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Seismic Collapse Risk Assessment and FRP
Retrofitting of RC Coupled C-Shaped Core Walls
Using the FEMA P695 Methodology

Hamid Arabzadeh' and Khaled Galal, M.ASCE?

Abstract: Despite the frequent use of C-shaped reinforced concrete (RC) cores as the primary force-resisting system in multistory buildings,
there are still challenges in estimating their inelastic seismic response, especially when they are used as a coupled wall system. Recent studies
showed the inadequacy of old code provisions in predicting the seismic shear demands of these systems. This means that many existing RC
cores are structurally deficient and need to be retrofitted. One alternative is to retrofit RC shear walls using FRP composite materials to
enhance the capacity and ductility of the system. The current paper focuses on two aspects of coupled C-shaped RC core systems: (1) seismic
collapse of the system for different torsional sensitivities, and (2) effect of FRP retrofitting on the seismic response of the structure.
Modifications are proposed to the wide column model recently proposed by other researchers to accurately capture the inelastic torsional
behavior of RC cores, including different modes of failure. Moreover, a simplified spring model is proposed to consider the effect of fiber
reinforced polymer (FRP) retrofitting with vertical strips along with X-bracing. The proposed modeling approach is validated against avail-
able experimental data. Nonlinear incremental dynamic analysis (IDA) of a typical 12-story RC building structure located in Eastern North
America was performed using OpenSEES, following the FEMA P695 methodology. It was shown that, although torsional sensitivity has no
significant effect on the interstory drift ratios of the building, it can significantly decrease the collapse margin ratio (CMR). Combined shear/
flexural failure was found to be the most common failure mode. Observed results also confirmed that FRP strengthening can be used as an
efficient method for enhancing the collapse resistance of RC core wall systems. By using a proper strengthening scheme with FRP material, a
more than 60% increase in the CMR can be achieved for the structural system. DOI: 10.1061/(ASCE)ST.1943-541X.0001820. © 2017

American Society of Civil Engineers.

Author keywords: Risk assessment; Reinforced concrete (RC); C-shaped core; Seismic; Concrete and masonry structures.

Introduction

Reinforced concrete (RC) walls are often used as coupled systems
in the construction of multistory buildings because of their advan-
tages in comparison with individual walls such as higher lateral
stiffness, lower bending moments on each individual wall, and
higher energy dissipation because of the inelastic deformations
of coupling beams (El-Tawil et al. 2010). These elements have
been extensively used in medium-rise and high-rise building struc-
tures in the past decades. Nowadays, RC coupled shear walls are
popular lateral force resisting systems, especially in high-risk seis-
mic zones (Farhidzadeh et al. 2013). The reason behind this trend
is that RC coupled walls are significantly capable of controlling
the interstory drift ratio, which has been frequently used as a
performance indicator in the design of structures (Carrillo and
Alcocer 2012). Similarly, these structural systems are quite effi-
cient in reducing the associated implication of nonstructural
element damage.
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The expected energy dissipation mechanism of a ductile
RC wall system under lateral deformations is flexural yielding
(i.e., plastic hinges) at the base of both the cantilever and the
coupled wall systems and at both ends of each coupling beam
in a coupled wall system (Boivin and Paultre 2012). A series of
design provisions are specified in the current codes to confine
the inelastic response at the wall base. These are aimed at ensuring
enough strength against undesirable modes of failure like brittle
shear failure (Ghorbanirenani et al. 2012).

Many researchers have conducted both experimental and ana-
Iytical investigations to identify the behavior of coupled walls
and to improve the performance of these systems. The C-shaped
coupled wall system (i.e., core wall) is one of the simplest arrange-
ment and is popular in practice. Despite its popularity, however,
there have been relatively few studies on the seismic behavior
of this RC structure (Beyer et al. 2008a), necessitating research
on the seismic performance of C-shaped cores. One of the most
important characteristics of these nonplanar wall systems is their
response when the structure is subjected to torsional effects
due to the eccentricity of lateral forces. This is more significant
when the structural system is asymmetric in plan regarding lateral
stiffness and strength distribution. Such a configuration in the
plan of a building is prone to large torsional response during a se-
vere earthquake. Reports and field observations after past earth-
quakes showed severe structural damages because of torsional
effects (Hart 1975; Esteva 1987). A recent investigation by Dizhur
et al. (2011) reported significant structural damages, apparently
caused by a “torsionally sensitive response,” after the Christchurch
earthquake in 2011.
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Most of the research carried out in the past focused on the
behavior of planar RC walls, including various proposed ap-
proaches for predicting their nonlinear flexure-shear interaction
behavior (Colotti 1993; Elwood 2002; Massone et al. 2006,
2009; Mullapudi and Ayoub 2009; Zhang and Xu 2009; Jiang
and Kurama 2010; Beyer et al. 2011; Panagiotou and Restrepo
2011; Fischinger et al. 2012). These approaches were mostly based
on fiber-section elements, such as the multiple vertical line ele-
ments (MVLEs) proposed by Vulcano et al. (1988). The biaxial
behavior of concrete material [e.g., modified compression field
theory (Vecchio and Collins 1986)] was also considered in some
of these approaches.

In contrast, experimental research on the performance of non-
planar (e.g., C-shaped) RC walls subjected to lateral loads is very
limited. In one study, Ile and Reynouard (2005) examined three
full-scale U-shaped RC walls under cyclic lateral loading. The pur-
pose of the study was to investigate the behavior of U-shaped walls
against uniaxial and biaxial bending and shear and to compare the
design provisions required by two versions of Eurocode 8§ (CEN
2004). A shell model was also developed for simulation of nonpla-
nar RC walls. Beyer et al. (2008a) investigated the bidirectional
quasi-static cyclic response of ductile U-shaped RC walls by con-
ducting experimental tests on two half-scale specimens with differ-
ent thicknesses. The tests mainly focused on the flexural behavior
of walls, considering different directions of loading (two orthogo-
nal and one diagonal). Results showed the diagonal direction as the
most critical direction, in which the maximum moment resisted by
the wall was less than the corresponding value calculated by the
plastic hinge analysis. Moreover, the displacement capacity of
the wall in the diagonal direction was found to be smaller than that
in the orthogonal directions. A simplified numerical model was
also developed by Beyer et al. (2008b), who proposed a practical
approach for implementation and analysis of U-shaped walls. The
numerical approach was based on a wide column analogy, and has
been shown to produce reasonable estimation of the inelastic dis-
placement response for slender walls. Constantin and Beyer (2012)
used a three dimensional (3D) multilayered shell element model for
U-shaped walls to capture their local and global behavior under
diagonal loading. The model was developed using the software
VecTor4d developed at the University of Toronto and was found
to be accurate for loading capacity of the wall but not for its
displacement ductility.

Lowes et al. (2013) examined three 1/3-scale C-shaped wall
specimens, representing part of a coupled RC core system, under
biaxial loading protocols. Results of cyclic tests showed that bidi-
rectional loading significantly affected the response for displace-
ment cycles in excess of the yield displacement. At these
displacement levels, bidirectional loading resulted in a significant
reduction in the stiffness of the wall in the direction parallel to the
web of the wall (loading activating strong axis bending).

Recently, Lu and Panagiotou (2014) presented a 3D cyclic
model for nonplanar RC walls based on a beam truss analogy.
The model was able to predict the effects of flexure-shear interac-
tion, considering biaxial behavior of concrete material, and account
for mesh size effects. Although the proposed model has been re-
vised several times and has been validated for three RC T-shaped,
C-shaped, and I-shaped section wall specimens, the modeling
approach was found to be complicated in terms of calibration of
truss members and material properties (Kolozvari 2013). The re-
sults were also sensitive to precise tracking of the displacement
responses of walls in a wide amplitude.

