, «.rqe0f the structure according to the perforroatevel selected [e. SEAOC, 1995;

FEMA 356, 2000Priestley and Kowalsky, 2000the drift demand at yielding is estima@®gharge(=
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Ou.arget/ 1) after deciding on the ductility level, p. The drift demand at yieldgyqe: is related to the

elastic spectral displacement demand by:

C =S,(T)-I'/ H, (8)

y,target —

whereT=L"/M" is the participation factor with"EEm®;, M'=Em®;, m} is the mass at'jfloor and®; is
the shape value at floor j. If demand is defined according to Type | earthdesim spectra of the

EN1998-1 (2004), then drift demand at yieldifgaqe: May be estimated from:

r
=0.0638, S Tog— (9a)

T,<T<T,: ©
° ¢ HtOt

y,target

r

y,target — 0.063 ag S UN -lf-: ’ -I;arget_ (9b)

T <T<T, 0
¢ ° HtOt

where g is the design ground acceleration, i$ the lower limit of the period of the constant spectral
acceleration branch,cTis the upper limit of the period of the constant spectral acceleration piignish
the value defining the beginning of the constant displacement response rargspEdirum, S is the soil
factor, n is the damping correction factor with a reference Vae of n=1 for 5% viscous damping;ialet IS
the target vibration period of the ESDOF system agddthe total height of the buildinghe designer is
free to select a target period which for a given ductility level will nyodife target displacement
Moreover, attention should be paid to the cost of the intervention which increasgg.ds feduced
getting closer to the stringent lower limit as suggested by [EC8-Part |, 2004].

Stiffness distribution along the height of the building: The Yield Point Spgaschheim and Black,
2000] representation is utilized for definition of demand. The YPS are inekstileration-yield
displacement response spectra (ADRS) and can be generated from either a code+basext #osite-

specific record. In current study, YPS are obtained from Type | elastic spectrd@8aPart | [2004]
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after scaling down its x and y coordinates through pertinga® gelationships. The g-T relationships

used in current study are the one proposed by Vidic et al. [1994]:

q=(,u—1)_|_l+l' T<T, (10a)

0

q=u; T>T, where T,=065 x* T, <T, (10b)

where q is the behavior factor, p is the ductility and Tc is the corner period at the plateau. The YPS for
peak ground acceleratiog=a0.369, subsoil of class B with S = 1.20, spectral acceleration amplification
factor for 5% viscous dampingy= 2.50, with corner point periods defining the various spectrum regions
equal to E=0.15s, £=0.50s and §=2.50s are presented in Fig. 5(a). For a target period and ductility
level (e.9., Targer0.5s and Warger2), the target displacement at yielding of the ESDOF, 8*),, target 1S
estimated as shown in Fig. 5(b). A targlttility value, pages Detween 2 and 3 may be considered
achievable for retrofitted buildings.

Next, the target response shape, @i IS Selected. The driving consideration is the pursuit to obtain as
nearly uniform as possible a distribution of drift demand. A more relaxed slegmén(j to a more
economical solution) may be used as well depending on the tolerance of damage lmtatizatsingle
floor as well as the structural type of the building. Recent studies [e.gniAshd Miranda, 2005;
Cardone, 2016, Cardone and Perrone, 2016], have revealed that damage associateductunah-st
elements determines the larger part of the total repair cost (almost 8% efpected annual loss) for
substandard RC frame buildings. Hence, damage to non-structural members need also be considered by
imposing limitations on the interstorey driftor example, EC8-Palt [2004] refers to limits that are
related to the seismic zone, the seismic hazard conditions, the protection of prbeatiye, the type of
the non-structural members (ductile or brittle) as well as to whetherintexfere with the structural

deformations.
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FIGURE 5 (a) Demand spectra for constant ductilities in ADRS format; (b) demafd,frF0.5sand piiarge=2.

When considering structural vibration in the selected target response shape, thlizgdneffective)
SDOF properties of the structure are related to the target period and from theredquired secartb-
yield stiffness of the first floor, K as follows [Thermou et al., 2007]:

Ar? i=1
m-w; —

- (11)
2
(Ttarget) 2 :WI -A(D?
=1

where K, is the stiffness of the first storey, m is the typical storey mass, ®; is shape value at th& gtorey

