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Abstract: Coupled shear walls (CSWs) are structural elements used in reinforced concrete (RC)
buildings to provide lateral stability and resistance against seismic and wind forces. When subjected
to high levels of seismic loading, CSWs exhibit nonlinear deformation through cracking and crushing
in concrete and yielding in reinforcements, thereby dissipating a significant amount of energy, leading
to their permanent deformation. Externally bonded fiber-reinforced polymer (EB-FRP) sheets have
proven to be effective in strengthening RC structures against various loading and environmental
conditions. In addition, their high strength-to-weight ratio makes them an attractive solution as they
can be easily applied without significantly increasing the structure’s weight. This study investigates
the effectiveness of using EB-FRP sheets to reduce residual displacement in CSWs during severe
earthquake loadings. Two series of 15-story and 20-story CSWs in Western and Eastern Canadian
seismic zones, which serve as representative models for medium- and high-rise structures, were
evaluated through nonlinear time history analysis. The numerical simulation of all CSWs and
strengthened elements was carried out using the RUAUMOKO 2D software. The findings of this
study provided evidence of the effectiveness of EB-FRP sheets in reducing residual deformation
in CSWs. Additionally, significant reductions in the rotation of the coupling beams (CBs) and the
inter-story drift ratio were observed. The results also revealed that bonding vertical FRP sheets to
boundary elements and confining enhancement by wrapping CBs and wall piers is a very effective
configuration in mitigating residual deformations.

Keywords: coupled shear wall; residual displacement; fiber-reinforced polymer; resilience;
self-centering; nonlinear time history analysis

1. Introduction

The use of coupled shear walls (CSW) in reinforced concrete (RC) buildings has
proven to be a highly effective solution for resisting seismic forces. These walls offer
increased lateral stiffness and strength, and provide efficient seismic energy dissipation.
A typical CSW system is composed of two wall piers interconnected by coupling beams
(CBs). The role of the coupling beam is to distribute lateral loads evenly between the
two wall piers, thereby preventing excessive stress or deformation. In addition, the
beam’s geometry ensures that shear forces generated by lateral loads are shared in a
balanced manner between the two wall piers, enabling the walls to work synergically for
an enhanced lateral resistance.

The seismic behavior of CSW systems is significantly impacted by the capacity of the
CBs to undergo rotational and vertical deformation during earthquakes. Thus, ensuring
adequate rotational ductility in the sections of the CBs is crucial for attaining a ductile
performance of the shear walls and enhancing the overall seismic resilience of the system
by the dissipation of seismic energy through inelastic deformations [1]. Conventionally
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reinforced CBs are prone to sliding shear failure at the beam–wall joints. The transverse
reinforcements in these beams are typically incapable of resisting the shear forces generated
during seismic excitations. Therefore, diagonally reinforced CBs have been developed as a
solution [2]. These beams are designed to resist shear forces and moments, and consist of
diagonal bars that run throughout the beam and intersect at its midpoint. Confining stirrups
are often utilized to ensure the stability of the diagonal bars under large lateral loads. These
stirrups confine the concrete, enhancing its compressive strength, and preventing buckling
of the diagonal reinforcements.

RC structures are frequently rehabilitated or strengthened to withstand various fac-
tors, including aging, increased loads, design codes and standards changes, and seismic
upgrading to ensure their continued safety, serviceability, and durability. In addition,
seismic upgrading in areas susceptible to earthquakes is essential to reduce the detrimental
impact of seismic activity on structures. The objective of seismic upgrading is to enhance
the resistance of the structural system to seismic forces, reduce the possibility of damage
through the loading and unloading process [3], and enhance the overall performance of the
structure during an earthquake.