In design of RC shear walls, the fundamental design equations
are mainly based on the “plane sections remain plane” assumption,
which is unable to capture the shear lag effects related to flexure
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and warping torsion. Such effects can be substantial in nonplanar
(C-, I- or T-shaped) wall configurations, and might affect the re-
sponse of a structural system in seismic excitations. Boivin and
Paultre (2010) showed that the seismic provisions proposed by
the National Building Code of Canada (NBCC 2005) and CSA
A23.3-04 (CSA 2004) for design of ductile RC shear wall buildings
could considerably underestimate shear demand, especially at the
base of the shear wall system. This issue was due to the fact that the
amplification effects from the higher modes of vibration could not
be efficiently taken into account by current capacity design meth-
ods. In seismic design of a multistory ductile RC wall, this could
result in a considerable underestimation of the seismic force de-
mand. For this reason, more studies need to be conducted on
the seismic performance of these structural systems and the effec-
tiveness of available retrofitting methods, both of which were in-
vestigated in the current study. Recent research on the seismic
design of RC shear walls (Pelletier and Léger 2017) showed that
a more reliable shear force demand can be achieved by using the
recently introduced dynamic shear amplification factor from CSA
A23.3-14 (CSA 2014). This factor should be applied to account for
the inelastic effects of higher modes and to prevent brittle failure.
However, RC shear wall systems that are designed based on CSA
A23-04 need to be controlled for shear demands, and CSA A23.3-
14 excludes coupled and partially coupled walls from the clause
“accounting for inelastic effects of higher modes.” Furthermore,
NBCC (2015) provides a higher mode factor M,, which is equal
to 1.0 for coupled shear walls except in very occasional cases, T, =
2.0 sand Sj,/Ss = 65, in which M, is equal to 1.03. In contrast, it
was found by Boivin and Paultre (2010) that the shear envelope
calculated based on the capacity design method is significantly un-
conservative in either the cantilever or coupled wall directions.
Therefore, more accurate evaluations for future designs and retrofit
options for existing building are essential.

FEMA P695 (FEMA 2009) has proposed a methodology to as-
sess the seismic performance of structures. This methodology pro-
vides a rational method for evaluating the adequacy of proposed
response parameters, including the response modification factor
(R), the system overstrength factor (€2), and deflection amplifica-
tion factor (C,) of a seismic force—resisting system. Using nonlin-
ear analysis techniques, the methodology combines certain steps to
develop and analyze a specific structural model for probabilistic
collapse assessment of a structure. The methodology explicitly
considers uncertainties in selected ground motions, modeling
approach, design, and test data.

Because of the lack of an extensive database of detailed exper-
imental data for nonplanar RC walls in the literature, among the
modeling approaches available for predicting the response of these
systems, only a few have the capability of tracking the cyclic
response of C-shaped RC cores when subjected to modest to sig-
nificant shear-flexure interaction (SFI). In some models, more
studies have to be conducted on the sensitivity of outputs to input
parameters (e.g., material properties and modeling assumptions),
and more validation against global behavior (load displacement)
and local responses (rotations, stresses, strains) is needed. Hence,
the WCM proposed by Beyer et al. (2008b), which incorporates
coupling effects between axial/flexural and shear responses under
cyclic loading conditions, was found to be the most practical mod-
eling approach in this case because of its simplicity of use and the
accurate results captured by the model.

The objective of this paper is to quantitatively evaluate the
seismic collapse risk of coupled RC core walls with different
torsional sensitivity factors, and to assess the effect of FRP retro-
fitting of these structural systems on their seismic responses. This
evaluation is done according to the FEMA P695 methodology.
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Fig. 1. Wide column model for the C-shaped core wall: (a) isometric view of RC core elements and position of the wall elements and links;

(b) subdivision of the fiber cross section of the C-shaped RC core

A modified wide column model (WCM) was proposed for
simulating the nonlinear response of RC cores considering tor-
sional effects. A simplified 3D macromodel was developed using
Open System of Earthquake Engineering Simulation (OpenSEES)
(McKenna et al. 2013); subsequently experimental test data from
the literature were used to validate the accuracy of the modeling
approach. Moreover, a simplified spring model was proposed to
consider the effectiveness of using FRP wrapping, vertical strips,
and X-bracing for retrofitting purposes. After validating the
numerical model, nonlinear incremental dynamic analysis (IDA)
of a typical 12-story RC structure located in eastern Canada
was performed, following the FEMA P695 methodology. A series
of 50 artificial ground motions proposed by Atkinson (2009) were
used for IDA analyses of the RC core in different levels of tor-
sional sensitivity. The analyses results were compared to deter-
mine the dynamic collapse capacity of the structure before and
after FRP retrofitting.

Analysis Methodology

Several analytical models have been developed in the literature to
capture the response of shear/core walls. However, when the non-
linear response is of interest, the behavior of these C-shaped RC
cores is significantly affected by the interaction between axial
force, flexure, and shear. Precise capturing of these effects presents
essential difficulties in macroscale numerical modeling (Ile and
Reynouard 2005). Although the adoption of the model according
to cyclic material properties (microscale modeling) can lead to
more accurate results in this case, more numerical effort is a major
drawback. Hence, in the current study a macromodeling method
was selected for numerical analysis of C-shaped core systems,
using the most accurate boundary conditions and constraints.
The numerical modeling in this paper is based on a WCM proposed
by Beyer et al. (2008b) for inelastic analysis of C-shaped walls.
Though Pelletier and Léger (2017) showed that the accuracy of
numerical results could be improved by increasing the number
of modules in the WCM, especially for high ductility levels,
numerical analysis requires more computational effort and presents
implementation difficulties. Hence, because of the high number of
analyses in the current work, specifying only one module appeared
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to provide reasonable accuracy in the seismic analyses of RC
buildings. The modeling approach is explained in detail next.

Geometry and Configuration of the Model

A schematic of the numerical model of the wall is shown in
Fig. 1(a), including the configuration of nodes and elements.
The discretized fiber section of the core wall is shown in the
Fig. 1(b).

General WCM Model

Each C-shaped section of each core wall was separated into three
rectangular regions (i.e., two flanges and the web), modeled by
vertical elements in their centroid representing each segment. A
horizontal link was used along the length of each segment to con-
nect these vertical elements. The corner areas of the core section
were divided in two and assigned to the web and flange sections.
Hence, the bars located in the inner corners of the section were
assigned two times (web and flange sections) to represent the outer
bars also.

Beam-column elements with displacement-based formulation
were used for piers in the model by assuming a constant axial
strain and a linear distribution for the curvature. Both the axial
elongation and the combined axial load and bending moment in-
teraction of the RC sections could be taken into account using
these elements. These effects are of the utmost importance in sim-
ulation of C-shaped RC cores in which variation in axial load in
elements is expected when subjected to a bidirectional loading
protocol.

Each element was set to have five Gauss integration points
along its length. Full base fixity was assumed for the walls, and
no soil-structure interaction was considered based on the results
of a study by NIST (2010). However, slippage in the wall-footing
intersections was considered (see the next section). The number of
concrete and reinforcement fibers was different for the models, but
was selected to create fine discretization in the section and to pro-
vide desirable accuracy. The confinement effect of the concrete ma-
terials was considered based on the model proposed by Mander
et al. (1988).

As for the displacement-based elements, proper selection of the
element length controls undesirable strain localization, in which
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plastic deformations start to occur in the first layer of elements at
the base of the wall while the elements in the upper layers are still at
the elastic stage (Calabrese et al. 2010). Stafford-Smith and Girgis
(1986) suggested limiting the spacing between horizontal links to
approximately 20% of the overall height of the wall. Consequently,
in the verification models in the current work, the height of each
wall specimen was divided into 4 equal-length parts. Keeping
approximately the same aspect ratio, the number of divisions
was selected to be equal to 2 in each story (i.e., 2 rigid links) in
simulation of the 12-story building.

As for the number of elements between links, Beyer et al.
(2008b) found that a WCM with two elements between successive
links suits most engineering studies. Therefore, extra nodes be-
tween successive links were introduced to equally divide the avail-
able height into two elements [Fig. 1(a)].

The horizontal links should have common nodes at the corners
and be modeled as rigid links, except for torsional flexibility
(Beyer et al. 2008b; Reynouard and Fardis 1993). The torsional
flexibility (GK,) assigned to the horizontal links was calculated
using Eq. (1), as suggested by Xenidis et al. (1993):

GK, = G% (1)
3
where G = shear modulus of concrete; K, = torsional stiffness;
h; = rigid link spacing; and ¢,, = thickness of wall.