(N is the total number of storeys), A®; is the difference in shape between successive flogeg, is the
target period. Weighting factors,,vare utilized for the distribution of stiffness of the multi-degree-of
freedom (MDOF) along the height of the building [Thermou et al., 2007]. To dére/evector of
weighting factors Rayleigh’s method was used. The latter analysis converges to the fundamental mode
shape that satisfies force equilibrium indirectly through energy conservatiommdinet al., 2007]. The
work-equivalent stiffness comprises contributions of the deformable elements liooallefvels; strain
energy is associated with translational inter-storey drift for sheanefrstructures, and depends on

tangential inter-storey drift in flexural wall-frame systems. The factocawesponds to the weighting
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factor value at the first storey weighting factors. The values of thehtirgigfactors for the triangular
response in case of equal storey height for 2- to 8-storey buildings apfegr @fa). Eqg. (11) may be

further simplified in case of the triangular response shape and considering equal storeg:height

4r? N,
Kj=——| mw- )i (12)
(Ttarget j=1
The required stiffness in the j-th floor;, kassociated with the selected target shape is obtained from:
Ki w 13)
1 13
Ky w

Alternatively, the charts of Fig. 6(b) may be utilized directly. For examptea four-storey building
and a triangular target response shap& 0.9, Ky/K;,=0.7 and k/K;=0.4. This procedure is repeated i
both lateral directions. The additional stiffness required at each stobeyhitateral directions, as for the
lateral response shape to conform to the target shape, is equally distributetth@leegical members of
the floor. In the selection of the vertical members to be strengthenedaaitehtiuld be paid as not to
modify the center of stiffness.

Dimensioning and detailing: Each member of thdlgor need be designed in order to satisfy the
required stiffness, K calculated using Eq. (13). Cross sectional dimensions of the retrofitteemgem
(e.g., R.C. jackets) or the new added members (e.g., R.C. infill walls) is defiheddesign of the
retrofitted members should comply with the code provisions (e.g., minimum bar eliapettentage of
longitudinal reinforcement). Note that deviations from the required stiffness anddhuthe target shape
may be imperative due to construction limitations such as in cases that thesstifrthe existing floors
already exceeds the required s@éffs The distribution of the added stiffness along the retrofitted
members should not affect the center of stiffness as defined after theagbm of the torsional
sensitivity at the first stage of the methodology. Deficiencies at lewal leading to premature failure

modes are addressed through local interventions at member level (e.g., FRP jacketing).
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FIGURE 6 (a) Weighting factors and (b) floor stiffness ratigkq assuming equal storey height for the triangular

response shape.

3.3 Limitations of the proposed retrofit design meétodology

The optimum retrofit design scenario for substandard construction shouldegeofeasible solution from
a structural point of view by considering the deficiencies at both locallabdl devel and also estimate
the impact of various performance indicators related to economic losses.

The proposed retrofit design methodology aims to eliminate the effectssifit in response and limit
the magnitude and distribution of interstorey drift demand in the building accacdthg selected target
response shape. Within the conceptual framework of the proposed methodology, intdritateynand
is used as an index of damage assessment which is directly related to the defirhimpaformance
objectives of rehabilitation [Thermou et al., 2012b]. The retrofit temiuprovided by the proposed
methodology corresponds to a specific scenario described by the target response shapectibinget du
level and demand defined by the ADRS for a given hazard level. The proposed methodology does not
provide any tools to evaluate economic losses related to the amount of damage dimg Ibugly
experience and the consequences of this damage including potential casualtieyjdessr afccupancy,
and repair and reconstruction costs. The provided retrofit solution could be assessmabtasffective

one by using methodologies developed towards this direction. For example, the buildiloatoest
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methodology proposed by Aslani and Miranda [2005] and the FEMA P{2812] methodology as
applied to substandard RC building in the Mediterranean region by Cardone [284B]Jn€ and Perrone
[2016] could be used. The interstorey drift demand is the key element that careejatteposed retrofit
design methodology and methodologies referring to damage and loss assessment. The aitrinetur
proposed methodology is such that could in a future version easily incorporatectatdd to decision
making. Thus, in step 3 of the proposed methodology various scenarios could be defined depehding
target periods, target response shapes, ductility levels and then assessdihgadoorstructural

performance indices and performance indicators used on decision making.

4. lllustration of the proposed retrofit design methodlogy trough a real case study

The methodology described in section 3.2 is implemented in a three-storey rdsideDtiduilding
representative of the construction practice in Greece in the early 1970s. Tegbwias designed for
gravity loads [Royal Decree, 1954] and a low level of peak grawmdleration, pga =0.08g [Royal
Decree, 1959]. Before the implementation of the proposed retrofit design methodologngamiigite step
refers to the assessment of the existing building. The main objective is tosthestiral regularity in
plan and elevation and identify any brittle failure that may jeopardize thdustustability in lateral
deformation induced by future earthquake events. This step is crucial and the infoculdicied will
define the objectives of retrofitting.