FRPs have become increasingly popular due to several key advantages, including
their high strength-to-weight ratio, corrosion resistance, ease of installation in complex
structures, and cost-effectiveness. The application of EB-FRP sheets has emerged as a
promising retrofitting strategy for strengthening and enhancing the seismic performance of
RC CSWs. The seismic behavior of CSWs can be improved: (i) by enhancing wall pier ca-
pacity via EB-FRP sheets in several ways, such as positioning the sheets parallel to the wall
axis [4–6] or perpendicular to the wall axis [7], wrapping the wall sections along the height,
especially in the potential plastic hinge zones [5,8], and implementing X-bracing on the
wall surface [6,7,9]; (ii) by applying FRP sheets to CBs by bonding the sheets perpendicular
to the CB axis [10], installing diagonal strips on both sides [11,12], and fully wrapping [6]
or U-wrapping [13,14]. Note that the number of bonded FRP layers is a crucial factor in
reaching the effectiveness of these strengthening schemes. In a study by Arabzadeh and
Galal [6], the impact of FRP retrofitting of a 12-story coupled C-shaped RC core system was
evaluated. The authors modified a previously proposed wide-column model to capture the
inelastic torsional behavior. Additionally, the authors introduced a simplified spring model
to reflect the effect of FRP retrofitting. The nonlinear incremental dynamic analysis results
showed that using EB-FRP strengthening can significantly enhance the collapse resistance
of RC core wall systems by more than 60%. Layssi et al. [8] evaluated the impact of fully
wrapping the plastic hinge zone of shear walls having poorly lap-spliced details using FRP.
The results showed that this technique led to a remarkable improvement in terms of both
energy dissipation and displacement ductility, and prevented brittle failure by privileg-
ing yielding of the primary flexural reinforcements in the walls. Honarparast et al. [12]
investigated a new method for strengthening CBs using EB-FRP sheets. They tested two
CB specimens, one control and the other reinforced with FRP, designed according to the
NBCC 1941 code. The specimens were subjected to cyclic loading and compared in terms
of energy dissipation and hysteretic behavior. The control specimen showed the yielding of
rebars and shear cracks at joint locations during loading, while the strengthened model
exhibited improved load-carrying capacity before FRP debonding. In addition, the control
specimen showed significant pinching, stiffness degradation, and loss of energy dissipation
capacity. In contrast, the strengthened specimen showed limited pinching and stiffness
degradation before the rapid load reduction at the final load cycle.

The ineffectiveness of equivalent elastic force methods of analysis and design in
addressing the destructive consequences of earthquakes was revealed after several major
earthquake events, such as the Northridge earthquake in 1994 and the Kobe earthquake
in 1995 [15]. As a result, the need for more accurate methods for evaluating seismic demand
on structures became evident, as these methods consider both geometrical and material
nonlinearities. Currently, the nonlinear time history (NLTH) analysis method is widely
used and recognized as the most accurate method for assessing the response of structures
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subjected to severe seismic excitation [16]. The seismic performance of CSWs has been
evaluated through the conduct of several nonlinear analyses in recent years [11,13,17].
Some researchers have examined the improvement in nonlinear responses of structures
retrofitted with EB-FRP. Honarparast et al. [11] evaluated the seismic performance of
old-designed (NBCC 1941 [18]) and modern-designed (NBCC 2015 [19]) 20-story CSWs
located in Vancouver. They assessed the effectiveness of EB-FRP retrofitting on the seismic
response of old-designed CSWs. Nonlinear time history analyses were carried out using
RUAUMOKO 2D and simulated earthquake records. The retrofitting scheme employed in
this study consisted of applying vertical and horizontal EB-FRP sheets on the wall piers
to enhance their flexural and shear capacities, respectively. Additionally, to improve the
seismic performance of the conventionally reinforced CBs, diagonal EB-FRP sheets were
attached to both faces of the CBs. The results illustrated that the application of the EB-CFRP
retrofitting technique significantly improved the seismic performance of the old CSWs, as
evidenced by the reduction in story displacement, inter-story drift, wall curvature, and
improved CB rotation. El-Sokkary [13] conducted a nonlinear time history analysis to
evaluate the effectiveness of U-wrap EB-FRP sheets as a retrofitting method for increasing
the rotational ductility of concrete beams (CBs) in 10-story and 15-story buildings. CBs
were modeled using the lumped plastic method, in which an elastic beam with two plastic
springs at each end represents the CB. The results indicated that adding one, two, or three
layers of U-wrap FRP improved the CBs’ ductility to limited, moderate, and ductile levels,
respectively. Furthermore, the inter-story drift capacity of the 10- and 15-story buildings
were improved by up to 277% and 203%, respectively, through the FRP retrofit of the CBs.
Boivin and Paultre [20] evaluated the seismic performance of a 12-story ductile concrete
core wall in an office building in Montreal, which consisted of a cantilever and a coupled
wall system. The primary purpose of this study was to evaluate the shortcomings and
underestimation of previous Canadian codes and standards concerning the seismic design
of shear walls. The study confirmed the underestimation of the capacity design shear
envelope, because of an underestimation of the NBCC spectral response acceleration and a
deficiency in the capacity design method.