Validation of the results against available hysteresis results from
experimental tests was conducted to examine the adequacy of the
number of elements in the model. The selected number of elements
was found to be sufficient for predicting the cyclic response of
C-shaped walls, as explained in subsequent sections.

Because of the lack of shear flexibility in the selected type of
elements, the two elements defined between successive rigid links
were connected by zero-length spring elements to consider the
shear flexibility of the wall segments. Hence, for both the in-plane
and out-of-plane directions, a horizontal translational degree of
freedom (DOF) in the zero-length element was assigned to have
stiffness corresponding to the shear stiffness of the two wall ele-
ments connected to the spring element. OpenSEES EqualDOF type
constraints were also used to couple the other DOFs of the two
nodes. Unlike the moment capacity of walls, estimation of shear
capacity of even a rectangular wall comes with large differences
between available code provisions or shear models published in
the literature. Beyer et al. (2008b) suggested that, for both the
flanges and the web of the RC core wall, shear behavior can
be considered elastic behavior using the uncracked section shear
stiffness (k,) computed by Eq. (2):

_ GA;
s hl

k (2)

where A; = 80% of the gross section area of each segment
(i.e., flanges and web).

This assumption has a considerable lack of accuracy once a
shear mechanism in the wall segment occurs. In this study, a bilin-
ear trend was used instead to consider the shear failure in the wall
segment response. Shear strain at yield was set to be equal to
0.0015 based on the study by Massone et al. (20006).

P-6 Effects

Lateral displacement of a building caused by the seismic (and
wind) loads on the lateral resisting system of the structure is usually
accompanied by further displacements because of the P-¢ effect. In
the simulation of the 12-story building (Fig. 2), the effects of geo-
metrical nonlinearity were also considered in the model by adding
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a P-§ frame (leaning column analogy). This P-6 frame was located
at a distance equal to the typical span length of the building (6 m) in
the east-west direction [Fig. 2(c)]. The frame consisted of rigid co-
rotational beam-column elements (columns) and horizontal rigid
links connecting the columns to the rigid links at the corner of
the section web at each story level. Because of the 3D modeling
approach used in the study, P-6 frame elements were also con-
nected to the core through diagonal truss elements to avoid insta-
bility of the system. The floor mass was computed at the story
levels and was lumped at the corresponding nodal point. The tribu-
tary area considered for the P-§ frame at each story level was set
as the total floor (or roof) area, from which the tributary area of
the core wall system was excluded. A significant effect was ob-
served on the lateral response of the building due to the P-¢ effect,
especially for higher lateral displacements.

FRP Elements

Effects of horizontal FRP wrapping on the behavior of wall seg-
ments were considered through confining the concrete materials
and increasing the stiffness of horizontal springs in a way that rep-
resented the shear stiffness of FRP wraps and the wall section itself.
Guidelines proposed by ACI 440 (ACI 2008) for FRP strengthening
of reinforced concrete shear walls were considered at this step. Ver-
tical FRP strips and FRP X-bracing were also modeled using uni-
axial “elastic-no tension” material object in OpenSEES. Two options
were available for implementing the vertical FRP strips: (1) fiber-
based definition of FRP layers into the section of each wall segment,
similar to the scheme proposed by ACI 440 [Figs. 3(c and b)]
using separate spring elements connecting the corresponding nodes
on the rigid links. To obtain comparable results with the wall
strengthened using X-braced FRP strips, the second option was used
in the current study. The elements were defined by connecting the
corner and middle nodes and the nodes created at the end of flanges
to define the coupling beams in the model [Fig. 3(b)]. Moreover,
vertical FRP wrapping of the coupling beams was considered
for all of the FRP-strengthened models. A schematic of the FRP
retrofitting layout is shown in Fig. 4.

Perfect anchoring of the FRP strips was assumed at story levels.
Moreover, to create a debonding rule at the midstory height, the
nodes on the rigid link were duplicated and the bond-slip relation-
ship model proposed by Lu et al. (2005) was implemented in the
model. Tributary areas of FRP strips were calculated, and slip based
relationships were defined to couple the nodes in the model. The
other DOFs were slaved using the EqualDOF constraints in
OpenSEES.

Strain Penetration Effects
In addition to the flexural/shear deformations in RC members, the
model had to capture end rotation due to reinforcement slip, which
occurs not only at the large inelastic stage but also during the elastic
response of members (Huang 2012). This effect, called the strain
penetration effect, was shown by experimental observations
(Kowalsky et al. 1999) to make a relatively considerable contribu-
tion to the total lateral deformation of flexural members. To avoid
overestimating the stiffness of the RC core, this effect should not be
ignored in the modeling of RC cores because doing so can lead to
underestimating the lateral drift of the core wall. Because the fiber-
based modeling approach corresponds to the basic assumption that
plane sections remain plane (i.e., perfect bond condition), the strain
penetration effect can be considered by using a zero-length element
at the base of the wall segments. Fig. 5 shows the schematic loca-
tion of a zero-length element at the base of the fiber-based model of
the RC core.

In the current work, the stress-slip model proposed by Zhao
and Sritharan (2007) was used to take into account the strain
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Fig. 2. (a and b) 3D layout and plan view of 12-story building coupled C-shaped RC core; (c) wide column model for the 12-story core wall
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penetration effects in wall-footing intersections. OpenSEES
Bond_SP0O1 material was used to represent the vertical reinforce-
ments. This model considers the total bar slip caused by strain pen-
etration as a function of a certain level of stress in the bar (Zhao and
Sritharan 2007).

Failure Criteria for Materials

Mechanical properties of materials were defined based on the
reported test data or the nominal strength of concrete and steel
reinforcement using the available empirical equations. However,
confinement effects on concrete behavior were also taken into
account. Fig. 1(b) shows the distribution of different materials
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in the cross section of the RC cores simulated in the numeri-
cal model.

A modified Kent and Park model (Scott et al. 1982) was used
to define the nonlinear constitutive laws for concrete fibers
(Concrete02 in OpenSEES). Though the model proposed by
Chang and Mander (1994) has a few more accurate features such
as better simulation of gradual closure of cracks under cyclic
loading and calibration of the stress-strain data resulting from
experimental tests (Concrete07 in OpenSEES), the Concrete02
model was used because of its simplicity of calibration. The model
offers a reasonable level of accuracy while holding its simplicity
and is extensively used even though some later constitutive
models have proved to be more precise and comprehensive
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Fig. 6. Hysteretic unloading and reloading rules used in the model
(reprinted from E. Spacone, F. C. Filippou, and F. Taucer, “Fibre
Beam-Column Model for Non-Linear Analysis of R/C Frames: Part
I. Formulation,” Earthquake Engineering and Structural Dynamics,
Copyright © 1998 John Wiley & Sons, Ltd., with permission from
John Wiley and Sons)

(Orakcal et al. 2006). The monotonic compressive stress-strain
(0. —¢€.) curve can be described by three regions as follows

(Fig. 6):
o, = Kf! {2(3) - (5—)2} e, <e (3)
€0 €0

2
ornb (2 ()] asa
€0 €o
Oc = 02Kf£7 Ec > €0 (5)
The initial tangent moduli (E,) can be calculated by the follow-
ing expressions:

E, = 4500+/f. (MPa) (6)

where ¢, = strain corresponding to concrete peak stress under com-
pression; €, = strain corresponding to 20% of maximum compres-
sive stress; K = confinement modification factor; f. = concrete
compressive strength (unconfined peak stress in cylinder test,
MPa); and Z = slope of strain softening.

A set of linear stress-strain relations was subsequently proposed
by Yassin (1994) to define the hysteretic unloading and reloading
rules for material models (Fig. 6). This model has been used by
some researchers such as Spacone et al. (1996). The tensile strength
of concrete (f;) was calculated as follows:

Table 1. Sample Material Parameters for the OpenSEES Model

1 =0.623/f! (7)

where f/ and f/ are expressed in MPa.

In the current work, a similar form of the stress-strain curve was
used for both unconfined and confined concrete. Peak compressive
strength for the confined concrete was calculated based on the
method proposed by Mander et al. (1988) for different regions
of the cross sections, which are shown in Fig. 1(b).