4.1 Assessment of the existing building

A typical floor plan layout of the selected structure is shown in Fig. T{@.first storey (i.e., ground
floor) has a commercial use (practically open ground floor due to shop window®ashbke other two
floors are used as residential apartments. The plan layout of the firstistolifgrentiated from that of
the other wo floors. The building featured various deficiencies such as low percentage of tsansver

reinforcement (stirrups with6 mm nominal diameteat sparse arrangement s=250 mm with open legs),
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insufficient anchorages, no stirrups in the beam-column joints, indirect suppeds (lb beam
connections) and structural irregularity in plan. The columns have a rectangugar section with
dimensions varyin@long the building’s height, generally reducing by 5cm in each upper floor whereas

the longitudinal reinforcement ranged betweer6.6%0 + 10.3%.. Detailing regarding the column cross
sections appears in Fig. 7(b). The geometry and the reinforcement detailinG. ofdls followed the
typical construction practice the provisions of the first Greek Seismic {Raal Decree, 1959]. The
dimensions of the wall cross section were 1200 mm + 2150 mm long by 150 ninmn2t width. The
cross section geometry of the walls remained intact along the height of the bulltndhoundary
elements were lightly reinforced by#2 mm longitudinal bars and the web reinforcement comprised of a
dual meshp8/250 mm. The total area ratio of the R.C. walls in each storey and in bettiatis of the
existing R.C. buildingp,, was estimated equal to 0.53%xA,/A;=1.68/317.85=0.53%). According to
the relevant paragraph of the first Greek Seismic Code [Royal Decree, 19850Cthwalls will have to

be arranged in such way as the total area of the R.C. walls in aay ist@ach direction of loading to be
at least equal to 2%o of the total floor plan area of the stories above. For the three storey building examined
herein with a floor plan area of 317.85nthe minimum wall area required in the first floor would be
2x2%0%3x317.85=3.81 M Hence, the required area ratio of walls according to the chart of Fign i)
first storey ispy,1=1.2% much higher than the provided one, indicating this building does not contiply wi
the requirements of the code of that diiee longitudinal reinforcement area ratio ranged between 3.1%o +
14.7%o approximately. Note that in a few beams three different bar diametersvere placed (e.g., 10 mm, 12
mm and 16 mm). Transverse reinforcement followed the same pattern as in columsiabTtheckness
was 0.10 m constant at all floors and was considered to offer diaphragmatic aotioret€ quality is
B160 corresponding to a characteristic concrete compressive strengtld MPa. Smooth bars with a
mean stress at yielgF250 MPa (Stl according to DIN 1045 (1936)) were used for both longitudinal and

transverse reinforcement.
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The assessment at member level of the existing building followed the proceduiieedieiscEC8-Part
[11 [2005] and the Greek Code for interventions [GRECO, 2014]. The chordorottyielding,0,;, and
at ultimate 9y, the flexural, \;, and shear strengthg) of the existing columns, beams and walls were
estimated according to the expressions that appear in Appendix A. In case of columns thieestgghr
ratio r, (=Vr,/Vy, <1) was lower than unit, indicating that premature failure is expected to iocallithe
floors. The columns at the time of failure will have a chord rotation significantly redabedst half) of
the chord rotation at yielding (Table 1). Referring to the walls eomnpture failure is anticipated since
r.>1 (Tablel). Moreover, according to GRECO [2014] the effective stiffness ateedchf a concrete
member, Ely, may be computed from the yield moment,, Eind the chord rotation at yielding at the end,
0y, as:

Elg, =M, L./30,, (14)

In this study, it is assumed that the columns of each storey are fixed in both ends wiaieare
fixed only at the base behaving thus as cantilevers. Thus, the shear span for the cadgumstdshalf
the clear storey height &h./2) whereas for the walls it was taken equal to 2/3 of the total heighé of
building (Ls=2H./3). Egs. 15 are used for estimating the stiffnegsatimember level. The total stiffness
of each floor, K (=2K;), is obtained by direct summation of the stiffness of the individual aertic
members of each floor (since they are considered to function as a sequence efisppagllel) and

presented in Table 2:

For columns: K =M,,/(2-6,;-L%) (15a)

For walls: K =M, /(6,-.%) (15b)
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FIGURE 7 (a) Plan configuration of*istorey of the existing building; (b) Cross-sectional detailing ofronkiand
walls.