Despite the extensive research conducted in nonlinear analysis of retrofitted CSWs,
a significant gap still exists in the literature regarding the reduction of residual displace-
ment and improvement in the resilience and self-centering ability of CSWs. Residual
displacement refers to a structure’s permanent deformation or displacement after a seismic
event. In the case of CSWs, residual displacement occurs due to the formation of plastic
hinges in the wall piers and CBs. The magnitude of residual displacement can significantly
impact the safety and functionality of a structure, as well as the need for costly repairs,
maintenance, or replacement [21]. Bruneau and Reinhorn [22] comprehensively discussed
seismic resilience in structures and defined different concepts (social and physical) for
resilience. They established limits for the inter-story drift in structures during nonlinear
responses to measure seismic resilience. They showed that retrofitting structures can affect
fragility and performance boundary levels, and neglecting seismic retrofitting can lead to
structural failure and collapse. Accordingly, the notion of seismic resilience in structures is
associated with the capacity of the structure to endure substantial lateral displacements
with minor damage (plastic hinge formation) and residual deformation. This capability can
be achieved either through the natural self-centering properties of the structure or through
the use of attached self-centering systems. It is worth noting that improving the resilience
and strength of structures is crucial, not only for direct costs like repairing damage or
lives lost from seismic hazards but also for considering indirect costs. These additional
costs include disruptions to the structure’s function, damages to the surrounding area, and
impacts on other networks, like roads and utilities. It is essential to prevent a chain reaction
of problems occurring when a structure fails due to a seismic event. More discussions
in this regard can be found elsewhere [23–25]. Also, implementing seismic retrofitting
reduces the necessity for demolishing and renovating buildings. This, in turn, leads to
a decrease in cement consumption, which is beneficial for the environment as cement
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production generates a significant amount of greenhouse gas emissions, contributing to
global warming [26].

The self-centering ability of structures refers to their capability to return to almost their
original position after a seismic event without significant permanent deformation [27]. This
advantage can be improved through two prevalent methods, namely: (i) rocking motion
that enhances mechanical resistance by uplifting the whole structure or significant structural
components, and (ii) the use of mechanical devices that incorporate energy dissipators
and shape memory alloys (SMAs) [27]. A rocking motion is achieved through either post-
tensioned (PT) tendons, which results in controlled rocking, or self-weight, which results in
uncontrolled rocking [28]. Controlled rocking systems utilize pre-compressed PT elements
at the surface of the structural components. When lateral forces negate the pre-compression
forces, the joint section decompresses, creating a gap. The PT elements then regain the lost
stiffness of the lateral resistance system through axial stiffness. Failure may occur if the
strain at the joint surpasses the elastic strain limit of the PT element. The effectiveness of
using PT elements in the self-centering improvement of structures has been investigated in
previous research studies [27,29–31].

SMAs, on the other hand, reduce deformation after unloading due to their super-
elasticity property. It has been demonstrated that the use of SMAs can decrease the
strain by 10% in specific applications [32], and, due to their inherent capacity for energy
dissipation, SMAs are considered a viable option for self-centering methods. Despite their
potential benefits, SMA wires feature certain drawbacks, such as a reduced load-bearing
capacity and difficulties in anchoring them properly due to their slippery surfaces. As a
result, SMA-based devices are primarily designed for uniaxial tensile-loading situations,
thereby limiting their widespread application [33]. The use of SMAs and energy dissipators
for enhancing the self-centering capability of structures has been studied previously in
several research investigations [34–36]. Moreover, some research studies have examined the
feasibility of integrating mechanical equipment, such as friction and viscous dampers, disk
springs, and energy-dissipating devices [28,37,38]. The outcomes of these investigations
have confirmed the effectiveness of these devices in improving the self-centering capacity
of steel and RC structures. However, the use of these devices is not widespread due to
architectural limitations.

Furthermore, the literature has explored other methods to mitigate residual displace-
ment in shear walls. Shen et al. [39] conducted a study to assess the effectiveness of CFRP
grids in reducing residual deformation in shear walls with varying failure modes, taking
into account the aspect ratio and reinforcement ratio. Song et al. [40] performed experi-
ments to evaluate the cyclic behavior of a hybrid approach combining CFRP grids and
steel in six large-scale shear walls. Zhao et al. [41] demonstrated that CFRP bars are an
effective alternative to low-yield strain steel bars in reducing residual deformation in RC
shear walls.