For steel reinforcement, the Giuffré-Menegetto-Pinto hysteretic
model (Filippou et al. 1983) with default parameters (Steel02
in OpenSEES) was adopted to represent the nonlinear transition
from elastic stage to strain hardening stage for cyclic and pushover
analyses. This model defines steel material objects with isotropic
strain hardening. Input data to define this relationship are elastic
modulus Ey, yield strength f,, and the coefficient that defines
the relationship between the elastic modulus and the slope of tan-
gent after reaching the yield point. In cases where the ultimate
strength of the steel bars is not known (e.g., the studied 12-story
building in the current work), the hardening ratio equal to 0.5% can
be assumed to be suitable for most steel bars. No bond-slip was
considered with respect to the surrounding concrete.

Table 1 lists the sample material parameters adopted for the veri-
fication cases and for the 12-story building. Sample plots of the
cyclic material behavior employed for the steel and concrete fibers
in the numerical model of Specimen TUA are depicted in Fig. 7.
Details and mechanical properties of different FRP layers are
summarized in Table 2. The same FRP materials were used in
all retrofitting schemes.

Model Validation

In order to validate the modeling approach and the assumed
failure criteria, two RC wall specimens from different experi-
mental programs available in the literature were selected to be
modeled using the approach just explained. The results of the
numerical simulations were compared with the reported experi-
mental results. The lateral force acting on the wall was normalized
to the maximum shear resistance allowed by ACI 318-14 (ACI
2014) (V,, = 0.666A.,\/f).

Core Walls Tested by Beyer et al.

Beyer et al. (2008b) performed four tests on C-shaped shear walls
with different wall thickness and reinforcement configurations
to evaluate the performance of this type of wall geometry when
subjected to bidirectional loading protocols. Specimen TUA was
a C-shaped RC core 2,720 mm in height, 150 mm in wall thickness,
1,300 mm in width, and 1,050 mm in depth. The top of the core was
attached to a concrete collar 300 mm in thickness, providing joints
to be attached to three actuators (two acting on the flanges and one
on the web). As noted in Table 1, D6 and D12 bars were used for

Concrete material

Steel material

Specimen Region fl ey K Sfeu e, fi Rebar fy fu
TUA (Beyer et al. 2008a) Unconfined region —=71.9 0.0037 1 —15.58 —0.010 5.50 D12 mm bars 488 595
Confined region 1 —87.3 0.0039 1.121 —16.70 —0.010 5.69 D6 mm bars 518 681
Confined region 2 —97.8 0.0042 1.256 —19.57 —0.010 6.16 — — —
Wall8 (Lowes et al. 2013) Unconfined region —35.2 0.0025 1 —7.03 —0.010 3.69 #2 531 592
Confined region 1 —41.5 0.0027 1.18 —8.30 —0.010 4.01 #4 441 630
12-story building Unconfined region —30.0 0.0023 1 —6.00 —0.010 3.41 10M 400 545
Confined region 1 -31.2 0.0024 1.0404 —6.24 —0.010 3.48 25M 400 545

© ASCE

04017096-7

J. Struct. Eng., 2017, 143(9): 04017096

J. Struct. Eng.



Downloaded from ascelibrary.org by Concordia University Libraries on 07/11/19. Copyright ASCE. For persona use only; all rights reserved.

Stress (MPa)
=)

-200
400 |
-600
-800 L L N N
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
(a) Strain

120

= = == Unconfined Concrete
100 Confined Concrete

Stress (MPa)

0 0.0025 0.005 0.0075 0.01

(b) Strain

Fig. 7. Sample hysteresis stress-strain behavior of material assigned in the numerical model: (a) reinforcement; (b) concrete

Table 2. Details and Mechanical Properties of Different FRP Layers

Thickness Strip width Number fu Ergrp Erupture
FRP layer Type (mm) (mm) of layers (MPa) (MPa) (%)
Horizontal wraps CFRP 0.2 — 2 1,062 102,000 1.05
Vertical FRP strips CFRP 0.2 800 1 1,062 102,000 1.05
FRP X-braces CFRP 0.2 1,200 1 1,062 102,000 1.05
Vertical wraps (coupling beams) CFRP 0.2 2 1,062 102,000 1.05

steel reinforcement in the flanges/web and corner boundary zones,
respectively. A high-strength concrete material (f. = 77.9 MPa)
was used for constructing the core. The core was subjected to
an axial force equal to 780 kN (core wall self-weight plus the
loads applied by experimental equipment). This axial force was
kept constant during the cyclic test, and a bidirectional loading
protocol with consecutive cycles corresponding to different levels
of ductility was applied to the core.

Fig. 8(a) shows the normalized load-drift data at the top of the
wall from the experimental test along with corresponding results
from the numerical model. The figure shows good agreement be-
tween the experimental records and the numerical predictions with
small discrepancies. The small discrepancies between the test re-
sults and numerical predictions, acceptable for such a simplified
model, might be due to the shear flexibility assigned to the rigid
links, which violate the compatibility of strains between the flange
and the web section at the corner of the core.

0.2
0.15
0.1 //
0.05 /-4
]/
s o y
= 4
-0.05
-0.1
TUA (Beyer et
77777777777 : i al., 2008-a)
-0.15 ——TUA OpenSEES
-0.2 3
-0.04 -0.02 0 0.02 0.04
(a) Drift (Flange Direction)

Core Walls Tested by Lowes et al.

The experimental work of Lowes et al. (2013) consisted of testing
three C-shaped RC core specimens with similar designs represent-
ing the bottom three stories of a modern midrise building. The ob-
jective of their study was to investigate the impact of bidirectional
loading on the earthquake performance of isolated C-shaped walls
and C-shaped walls in coupled core wall systems. Specimen Wall8
was a C-shaped RC core 3,660 mm in height, 152.4 mm in wall
thickness, 3,048 mm in width, and 1,219.2 mm in depth. A wall cap
457.2 mm in height was constructed to apply a cruciform lateral
load pattern to the wall specimen. The axial load was maintained
constant (equal to 5% of the gross axial capacity: 0.5fA, =
1,361 kN) when the wall was subjected to lateral loading in the
strong direction. As can be seen in Fig. 8(b), there is a very good
correlation between the normalized lateral load-drift curves from
the numerical analysis and those from the experimental work of
Lowes et al. (2013). As the displacement increases, however,

0.5
0.4
03
0.2
0.1 [t
0
0.1
0.2
03
04 | f-T= ALY
0.5 :

002 -001 0 0.01 0.02
(b) Drift

V/Vn

Wall 8 (Lowes et
al., 2013)
Wall 8 OpenSEES

Fig. 8. Comparison of results from the numerical model and the experimental data: (a) Specimen TUA tested by Beyer et al. (2008a); (b) Specimen

Wall8 tested by Lowes et al. (2013)
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Table 3. Summary of Verification Results: Numerical Predictions in
Comparison with Experimental Data

Numerical/experimental ratio

Specimen Viax K 1§ff§?g K l(l@r]i(;/jgir?f% A, vy
TUA (Beyer et al. 2008a) 0.98 0.97 1.02 092 1.06
Wall 8 (Lowes et al. 2013)  1.06 1.10 1.07 094 1.10

the numerical model shows a bit higher load resistance than the
experimental model.

Comparisons between the main output results from the
numerical models and the experimental work showed satisfactory
accuracy of the model in tracking the lateral response of C-shaped
RC cores. Peak loads in reversal cycles, along with general load-
displacement trends, well matched experimental observations.
Table 3 summarizes the results from the verification models,
including the maximum shear capacity of RC cores, V,.,; lateral
rigidity, Ko-i"%; unloading stiffness in the cycle corresponding to
approximately 1% drift, K aqns; yield displacement, Ay; and ap-
plied shear corresponding to the yield point, V.. From the compar-
isons, it can be seen that the average error percentage for each set
of the compared results shows that both the failure criteria
and modeling approach used for the numerical analysis were
acceptable.

The validated model was then used to perform a seismic col-
lapse risk assessment on a typical 12-story building with different
levels of torsional sensitivity.