For the needs of performing the structural regularity check in plan aasutie eigenvalue analysis, a
finite element model was developed using the SAP2000, version 15 [Computers and Sinet(Cs),
2012]. Columns, walls and beams were modeled as elastic elements with an efféciggs stalculated
according to Eq. (14More details regarding the modeling process are presented in detail in section 4.4.1.
The structural regularity in plan and elevation is checked according toadhéfeal criteria of Chapter 4
of EC8-Part | [2004]. The slendessh (=Lma/Lmin) is 1.9, thus less than 451.9<4). The structural
eccentricity in both directionsggand gy, is smaller than 30% of the torsional radius (Table 3), whereas in
both directions the torsional radiug,and , is smallerthan the radius of gyration (Table 3). Thus, the

criteria described by Eqgs. 6 are not satisfied and the building is characterimedj@sr in plan in both
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directions. Contrariwise, all lateral load resisting system run witimberruption from the foundation to

the top of the building. The modal response parameters of the existing building are presentieddin Tab

TABLE 1 Average values of the chord rotation at yielding, at ultimate and shear resistémeeertical members.

9 flex* e flex* V V e A*: .9 flex
Floor y,col u,col shear,c y rv:Vshear, Vyﬁl Failure fail =V y,col
(%) (%) (kN)  (kN) (%)
1 0.75 3.70 15.97 19.12 0.83 Shear 0.63
Columns
2 (C1-C33) 0.65 3.42 15.93 20.69 0.77 Shear 0.50
3 0.67 3.63 10.28 14.88 0.69 Shear 0.46
U flex
ey,wall evaall Vshear,w Vy rv:Vshear,WyS]- Failure 9fall v ey,wall
(%) (%) (kN)  (kN) (%)
direction x-x
0.32 3.26  652.87 50.68 1 Flexure -
(W1-W2)
Walls S
drection ¥y 40 354 65869 52.49 1 Flexur
(W3-W5) . . . . exure -
" The values are calculated in both directions x-x, y-y due to the rectanglsectios
TABLE 2 Stiffness of each i storey at each direction.
Storey Stiffness;, (KN/m)
direction x direction y
1 27539.9 30463.3
2 51175.0 55541.0
3 41193.8 42351.0
TABLE 3 Check of structural regularity in plan.
Direction x
€< 0.30 ¢ check re> g check
1.45 1.54 ok 5.14 7.99 not ok
Conclusion: irregular in plan
Direction y
€< 0.30y check ry> ls check
0.09 2.17 ok 7.24 7.99 not ok

Conclusion: irregular in plan
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TABLE 4 Elastic periods and modal participation mass ratios of the existing building.

Period Modal Participation Mass Ratio (%)

No.
(sec) Ux Uy Rz
1 0.95 0.00 4.10 90.55
2 0.72 88.94 0.00 0.00
3 0.48 0.00 89.18 5.19

4.2 Elimination of torsional sensitivity

The main objective is to increase torsional resistance and minimize sifuetwentricities in both
directions in order for the building to respond in an uncoupled mode when subjected to lateral loading. For
this purpose, stiffness is added at the periphery of the building in stedlegelected locations as to
minimize structural eccentricities. From among the various globalvantons methods, the addition of
R.C. infill walls was considered as being the most effective one in increagimificaintly the lateral
stiffness. The bays selected for the construction of the R.C. infill weatiepicted in Fig. 8(a) (R.C. infill
walls: W6 - W9). The existing R.C. columns were incorporated in the infillsveal boundary elements
after being jacketed (Fig. 8(b)). The width of the shear walls was sudb a#low the vertical
reinforcement of the web of the wall to pass by the beams of the infillewe$. The monolithicity of the
infilled R.C. wall with the surrounding frame was secured by connecting doveelsdobetween the old
and the new components (columns and beams) [GRECO,. dbtffective stiffness of the added shear
walls was such as to minimize structural eccentricities in each dire¢tienaddition of W6-W9 walls
(Fig. 8(a)) increased significantly the area ratio of the R.C. walls in all the storeys and iirdmitors to
1.09%. The stiffness contribution of all the vertical elements were estimateddiing to Eqgs.15. The
dimensions of the infill walls along with their reinforcing detailing ahelirt stiffness contribution are
shown in Table 5. The materials selected for the new R.C. elements were a corhbrateharacteristic
strength of =30 MPa and steel with a characteristic yield strengt#b00 MPa. Dimensioning and

detailing of the infill walls followed Chapter 5 of EC8-Part | [2004]. The codeima imposed
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limitations in the design of the new members and those limitations guided tHi¢ settdion. Eigenvalue
analysis was performed with the modeling assumptions presented in section 4pértidigation mass
ratios of the building after the addition of W6-W9 walls verify thatitmal sensitivity was eliminated

(Table 6).

TABLE 5 Dimensions and reinforcing details of the R.C. infill walls.