In the current literature on self-centering systems, research has focused primarily
on improving the self-centering properties and reducing residual displacement in newly
designed and detailed structures. Although some studies have explored the application
of mechanical equipment such as dampers and disk springs to increase self-centering in
existing steel and RC frames, research on reducing residual displacement in existing CSWs
is limited. This has been the leading momentum to implementing a novel approach by
focusing on reducing residual displacement in existing CSWs by applying EB-FRP sheets.
This research fills a gap in the current understanding of self-centering systems, and offers a
unique contribution to improving seismic performance in existing structures. Accordingly,
this study aims to examine the efficiency and performance of various configurations of
EB-FRP sheets in reducing residual displacement in existing CSWs and their impact on
seismic parameters, including CB rotation, shear force and bending moment demand,
and inter-story drift. To this end, a comprehensive evaluation of 20-story and 15-story
CSWs in Montreal and Vancouver is conducted using advanced RUAUMOKO 2D software,
http://dx.doi.org/10.13140/RG.2.1.1347.9841 (accessed on 30 May 2023). The evaluation
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includes nonlinear time history analyses and a curated selection of 15 ground motions for
Vancouver and 11 for Montreal. The CSWs are tested under various scenarios, including
three strengthening configurations and non-strengthened conditions. The analysis results
effectively visualize the impacts of the strengthening schemes on the parameters assessed.

2. Canadian Seismic Design Provisions for Ductile Walls
2.1. Force-Based Design Provisions

The force-based design technique is currently the prominent approach used in the
seismic design provisions of Canada for RC shear walls. This method calculates the internal
forces and stresses that develop within a structure due to applied loads, based on the
elastic design spectrum. Nevertheless, these values are subsequently adjusted by reduction
factors, which include those related to overstrength (Ro) and ductility (Rd), to account for
the structure’s inelastic behavior [42]. According to the National Building Code of Canada
(NBCC20) [43], the equivalent plastic seismic shear force at the base of building shall be
calculated, as given in Equation (1).

Vbase = S(T a)Mv
IE

RdRo
W (1)

In Equation (1), Ta represents the fundamental period of the structure, and S(T a) = the
design spectral response acceleration corresponding to Ta and is based on a 2% probability
of exceedance in 50 years. The factor that accounts for higher mode effects is represented
by Mv, while the importance factor is denoted by IE. The weight of the structure, repre-
sented by W, can be calculated as the sum of the dead load and 25% of the snow load
(W = DL + 0.25SL).

The precise classification of walls is crucial in determining the accurate value of the
ductility-related force modification factor, Rd, as CSWs are defined for a higher amount of
it. When considering a wall with openings that are proportionately small compared with
the height of the wall and are surrounded by upper and lower solid and rigid segments, the
behavior of the wall can be classified as that of a cantilever single shear wall. Determining
whether these segments possess sufficient stiffness to treat the wall as a single entity is
a complex task. To address this issue, a concept known as the degree of coupling (DOC)
should be computed, as given in Equation (2).

DOC =
Plcg

M1 + M2 + Plcg
(2)

where lcg = the span between two walls from center to center; M1 and M2 = the moments
at the base of each wall; and P = axial force developing from the coupling action. DOC is
a measure of the contribution of tension–compression forces in wall piers, originating
from the shear in coupling beams, to the base overturning moment resistance. When
this parameter approaches one, the CSW behaves more like a cantilever shear wall. The
Canadian Standards Association (CSA) A23.3-19 [44] categorizes CSWs based on their
DOC; those with a DOC greater than 66% are classified as coupled walls, and those with
a DOC less than 66% are partially coupled. For ductile shear walls, NBCC20 defines the
ductility-related factor (Rd) and overstrength-based factor (Ro), as given in Table 1.

Table 1. Ductility-related factors (Rd) and overstrength-based factors (Ro).

Type of Ductile Wall Force Modification Factor

Coupled wall Rd = 4 Ro = 1.7
Partially coupled wall Rd = 3.5 Ro = 1.7

Shear wall Rd = 3.5 Ro = 1.6
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Thereafter, Vbase is to be distributed between the floors corresponding to their weight
and height, as given in Equation (3).

Fi = (V base − Ft)
Wihi

∑n
i=1 Wihi

(3)

In Equation (3), Fi = the force at floor i. If the period of a structure exceeds 0.7 s, it is
necessary to consider the impact of higher modes. In such cases, a portion of the base shear,
denoted by Ft, should be allocated to the top floor of the building and should be computed,
as given in Equation (4). Wi= the weight given to the ith floor, and hi = the height of the ith
floor over the base level.