IDA Analysis of a Typical 12-Story Building

A 12-story RC building in Montreal, Canada, with Class-D subsoil
conditions was selected for seismic collapse risk assessment using
the FEMA P695 methodology. The initial building design followed

3200 mm

|
>

] ™4 - 25M bars
10M hoops @ 150 mm

6400 mm

A
4
DETAILA

4 - 25M bars 275 62,5
sl

— ~— 400 mm

N

I‘_,—I! 10M hoops @ 150 mm)

C vertical: 12 pairs - 10M @200 mm D DETAILB
horizontal: 10M @200 mm

(@)

|__ vertical: 27 pairs - 10M@ 200 mm L 975
horizontal: 10M @ 200 mm

the Cement Association of Canada (CAC) Concrete Design
Handbook (CAC 2010), the National Building Code of Canada
(NBCC 2005), and the CSA A23.3-04 standard (CSA 2004).

Each floor consisted of 5.5-m end spans and three 6-m interior
spans in both horizontal directions, resulting in an outside-to-
outside plan dimension of 29.75 m. Considering the penthouse
on the roof, the total height was 48.65 m, consisting of a 4.85-m-
high first story and a typical story height of 3.65 m. The 3D view
and the plan of the building are shown in Fig. 2. The gravity system
consisted of 200-mm-thick flat plate slabs supported by 550-mm
square columns. The core wall measured 6.4 x 8.4 m, outside to out-
side of the walls and consisted of two C-shaped RC cores 400 mm
in thickness connected through 900-mm-deep coupling beams,
which were centrally positioned in the plan of the building.
The reinforcement layout at the end of the flanges and at the
web-flange junctions was considered to be 4-25-M bars, whereas
the distributed reinforcement was considered to be 10-M vertical
and horizontal bars with 200 mm spacing. The reinforcement for
coupling beams was considered to be 8-20-M diagonal bars.
Geometrical details of the coupled RC core wall are shown in Fig. 9.
The building was designed to be built using 30-MPa-strength con-
crete and 400-MPa-strength steel reinforcement. The structural
damping was considered by means of mass and stiffness propor-
tional Rayleigh damping. A damping ratio of 5%, a typical value
for RC buildings, was assigned to the first two modes of the struc-
ture. Although the Rayleigh damping feature in OpenSEES can
formulate the damping matrix using the initial, current, or last com-
mitted stiffness matrix, only the initial stiffness matrix was used in
the current work. However, the rigid truss elements that linked the
frame and the leaning columns were excluded.

Torsional Sensitivity

Both Canadian and American design codes have limits in classify-
ing the “torsional sensitivity” of building structures. Torsional

10M closed hoops @ 300 mm |

A
14
10M bars
200, 5 §[

75
1T ]

‘>_ 8-20M diagonal bars

I M\\ 10M typical
140

L 40mm clear cover

900 mm

75
1

400 mm
SECTION 1-1

(b)

Fig. 9. Geometrical and reinforcement configuration of the coupled RC core wall: (a) C-shaped walls; (b) coupling beams (CSA A23.3-04)
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sensitivity in a building is defined as the maximum value B among
floors, where B, computed at Level x is B, = 0iax/Oave- In the
aforementioned expression, ¢, is the maximum story displace-
ment, calculated at Level x considering 10% accidental torsion,
at one end of the structure, and §,,. is the corresponding average
displacement for the two end points of the structure. According
to NBCC (2015), when the value of B exceeds 1.7 and
I:F,S,(0.2) > 0.35, the building is considered torsionally sensi-
tive. In this case, results from static analysis are no longer ad-
equate, and a 3D dynamic analysis is required for evaluating
the response of the structure. In the current work, because the
building selected for the collapse assessment was designed accord-
ing to Canadian standards, the NBCC (2015) limit was used to
classify torsional irregularities. The IDA results first collected
for three different levels of torsional sensitivity (B = 1.0, 1.7,
and 2.5). The torsional flexibility of the building was increased
by providing an inherent mass eccentricity e, through artificial
shifting of the center of mass (CM) from the center of rigidity
(CR). This amount of e, was obtained based on an iterative pro-
cedure by analyzing the structure against the design-level earth-
quake. Moreover, the accidental torsion equal to 5% was taken
into account. Subsequently, the model with B = 1.7 was analyzed
with different FRP strengthening schemes, including horizontal
FRP wrapping, using vertical FRP strips, and X-bracing with
FRP strips.

Ground Motion Selection

According to FEMA P58-1 (FEMA 2012), “a minimum of
7 ground motion records is recommended because of extremely
poor prediction of record-to-record variability obtained in small
suite of ground motions” (quoted in Michaud and Léger 2014),
regardless of the spectral matching efficiency. Moreover, using
more than 44 ground motion records for seismic collapse risk
assessment of buildings is recommended by FEMA P695 to
achieve more reliable results. However, high computational effort
is always a drawback. Because the considered building was
located on Site Class D in Montreal, and because of the lack
of real seismic wave data from the past in Canada, in the current
work 50 spectrum-compatible artificial accelerograms were used
for IDA analysis of the building. These records were divided into
two groups: (1) “Near-Fault”—ground motions of magnitudes (M)
between 5.5 and 6.5 with the closest distance to the fault,
Ry, from O to 15 km; (2) “Far-Field”—ground motions of mag-
nitudes (M) between 6.75 and 7.25 with Ry, from 10 to 90 km.
These accelerograms were developed by Atkinson (2009) for
design of structures in Montreal, and their characteristics, includ-
ing magnitude, Ry, peak ground acceleration (PGA), and max
velocity to max acceleration ratio (v/a) are summarized in Tables 4
and 5. As shown, records in Group 1 produce a higher v/a, which
confirms the expected response of structures under near-fault
excitations.

There are no specific provisions in NBCC (2015) regarding
scaling of ground motions. However, it is indicated that scale fac-
tors should be applied for all selected ground motions to match the
uniform hazard spectrum (UHS) at the first mode period of the
structure. Moreover, scaled ground motions should match or have
larger intensity than the UHS at all points representing the period of
higher modes. On the other hand, ASCE/SEI-7 (ASCE 2010) states
that the mean of the 5% damped response spectra for a group of
seven or more ground motions should fit or be above the UHS in all
the points within the range of 0.271—1.5T1.

Considering the ASCE/SEI 7-10 (ASCE 2010) standard re-
quirements, all selected records were scaled to reach a mean
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Table 4. Unscaled Selected Near-Fault Ground Motions

Event M Riaye (km) PGA (g) v/a

east6dl.1 6 12.8 0.707 0.0663
east6d1.2 6 12.8 0.523 0.0496
east6d1.3 6 12.8 0.591 0.0276
eastod1.4 6 12.5 0.671 0.0559
east6d1.5 6 12.5 0.471 0.0448
east6d1.6 6 125 0.678 0.0415
eastod]1.7 6 12.8 0.491 0.0686
east6d1.8 6 12.8 0.593 0.0443
east6d1.9 6 12.8 0.370 0.0413
east6d1.10 6 12.8 0.366 0.0483
eastodl.11 6 12.8 0.410 0.0502
east6d1.12 6 12.8 0.515 0.0404
east6d1.13 6 10.7 0.570 0.0419
east6d1.14 6 10.7 0.568 0.0362
east6dl1.15 6 10.7 0.941 0.0318
east6d1.16 6 13.6 0.606 0.0596
east6d1.17 6 13.6 0.461 0.0416
east6d1.18 6 13.6 0.609 0.0540
eastod1.19 6 14.4 0.510 0.0483
east6d1.20 6 14.4 0.433 0.0798
east6d1.21 6 14.4 0.484 0.0491
east6d1.22 6 14.4 0.452 0.0357
east6d1.23 6 14.4 0.557 0.0333
east6d1.24 6 14.4 0.649 0.0507
east6d1.25 6 14.4 0.535 0.0448
Average 6 13.1 0.550 0.0474