R.C. Walls
Web . . .

Vl\Q/ais bx By Reinforcement  SUTUPS Pt Pwi Kx Ky

(mm)  (mm) (mm) (mm) (%) (%)  (KN/m)  (KN/m)
W6 200 2450 #210/200 @1080 1.07 (4024&4016) 0.25 0 14340.4
w7 200 2450 #210/200 1080  0.60 (4912&4218) 0.25 0 8927.2
w8 2050 200 #210/200 @10/80 0.69 (4014&4016) 0.22 6127.4 0
w9 2050 200 #210/200 @1080  0.69 (4914&4016) 0.22 6113.8 0

"py: reinforcement ratio of boundary elementg;: vertical web reinforcement ratio

TABLE 6 Elastic periods and modal participation mass ratios of the building aftedtligon of the R.C. infill

walls
No Periods Modal Participation Mass Ratio (%)
' (sec) Ux Uy Rz
1 0.52 88.03 0.00 0.11
2 0.39 0.03 83.49 0.99

3 0.36 0.12 0.75 81.28
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FIGURE 8 Elimination of the torsional sensitivity through the addition of th&W? infill walls at the perimeter of
the building; (a) plan layout of the retrofitted building in design phasenhifetion of torsional sensitivity); (b)

cross-sectional detailing of the infill wall W9; (c) elevation view of the infilledl Way.

4.3 Strengthening for a target interstorey drift
Once the torsional effects have been eliminated, the target value fourtthanfental period of the

buidling, Tages and the target shap®i.qe; are selected. The target perioghed; will recceive a value

between the following upper and lower limits:

- . 0.52s for x-
0.05HS'=0.05 10.8'= 0.298T,, . <T,y = 0.39s for y
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The lower limit of the period represents the code prescribed vajyéH).5m) is the total height of
the building and i, refers to the period of the translational mode after the addition of wall W&iV9
the elimination of the torsional effects. Any target period between the lamgrupper limit may be
selected and from there the target stiffness distribution heighteidd be estimated. Its obvious that the
the influence of stiffnes distribution of the existing building on the resulateral response shape after
retrofitting will be high as long as the required addition of stiffnessgathe height of the building is low
or in some cases when the stiffness of the existing building in one specidig isttigher than the target
one. Thus, it is required to select such a value of target period that will faltcagdition of a certain
amount of stiffness along the height of the building as to respond accordimgtémgat shape. Based on
the above, the target periods selected were 0.41s and 0.37s in x-x and y-y dire@anivedg. The
target ductility level was assumed equal to 2 which is considered a restistiario for substandard
buildings. The target stiffness of each floor is determined through the uthe afeighting factors
[Thermou et al., 2007]. The three-storey building (MDOF system) with storey nmat38rd4t and
triangular response shape is transformed to the corresponding ESDOF system wittiothieg
characteristics: MZm®;°=230.79t; [=zmid;= 291.96t; =L'/M'= 1.27. The demand in all cases is
defined by the Yield Point Spectra [Aschheim and Black, 2000] representation derived fromelagie |
spectrum of EC8-Part | [2004] and thed- relationships of Vidic et al. [1994].

The YPS depicted in Fig. 9 were defined for peak ground accelergtidh36g, subsoil of class B
with S = 1.20,8, = 2.50, with corner point periods defining the various spectrum regions equal to
Tg=0.15s, £=0.50s and §=2.50s. Thus, given the target period in x and y directiQn,,&=0.41s and
Txarge=0.375s, the target displacement at yield of the ESDOF system is estimated through gupi2IR&
8y, targen= 22.56 MM and’y, ager719.09mm, respectively (Fig. 9(a)). The target drift at yielding of the
MDOF system in the x and y direction i®ygen=d y, targe'I/Hio=0.27% and Oy arger =0 y.
rargety [ /Hi0=0.23%, respectively. The target drift values estimated are in the range of WI2&8ois the

drift at yielding expected to occur in case of RC wall-type structures [Thermou et al. 200 veighting
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factors for the three-storey building receive the valug\@45, w=0.414, w=0.241. Then, the stiffness
at the first storey in x-direction is calculated according to Eq.126K211.37 kKN/m. The stiffness of the
second and third storey in x-direction are calculated based on Eq. ££806%83.64 kN/m; k=46950.55

kN/m. The same procedure for determining the stiffness demand in the floors is followed inrdotigndi

(Table 7).
S 1.00 5 1.00
v¥ 0.80 A Teane=0 415 v¥ 0.80 -
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FIGURE 9 Demand for the adopted retrofit scenario in (a) direction x and (b) dimectio

Table 7 presents information related to the stiffness of the buildirachtdesign phase. The required
stiffness distribution along the height of the building for the targatomse shape is also presented. It is
observed that only in the first and second floor stiffness addition is requinedeas in the third floor the
stiffness of the existing building after the elimination of torsion is alrdsdiier than the required
stiffness for the target response shape. The latter implies that evercaséhthat the stiffness in the first
and second storey are increased as to comply with the stiffness corresgorttiedarget response, the
resulting lateral response shape would slightly deviate from the target ores tecided to modify the
stiffness of the first and second storey by the addition of R.C. jackets (i.atudtngl bars pass through
holes drilled in the slab and anchored in the third storey). The columns to ée¢ghake depicted by red
color in Fig. 10(a). The selection of this specific group of columns and thibulistn of the target added
stiffness along them did not affect the center of stiffness as defined a&ftaddition of W6-W9 walls.

The same materials utilized for the walls were used for the columns’ jackets. Details regarding
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dimensioning of the R.C. jacketed members appears in Table B1 (Appendix B)roposqal retrofit
solution leads to a lateral response shape very close to the target one s KgeriO(b)(c) after
applying the Rayleigh iterative method. The addition of the R.C. jackets fiirst two floors managed to
decrease the interstorey drift demand and lead to equal distribution of drift thlerfieight of the
building. Deficiencies at local level leading to premature failure moddsbwiladdressed by FRP

jacketing.

TABLE 7 Required stiffness for the correction of the response shape thydirection.

Stiffness in x direction, K(kN)

Storey Torsionall'y . Required Stiffness Added stiﬁness (Design o Stiffness at_ the gnd of
balanced building  for target shape R.C. jackets) the retrofit design
1 37391.42 67211.37 29710.25 67101.66
2 58234.98 80653.64 23343.24 81578.22
3 49735.74 46950.55 0.00 49735.74
Stiffness in y direction, K(kN)
Storey Torsionall_y . Required Stiffness Added stiffn_ess (Design o Stiffness at_ the epd of
balanced building  for target shape R.C. jackets) the retrofit design
1 51085.18 82529.08 31231.80 82316.98
2 73524.81 99034.89 25572.61 99097.43
3 62277.42 57650.75 0.00 62277.42

4.4 Assessment of the retrofit option

4.4.1 Modelling assumptions

The retrofitted building of Fig. 10(a) is assessed with the help of SAP2006rnvé&£s [Computers and

Structures Inc. (CSI), 2012] finite element program. In case of eigenvalysianalhich is considered in
steps 1 and 2 of the proposed methodology, columns, walls and beams are modeled dsamiasti
elements with an effective stiffness calculated according to Eq. (1g¢)adsumed that the contribution of
the slabs to beam stiffness and strength is reflected by the effectiveoiitite T-section. Mass was
distributed to the beam-column joints whereas diaphragm action was taken intot acstogndefault

diaphragm constraints.
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For the needs of inelastic static analyses (pushover analaeder’s stress -strain model was used
for confined and unconfined concrete [Mander et al., 1998] whereas a bilinearptdatio-model was
used for steel. Columns and beams are modelled as frame elements with plastiadsigges! at thie
ends. R.C. walls are modeled as frames elements connected at the floor level mghbpaéid end
offsets, whereas plastic hinges were assigned at the base of the walkl&iggthts are placed at beam-
column joints thus preventing plastic hinge formation in the joints. Fugdfiboundary conditions are
adopted at the base of the building. Each plastic hinge is modeled as a discrdimgeirin the present
work user-defined moment hinges (M2 hinges in x and M3 hinges in y direatierassigned at beams
ends the behavior of which are described by momeantation (M9) diagrams. The moment and chord
rotation at yielding and at ultimate were calculated based on the EC8-H26é0lB] and GRECO [2014]
and verified by the cross section analysis section program Response 2000 [Bentz, 2000].olh case
columns and walls the automatic Caltrans hingeBI2AMI3 hinges)are assigned which are based on the

3D interaction (yield) surface which defines coupling between axial and biaxial-bending b&havior

4.4.2 Eigenvalue and pushover analyses

Eigenvalue analysis of the retrofit is performed and the modal response paramgiegsearied in Table

8. The intervention methods selected to be applied (R.C. infill wattsegberimeter of the building and
the addition of R.C. jackets to existing columns (Fig. 10(a)) modified substatiiallgsponse. The first
two modes are considered purely translational (the participation mass ratio is3abavé&able 8). The
periods of the first two modes are very close to the target ones. The latp@aiseeshapes of the
retrofitted building based on the results of modal analysis using SAP2000 version lpui€snand
Structures Inc. (CSl), 2012] and the Rayleigh method are compared to the ones correspotiiging to
triangular response shape in Fig. 11(b). It is observed that the retrofit design methodology succeeded

in providing a uniform distribution of damage between the floors of the retrofittedirigil
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FIGURE 10 (a) Retrofit solution according to the proposed methodology; (ijtiaddof walls W6-W9 for
elimination of torsional effects and (ii) strengthening for a target ragpsimape through R.C. jacketing. Check

the vibration shape of the retrofitted building according to the Rayleighddéb) along the x-x axis (c) y-y axit

TABLE 8 Elastic periods and modal participation mass ratios of the retrofitted building.