Table 5. Unscaled Selected Far-Field Ground Motions

Event M R (km) PGA (g) v/a

east7d1.1 7 13.8 0.627 0.0802
east7d1.2 7 13.8 0.623 0.1150
east7d1.3 7 13.8 0.764 0.0594
east7d1.4 7 153 0.767 0.0832
east7d1.5 7 153 1.183 0.0781
east7d1.6 7 153 0.866 0.0533
east7d1.7 7 14.2 0.840 0.0909
east7d1.8 7 14.2 0.813 0.0706
east7d1.9 7 14.2 1.152 0.0919
east7d1.10 7 14.9 0.968 0.0795
east7d1.11 7 14.9 0.997 0.0522
east7d1.12 7 14.9 0.902 0.1139
east7d1.13 7 14.8 0.950 0.0702
east7d1.14 7 14.8 0.944 0.0714
east7d1.15 7 14.8 0.928 0.0935
east7d1.16 7 20.6 0.635 0.0833
east7d1.17 7 20.6 0.606 0.0496
east7d1.18 7 20.6 0.403 0.1003
east7d1.19 7 20.1 0.668 0.0817
east7d1.20 7 20.1 0.487 0.0609
east7d1.21 7 20.1 0.655 0.0754
east7d1.22 7 14.3 0.960 0.0732
east7d1.23 7 14.3 0.768 0.0853
east7d1.24 7 14.3 1.101 0.0787
east7d1.25 7 19.6 0.538 0.0804
Average 7 16.1 0.806 0.0789

spectrum that matched the design spectrum over the interval of
0.2T,—1.5T;, where T, is the first mode period of vibration
obtained by conducting a modal analysis in OpenSEES. Fig. 10
shows the response spectra of the scaled ground motions together
with the mean spectrum and the design spectrum proposed by
NBCC for Montreal.
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Fig. 10. Response spectra for 50 scaled artificial ground motion
records for Montreal

Nonlinear Structural Analysis

Building Configurations

Dynamic time history analyses were performed to evaluate the

collapse capacity of the building in the east-west direction, the

direction in which the RC core wall acted as coupled wall system.

As mentioned, the 12-story RC core system was analyzed in six

different configurations as follows:

e Original structure with torsional sensitivity value B ~ 1.0;

e Original structure with torsional sensitivity value B = 1.7;

* Original structure with torsional sensitivity value B = 2.5;

e Structure with B = 1.7 and strengthened with horizontal FRP
wrapping (H-FRP);

e Structure with B = 1.7 and strengthened with horizontal wrap-
ping and vertical FRP strips (H&V-FRP); and

e Structure with B = 1.7 and strengthened with horizontal wrap-
ping and X-brace FRP strips (H&X-FRP).

Each structure was analyzed for 50 ground motion records and
with at least 16 different intensity factors. Hence, 2,400 time his-
tory analyses were conducted in total. The number of analysis steps
and the time step of the analysis should be specified properly to
execute the dynamic time history analysis. It must be less than
or equal to the sampling rate of the input ground motion. In the
current work, the time step of each analysis was specified as
Ar=0.01 s, which was half of the sampling rate of the input
ground motions.

Analytical Failure Modes

Despite the several failure criteria adapted for the material behavior

in the model, some failure modes could not be directly simulated in

the numerical model because of limitations in OpenSEES. These
failure modes had to be assessed through postprocessing of the
recorded data. Considering the criteria proposed by Gogus and

Wallace (2015), the following failure modes were tracked in the

model outputs:

e Steel buckling/fracturing: although the MinMax feature in
OpenSEES was used to limit the strain capacity of steel bars,
failure of a single row of rebars (wall thickness direction)
was found to be insufficient to cause collapse (Thomsen and
Wallace 1995); thus, buckling or fracture of the reinforcement
positioned at approximately one-quarter length of each
segment of the core wall was considered as the collapse point

[Fig. 11@)];
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Fig. 11. Reinforcing steel and concrete failure mode criteria: (a) steel
rebar failure; (b) concrete crushing in confined region; (c) concrete
crushing in unconfined region

e Concrete crushing: similar criteria established for concrete
crushing, in which the failure corresponds to reaching the crush-
ing strain for concrete fibers positioned at approximately one-
quarter length of the wall segment, in the unconfined region;
as for the confined region, crushing strain at the innermost con-
fined concrete fiber was tracked to find the crushing point
[Figs. 11(b and ¢)];

* Axial failure: 5% drift limit at axial failure was selected for a
12-story archetype, based on the model developed by Wallace
et al. (2008) for lightly reinforced wall piers and considering the
details published by GCR 10-917-8 (NIST 2010); and

* Shear/flexural failure of the wall: by developing the cracks in the
tension wall in a coupled shear wall system, penetration of the
flexural cracks near the compression edge was expected; as a
result, a greater contribution from the dowel action of the ver-
tical reinforcement was expected for resisting the sliding shear
failure; this increased the probability of shear sliding failure
in the wall (Pauly and Priestly 1992), which was captured by
applying the corresponding limits on the horizontal springs
representing the shear behavior of the wall segments.

Failure of the coupling beams was not considered as a collapse
mechanism for the system. In fact, the coupling beams act as a
fuse in ductile coupled shear walls, dissipating most of the seismic
energy input. However, as a second energy-absorbing line of de-
fense, the walls should also be detailed to accommodate plastic
hinging at the base without excessive loss of strength to avoid
collapse after all coupling beams have yielded (Honarparast
and Chaallal 2015).

Once a failure mode happens at a certain time in the analysis
(t44i1ure)> the estimated redistribution of forces after #g,;,. is no lon-
ger reliable. However, in the current work, #;,;;,.. Was considered a
failure moment and the results afterward were excluded from the
analysis data. This postprocessing procedure helped to minimize
the effects of the observed errors in capturing the postpeak strength
degradation (i.e., discrepancies in the results of verification models)
on the collapse assessment.

Results and Discussion

The impact of dynamic loads and higher modes on the perfor-
mance of structures designed based on CSA A23.3-04 was inves-
tigated using incremental dynamic analyses (Vamvatsikos and
Cornell 2002) before and after FRP retrofitting. IDA analyses
were conducted on each archetype according to the FEMA
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Fig. 12. IDA response plot of 12-story building: (a) B ~ 1.0; (b) B = 1.7; (¢) B = 2.5; (d) B = 1.7 (strengthened with horizontal FRP wrapping);
(e) B = 1.7 (strengthened with horizontal and vertical FRP); (f) B = 1.7 (strengthened with horizontal and X-brace FRP)

P695 methodology. After postprocessing the data using the afore-
mentioned criteria, IDA response plots were created. Fig. 12 shows
the IDA response plot of the structure in different configurations.

Collapse Fragility of the Structures

A collapse fragility function was developed for each case by cu-
mulative distribution of the results obtained from the IDA analyses.
The selected intensity measure (IM) in the current study was the 5%
damped spectral acceleration at the fundamental period of the
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structure [Sa (T, 5%)]. The fragility curve represents the intensity
of the ground motion versus the collapse probability (Ibarra et al.
2002). Although the scaling was performed for different IM levels
in the IDA analysis, the fragility function—fitting method proposed
by Baker (2015) was used to derive the fragility function.

The collapse probability of 50% for the structure, called the
median collapse capacity (Sc7), and the collapse margin ratio
(CMR) were calculated from the IDA results. Fig. 13 depicts a sam-
ple fragility curve obtained from the results of IDA analyses using
the function-fitting method proposed by Baker (2015). The sample
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Fig. 13. Sample fragility function fitting for the results of the IDA

Table 6. Sample Data Set Used in the Development of the Sample Fragility
Curve

Fraction Theoretical

Number Number causing fragility
™M of analyses of collapses collapse function
0.05 50 0 0.00 0.00
0.25 50 0 0.00 0.00
0.75 50 6 0.12 0.05
1 50 11 0.22 0.18
1.25 50 15 0.30 0.34
1.5 50 21 0.42 0.51
1.75 50 26 0.52 0.65
2 50 37 0.74 0.76
2.25 50 43 0.86 0.84
2.5 50 46 0.92 0.89
2.75 50 48 0.96 0.93
3 50 48 0.96 0.95
3.25 50 48 0.96 0.97
3.5 50 49 0.98 0.98
3.75 50 50 1.00 0.99

set of data used in the development of the fragility curve (Fig. 13)
is summarized in Table 6, in which the term “Fraction Causing
Collapse” is simply the ratio of the collapsed cases to the total num-
ber of analyses for each IM level. The term “Theoretical Fragility
Function” corresponding to each IM level was calculated through a
normal distribution for the specified median and standard deviation.
The median and dispersion for the data set were calculated using
the method proposed by Baker (2015).