Periods  Modal Participation Mass Ratio (%)

No.

(sec) Ux Uy Rz
0.49 88.10 0.00 0.16
0.37 0.01 87.58 0.41

0.35 0.19 0.77 85.52
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FIGURE 11 Vibration shape of the retrofitted building after the completion of thefitettesign according tc

Rayleigh method and SAP2000 results; (a) direction x; (b) direction y.

The dimensionless capacity curves \{\hq versusd (i.e., base shear, V, normalized with respect to
the weight of the building, W03, versus roof displacement, normalized with respect to the total
height of the building K, are depicted in Fig. 12 for the uniform distribution of lateral load (i.e., for the
most unfavorable load pattern). The black colored curves correspond to the caynraeityf the building
after the addition of the R.C. walls, whereas the red colored curvespoomde® the capacity curves after
the addition of both R.C. walls and R.C. jack@fg. 12). The sequence of plastic hinge development
revealed that plastic hinges formed first at the base of the R.C. wallshiibettions of loading. The
drift at which R.C. walls reached first yielding is defined by the blue squaserdbtg. 13indicating the
state of global yielding. The red circular dots that appear in Fig. 13 pone$o the ultimate state of the
structure. The interstorey drift profiles at the global yielding (Islyjgare dot in Fig. 13) and at ultimate

(red circular dot in Fig. 13) in both x-x directions and y-y directions are shown in Fig. 14.
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FIGURE 12 Comparison of the capacity curves before and after the addition of thejdRkets to selecte

existing columns in the first and second story: (a) direction x andir@mtion y.

ViWg.30) (%)

(@)

FIGURE 13 Calculated base shear vs top displacement for the retrofit solution; (a) directipmlixection y.
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The proposed retrofit design methodology managed to provide an almost unifortoutigstriof

interstorey drift along the height of the building both in the yielding. (Figa)) and in the post yieldin

region (Fig. 14(b)). Minor deviations from the target response shape are justifiedoasidered

acceptable since in case of existing buildings a predefined distritaftistiffness along their height

exists and imposes limitations to future stiffness modifications heightwisectatedi by the targe

response shape. The drift at global yielding in %y, and y-y direction@®,,, receives values equal -
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0.17% and 0.11% (Fig. 13), respectively, which if compared to the target dhifesvat yielding
(Oy target,=0.27% andy target,70.25%) lead to the conclusion that the adopted retrofit solution is ass
as stiffer with the help of more detailed analysis where inelastifithe system is considered. TI
outcome is on the safe side since lateral drift is further controlled anddémuzge is limited. Th
estimated displacement ductility in both directions (x-x directipn=1.8, y-y direction:p,,=2)

satisfies the target ong, targer2.
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FIGURE 14 Interstorey drift ratio of the retrofitted building in the direction x gnda) global yield point;

(b) ultimate strength.

5. Conclusions

This paper presented a retrofit design methodology for the seismic upgradingtimnedly sensitive
existing R.C. buildings. The proposed methodology aims to modify substantially shense by
minimizing structural eccentricities and simultaneously increasing tofsiesiatance and stiffness. For
this purpose, stiffness is added through the adoption of global intervention methioglperiphery of the
building so as to provide a building symmetric in plan and torsionally balanced. The lateral resppase sh

in the two orthogonal axes (x-x and y-y) is further modified as to comply thet target response shape.
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This is achieved by a weighted distribution of additional stiffness along tghttadithe building. The
proposed methodology was implemented to a three-storey building constructed in the early 1970s in North
Greece. The validity of the proposed methodology was assessed by carrying out inelastic analyses with th
use of a three-dimensional finite element model of the retrofitted structbeeréBults indicate the
efficiency of the proposed design methodology for the seismic upgrading ofngxtstsionally

unbalanced R.C. buildings.
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Appendix A

The chord rotation at yielding,;, and at ultimate§,, the flexural, \J;, and shear strengthrY of the
existing columns, beams and walls were estimated according to ECI8-P2005] and the Greek Code
for interventions [GRECO, 2014]. The following expressions were used:

For beams or rectangular columns:

L.+a,z h . (1r),df
0. =(1/r), =—-+0.0014(1+1.5—)+—>2=7
yii (/)V 3 ( Ls) 8\E
(Ala)
For walls:
1/r), d f
0, :(1/r)y"SJr—avz+o.0013+()+by
' 3 8.
(Alb)
For beams or rectangular columns:
0.225 fsw
~ max(0.01ky") 0.355 1, ) 00q) A2
Oumi —0.016(0.‘3){—max(0.0m)fc} (a,)°%25 (1.28 (A2)

where &1 if the shear force at flexural yielding,,Ms, exceeds the shear at diagonal cracking, or O
otherwise, z is internal lever arm equal to 0.9d in beams or columng,i.8lalls, 4: diameter of
longitudinal bars, g1 for walls, 0 otherwiseps: confining reinforcement ratio in the direction of
bending;pq is diagonal reinforcement ratio. Material strengthd.fare in MPa. In members not detailed
for earthquake resistance, the right hand of Eq. (A2) is reduced by 20%.

For every vertical member the flexural strengtl;, Was estimated by considering EC8-Rar{2005]
and the Greek Code for interventions [GRECO, 2014] expressions according to whichl ftepacities
are converted into associated shear forcgs:M, /L. This may be done assuming attainment of flexural

capacity at both ends for the columns (shear spagual to half the clear storey height), or a shear span
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Ls of walls equal to 2/3 of the total height of the building. The yield momdpt may be computed

according to Eq. (A3).

My, & &y p E
yl Yl Vil r\.r Vv ' ' s
v _(l/r)y‘i{Ec_2[0.5(]:|-5)——3]+[(1—éw)p+(§y’i =)+ (1-9 )}(1_5 )= A3
The shear resistance of beams, columns and walls, With rectangular web (with units: MN and

meters) was calculated according to

Vi, = gl__xmin(N;O.SSAmfc)Jr(l— 0.05mifi 571))| 0.16mfx 05180,)( -1 0.16¢8m,))|[T,A, +V,, | (A43)

S

The shear strength of a concrete wal, Vmay not be taken greater than the value corresponding to
failure by web crushing, ¥ max ; Which under cyclic loading may be calculated from the following
expression (with units: MN and meters):

Vi = 0.85{ 1- 0.06 mi g{'i))[ 1 1.8m(n 01%]]( +1 0.25nfax 17540))( - 1 0.qma)/Th,z (Adb)

Al

wherey, "' is the ratio the plastic part of the chord rotatidmormalized to the chord rotation at yielding,

6,. In the calculationgy,” was assumed equal to 0.
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Appendix B

TABLE B1 Dimensions and reinforcing details of R.C. jacketed members.

Georgia E. Thermou and Manousos Psaltakis

R.C. Jacketed Columns

Column by by Long. Reinforcement Stirrups Pitot AK, AK,
(mm) (mm) (mm) (mm) (%) (KN/m) (KN/m)
1% Storey
C6 500 500 8120 @10/120 0.91% 1854.6 2408.9
c7 400 450 8020 @10/120 1.40% 1617.2 2075.3
C8 500 550 820 @10/120 0.91% 2317.6 2611.6
C10 450 500 8020 @10/120 1.12% 1886.5 2394.3
C12 550 550 8120 @10/120 0.83% 2435.8 2435.8
C13 400 400 8022 @10/120 1.90% 2032.3 2032.3
Cil4 450 450 8020 @10/120 1.24% 1844.3 2024.3
C17 550 500 8020 @10/120 0.91% 2607.1 2314.9
C18 400 400 8022 @10/120 1.90% 1878.1 1976.8
c21 400 450 8020 @10/120 1.40% 1567.3 2026.2
Cc22 500 500 8020 @10/120 1.01% 2340.9 2340.9
Cc23 400 400 820 @10/120 1.57% 1590.2 1590.2
C26 450 450 8020 @10/120 1.24% 1775.5 1775.5
c27 450 400 820 @10/120 1.40% 1652.3 1421.2
c28 500 450 8120 @10/120 1.12% 2310.4 1803.5
2" Storey

C12 450 550 820 710/120 1.02% 4978.7 7362.2
Cil4 400 450 8018 710/120 1.13% 3507.4 4523.3
C17 425 400 820 710/120 1.48% 4231.4 3753.1
C18 450 400 820 710/120 1.40% 5450.5 4642.2
c28 450 450 8020 710/120 1.24% 5175.2 5291.8