The CMR, as a primary parameter for characterizing the col-
lapse safety of structures, could be calculated as Scr /Sy, Where
Sy is the maximum considered earthquake (MCE) intensity cor-
responding to the fundamental period, 7, and Sc7 is the median
collapse intensity from the IDA results. It is worth mentioning that
the fundamental period used in the FEMA P695 (FEMA 2009)
methodology is the strength-based period, which is presented in
Section 12.8 of ASCE/SEI 7-10 (ASCE 2010).

Fig. 14 compares the fragility curves obtained from IDA analy-
ses of building structures. As can be seen from Fig. 14(a), the tor-
sional sensitivity can dramatically affect the fragility function of the
building in the IDA analyses. The median collapse capacity (Scr)
of the RC core system decreased approximately 8% by reaching the
torsional sensitivity of B = 1.7. As for the structure with B = 2.5,
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the reduction in the mean failure capacity was more than 36% in
comparison with the structure with B & 1.0. The fragility function
was also very steep for the structure with B = 2.5.

As for the strengthened RC cores, the structure strengthened
with horizontal FRP wrapping showed an increase in collapse
capacity up to 17% [Fig. 14(b)], whereas there was more signifi-
cant improvement obtained by H&V-FRP and H&X-FRP confi-
gurations, which showed 44 and 63% increases, respectively
[Figs. 14(c and d)]. Moreover, FRP-strengthened walls were found
to obtain flatter fragility response in comparison with original
walls. Table 7 summarizes the collapse assessment results of RC
cores evaluated in the current study.

Fragility Curves at Different Performance Levels

Based on the results by Carrillo and Alcocer (2012), although
the available drift limits for the performance levels defined by
FEMA-356 (FEMA 2000) and ASCE41-13 (ASCE 2014) are
not safe for nonductile structures, these acceptance levels can be
conservatively used for ductile structures. However, damage states,
after retrofitting, shift in terms of interstory drift ratio depending on
the retrofitting method used. For the sake of comparison, in the
current work damage states were kept constant corresponding to
the performance levels proposed by ASCE41-13, and fragility
curves for different configurations of the structure were developed
accordingly. Immediate occupancy (IO), life safety (LS), and
collapse prevention (CP) performance limits were considered for
the seismic collapse assessment. Fig. 15 shows the results of col-
lapse probability for different buildings. A comparison between
the median collapse capacities is presented in Table 8 for different
limit states. As can be seen, although the mean collapse capacities
were similar for the original structures with different torsional
sensitivities at the IO level, structures with higher torsional sensi-
tivities resulted in 20-25% less failure capacity at the LS and CP
levels. Close results were obtained for the retrofitted structures at
the 10 level, whereas up to 15 and 20% increases were observed
for the failure capacities at the LS and CP levels, respectively.
These drift-based results for the structures retrofitted with H-FRP
and H&V-FRP were relatively close, although a significant
enhancement was obtained by using H&X-FRP retrofitting.

Interstory Drift Ratio

Because interstory drift is an important indicator of structural
behavior in performance-based seismic analysis, this section
presents the variation in maximum interstory drift during the
IDA analysis. For each building configuration, postprocessing
was performed on the statistical data resulting from the IDA analy-
sis. The results are shown in terms of box plots in Fig. 16, in which,
for each story, the solid line shows the range of variation from the
lower bond to the upper bond. The box represents the interquartile
range (Q3—Q1), which starts from the lower quartile and finishes at
the upper quartile, and the vertical solid line inside the box indicates
the median. As shown, the lower bond and the upper bond for the
maximum interstory drift ratios of the original structures were ap-
proximately 0.5 and 1.4%, respectively. Although the median of the
drift data for each story fluctuates along this range, it peaks at 0.89,
0.82, and 0.79% for the structures with B~ 1.0, B = 1.7, and B =
2.5 respectively. This shows a decrease of up to 12% in the peak
median by increasing the torsional sensitivity of the structure.
Although the torsional irregularity had effects in terms of torsion
on the structural system, however, the interstory drift components
of the system were not influenced significantly. This is because the
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Fig. 14. Fragility curves of original and strengthened buildings: (a) original RC core with different torsional sensitivity; (b) strengthening with
horizontal FRP wrapping; (c) strengthening with horizontal FRP wrapping and vertical FRP strips; (d) strengthening with horizontal FRP wrapping

and X-brace FRP strips

Table 7. Summary of Collapse Assessment Results for RC Cores

Archetype identifier Configuration Strengthening scheme B Sur [T] (2) Scr [T] (2) CMR
0O1 Original — B~ 1.0 0.174 0.910 52
02 Original — B=1.7 0.174 1.310 7.5
03 Original — B=25 0.174 1.429 8.2
S1 Strengthened Horizontal FRP B=1.7 0.174 1.544 8.9
S2 Strengthened Horizontal and vertical FRP B=17 0.174 1.889 10.9
S3 Strengthened Horizontal and X-brace FRP B=1.7 0.174 2.136 12.3

contribution of torsional DOF in the drifts of the structure is too
small in comparison with translational movements.

As for the FRP-strengthened structures, the peak medians
obtained were equal to 0.71, 0.68, and 0.57% for the H-FRP,
H&V-FRP, and H&X-FRP, respectively. It was found that the
FRP retrofitting performed well in controlling the maximum inter-
story drift ratio during ground motions at the design level. A sig-
nificant decrease in the peak median was observed in comparison
with the original structure with B = 1.7, starting from a 14% de-
crease in the H-FRP structure and peaking at a 31% decrease in the
H&X-FRP structure. This can be justified by the effect of FRP
composites on increasing the shear strength of original walls
and coupling beams through wrapping the members. Increasing
the shear strength can alter the failure mode of each part to a more
ductile mode with higher energy dissipation. Subsequently, it limits
the interstory drift ratio of the RC core wall, which leads to more
ductile behavior. Nevertheless, the investigated retrofitted schemes
can postpone the stiffness deteriorations, which points out better
damage and drift control on retrofitting. Moreover, the interquartile
range (Q3-Q1) was found to be smaller in the FRP-strengthened
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structure in comparison with the original structures. For instance,
this can be clearly observed in Fig. 16(f) for H&X-FRP. Results of
initial pushover analyses showed FRP retrofitting using FRP
X-braces to be the most efficient method, capable of enhancing
both the strength and the ductility of RC walls. Similar results
were observed by El-Sokkary et al. (2012) and El-Sokkary and
Galal (2013).

Story Shear Demand Envelope

The effect of torsional sensitivity on story shear demand was in-
vestigated in the current study. As shown in Fig. 17(a), the story
shear force profiles over building height were shifted rightward
by increasing the torsional sensitivity of the structure. The story
shear was normalized by the peak base shear in the structure with
B ~ 1.0. The maximum base shears were increased by 34 and 63%
for the structures with B = 1.7 and B = 2.5, respectively.

As for the effectiveness of FRP strengthening, the strengthened
structures were also investigated and the results are shown in
Fig. 17(b). By normalizing the results by the peak base shear in
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Fig. 15. Fragility curves for different performance levels of original and strengthened buildings

the case of B = 1.7, it was found that FRP retrofitting with
horizontal wrapping increased the base shear by 7% whereas the
H&V-FRP retrofitting resulted in an increase of 8%. The peak base
shear in the H&X-FRP structure increased by 23%.

Regarding the increase in the base shear demand of the struc-
ture, FRP retrofitting enhancing both the strength and the ductility
of the RC core wall system without a noticeable increase in the
initial stiffness of the structure. Increasing the strength, however,
causes an offset in stiffness degradation of the wall system and
leads to a stiffer response in the hardening region (between the

Table 8. Median Structural Capacity Associated with Drift Limit Proposed
by ASCE41-13

Limit state

Archetype

identifier Description 10 LS Cp
[0 Original—B =~ 1.0 0.35 0.77 1.1
02 Original—B = 1.7 0.34 0.72 0.92
03 Original—B = 2.5 0.36 0.61 0.82
S1 H—FRP 0.37 0.81 0.99
S2 H & V—FRP 0.37 0.83 1.01
S3 H & X—FRP 0.41 0.94 1.21
© ASCE

04017096-15

yield point and the peak strength). Hence, although retrofitting
increases the capacity of the system, it also increases the shear
demand.

Failure Modes

Different failure modes, previously mentioned, were considered
during the dynamic analyses and in postprocessing to find the most
common failures and the most critical regions in the investigated
buildings. The failure mechanisms were considered in four groups:
shear/flexural failure, confined concrete crushing, unconfined con-
crete crushing, and steel rebar buckling/fracturing. Axial failure
was excluded because it was found to be dominant in none of
the models in the current work.

Fig. 18 shows the results of failure distribution over the building
height. As can be seen, shear failure of the wall usually happened in
the first story of the building and concrete crushing failures were
distributed between the base and the third floor. The story level of
the steel rebar buckling/fracture failure mode ranged from the first
floor up to the seventh floor. The formation of failure along the
height of the building demonstrates the contribution of higher
modes to building seismic response under selected ground motion
records. It confirms the findings of Boivin and Paultre (2010) and
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Fig. 17. Story shear force profiles over building height in the east-west direction

highlights the influence of the dynamic shear amplification factor
recently introduced in CSA A23.3-14 to account for inelastic
effects due to higher modes.

Such effects from the higher modes of multistory structures can
lead to increases the shear forces beyond the design level in the
different stories. Hence, shear forces and bending moments in
the upper floors may exceed the calculated design levels, and in-
elastic rotation can consequently occur in a region without properly
implemented ductile detailing. Therefore, some failure modes
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might not necessarily occur at the base of the structure. This
was also observed by Tremblay et al. (2008).

The variations in the story level of mechanisms for different fail-
ure modes are summarized in Table 9. According to the tabulated
data, the distribution of different failure modes over the building
height was quite similar in the buildings with different torsional
sensitivity. As for the strengthened building, however, FRP retro-
fitting led to shifting of the concrete crushing failures downward to
the first story. Moreover, the shear/flexural failures were slightly
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Fig. 18. Failure distribution over building height

shifted upward to the top of the first story after retrofitting with
H&X-FRP.

Fig. 19 shows the distribution of each predicted collapse mecha-
nism of the 12-story coupled core wall system in all models. As is
clearly depicted, the most common failure mode was shear/flexural
failure (55% median), and the least common was steel rebar failure
(8% median). Table 10 presents the tabulated data for different
building configurations, in which similar trends for all of the build-
ings can be seen. The proportion of shear/flexural failure was in-
creased in buildings with higher torsional sensitivities, ranging
from 56 to 68% in the buildings with B &~ 1.0 and B = 2.5, respec-

Certain limitations must be recognized in evaluating the results
of this study which offer suggestions for future studies. First,
IDA analyses were conducted only in the east-west direction
(coupled direction of the wall) and the effects of bidirectional
seismic excitations were not considered. Second, the modeling
approach used here did not accurately capture the postpeak strength
degradation of the wall specimens. Third, perfect anchoring for the
FRP strips was assumed and failure of the FRP connections was not
considered. The results of the study were limited to a building

. . . . . 100% -
tively. A slight decrease in the proportion of shear/flexural failure =z ’
was also observed, from 54% in the buildings with H-FRP and g 90%
H&V-FRP to 50% in the building with H&X-FRP. E, 80% -
o 70%
= 60% A
Table 9. Variations in Story Level of Mechanisms for Different Failure § l
Modes £ 50% -
=
. X S 40%
Median story level of failure 5
=3 b -
Archetype Shear/  Confined  Unconfined  Steel E 30% '
identifier Description ~ flexural ~ concrete concrete rebar e 20%-
=
ol B~ 10 05 > > 4 = 10%1 1} -
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S3 H&X-FRP 1 1 0.5 4 Fig. 19. Distribution of different failure modes among the models
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Table 10. Predicted Collapse Mechanism of the 12-Story Coupled Core Wall System

Failure type distribution

Archetype identifier Description Shear (%) Confined concrete (%) Unconfined concrete (%) Steel rebar (%)
0Ol B~ 1.0 56 22 14 8
02 B=1.7 58 22 12 8
03 B=25 68 24 4 4
S1 H-FRP 54 30 12 4
S2 H&V-FRP 54 26 12 8
S3 H&X-FRP 50 28 14 8s

designed and analyzed for Montreal, Canada, only. This research
needs to be extended to other seismic regions in order to generalize
the findings.

Conclusions

This study provides results from IDA analysis of coupled RC core
walls using a nonlinear macromodeling approach to investigate the
collapse capacity of coupled RC cores. The modeling approach was
initially developed by other researchers. However, modifications
were proposed in the current study to consider the effectiveness
of FRP strengthening on the collapse response of RC core systems.

Using a set of 50 artificial ground motion records, more than 2,400

time history analyses were conducted on nonlinear 3D models

of 12-story buildings with different torsional irregularities and
strengthening schemes. Results showed the following:

* Based on the good agreement between the results of FE analysis
and the experimentally tested C-shaped RC shear walls reported
in the literature, the elements and modeling considerations
adopted in this study proved to be capable of simulating the
behavior of this type of shear wall under cyclic loading; the
maximum error percentages for the prediction of lateral load
capacity and lateral stiffness using the approach in this paper
were 6 and 10%, respectively; moreover, the numerical model
performed well in predicting the unloading stiffness of a simu-
lated wall with a maximum error of 7%;

* The case assessed in the current study showed a CMR of more
than 5 for the original structure, which passes the acceptable
collapse margin ratio (ACMR) proposed by FEMA P695
(FEMA 2009); however, by using a proper strengthening
scheme with FRP material, an improvement of up to CMR =
12.3 with flatter fragility functions can be achieved for the struc-
tural system; results are in agreement with the work recently
published by Gogus and Wallace (2015);

» Torsional sensitivity has a significant effect on the collapse
capacity of a building, resulting in up to 8 and 36% decreases
by reaching the torsional sensitivities of B = 1.7 and B 2.5,
respectively; steeper fragility functions were also observed by
increasing torsional sensitivity;

* FRP retrofitting was found to be an efficient method for improv-
ing the collapse capacity of coupled C-shaped RC cores; three
strengthening schemes were evaluated, and X-bracing of walls
with FRP strips was found to be the most efficient strengthening
layout; these results were previously confirmed by experimental
tests on planar RC shear walls by El-Sokkary and Galal (2013);

* The torsional sensitivity of the structure has no significant in-
fluence on interstory drift components of the system; FRP retro-
fitting, however, performed well in reducing interstory drifts
(14-31%) and in enhancingsystem performance; moreover,
the fluctuation in drift ratios was lower than the corresponding
values in the original structures; and
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e Shear/flexural failure was the most common failure mode, and
steel rebar failure was the least common; the proportion of
shear/flexural failure increased up to 21% in buildings with
higher torsional sensitivities.

Appendix. Bond-Slip Model for the Concrete-FRP
Interface

Three bond-slip models were proposed by Lu et al. (2005) to con-
sider the concrete-FRP interface. Because of its simplicity, the bi-
linear bond-slip model was adopted in the current work to create a
debonding rule for the interaction between the concrete and FRP
strips. The model proposes a set of equations for calculating
the relation between the local bond stress 7 and the local slip s,
described by the following equations:

T = Toax— if s <3 (8a)
So
sp—s

T = T ——— if 5o <s< sy (8b)
Sf—SO

T=0; if s> s, (8¢)

where 7,,,, = maximal local bond stress; s, = local slip at 7,,,; and
sy =local slip when bond stress 7 reduces to zero. These parameters
can be calculated by the following equations:

Tmax — alﬁwft (9)
so = 0.01958,,f, (10)
Sp=2G/ T (11)
where
Gp = 030832/ f! (12)

225 —b¢/b,
By =\ Toe (13)

v 1.25 + bs/b,
where a; = 1.5 = coefficient in proposed bond-slip models deter-
mined by the iterative procedure; 3,, = width ratio factor; b, = FRP

strip width; and b, = concrete segment width, taken equal to the
tributary area of each FRP strip.
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