Ft = 0.07TaVbase ≤ 0.25Vbase (4)

To ensure the accuracy and reliability of the design of medium-to-high-rise buildings
for seismic events, it is necessary to conduct equivalent static and dynamic analyses.
Equivalent static analysis is a convenient method for the preliminary design and estimation
of seismic loads. Nevertheless, it is unable to account for the dynamic behavior of structures.
Instead, it allocates forces in an ascending manner along the structure’s height, relying on
the first dynamic vibration mode. This may result in floors experiencing a more significant
applied force due to other modes. Conversely, dynamic analysis offers a more precise
depiction of buildings’ actual behavior during seismic events. However, the base shear
calculated through dynamic analysis needs to be calibrated by equivalent static analysis.

In the linear analysis of RC structures, it should be noted that the concrete undergoes
cracking as the lateral load increases, which reduces the initial stiffness and other sectional
properties. On the other hand, the general response of concrete is nonlinear. Therefore, to
account for the average cracking effect in various element types, CSA A23.3-19 suggests
the reduction factors presented in Table 2.

Table 2. Section effective properties for linear dynamic analysis suggested by CSA A23.3-19.

Element Property Effective Property

Diagonally reinforced CB Moment of inertia Ie = 0.25Ig
Shear area Ave = 0.45Ag

Wall
Flexural stiffness EIe = αwEIg

Axial stiffness EAxe = αwEAg

In Table 2, Ie and Ig represent the effective and the gross section moment of inertia,
respectively. Ave, Axe, and Ag represent the effective shear cross section, the effective axial
cross section, and the gross area of section, respectively. For ductile CSWs, the value of αw
can be considered 0.5 at the initial stage of analysis [45].

2.2. Capacity Design Provisions

It has been widely recognized that it is not cost-effective for structures to resist seismic
forces while remaining within the elastic domain. Therefore, the seismic-resistant design
of structures relies on the ability to dissipate energy with minimal loss of strength during
multiple cyclic loading [2]. To guarantee sufficient ductility, resistance, and stiffness in
CSWs, the CSA A23.3-19 implements capacity design principles. This approach allows
designers to control the plastic mechanism of the shear walls by incorporating overstrength
in specific structural elements. The primary structural stability elements, wall piers, must
be designed to have sufficient stiffness to ensure that the structure’s overall stability is not
compromised by incoming loads. Conversely, coupling beams (CBs) must be designed to
absorb and dissipate the seismic energy by forming plastic hinges at designated zones.

In order to achieve the aims of capacity design provisions for CSWs, it is essential to
adhere to three fundamental principles: (i) wall piers need specific reinforcement detailing
in the potential plastic hinge region (i.e., the base of wall piers) to ensure large plastic
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deformation without significant strength loss [45]; (ii) the CSWs should be designed and
detailed so that flexural yielding occurs at the end of CBs prior to the base of the wall piers
(e.g., weak beam–strong column in frames); and (iii) the inelastic rotational capacity of
both CBs and wall piers (within the plastic hinge region) must exceed their corresponding
rotational demand.

Inelastic rotational demand (θid) in wall piers shall be calculated using Equation (5).

θid =
∆ f RoRd

hw
(5)

In Equation (5), based on the linear analysis, ∆ f is the factored displacement and
hw denotes wall height.

Inelastic rotational capacity (θic) in wall piers can be calculated using Equation (6).

θic =

(
εculw

2c
− 0.002

)
(6)

where εcu = 0.0035 except for the compression zone of the wall with different confinement
details, lw = length of CSW, and c = depth of neutral axis.

Also, (CSA) A23.3-19 recommends Equation (7) to calculate the height of the plastic
hinge region, hp, in wall piers.

hp = 0.5lw + 0.1hw (7)

Then, the inelastic rotational demand in CBs can be calculated using Equation (8).

θid =

(∆ f RoRd

hw

)lcg

lu
(8)

In Equation (8), lu= the length of the beam clear span, and lcg = the length between the
wall piers’ centroids. Furthermore, the inelastic rotational capacity of diagonally reinforced
CBs shall be considered 0.04.

In compliance with capacity design provisions, it should be noted that the combined
effects of gravity and seismic loads generate axial forces in CSWs. Seismic loads induce
shears in the diagonal reinforcement of the CBs, which subsequently act as axial loads on
the corresponding wall piers’ sections. Therefore, each section should be able to resist the
sum of the shear forces required to yield the coupling beams above the section. Additionally,
in designing each section of wall piers, it is imperative to ensure that the factored bending
moment resistance exceeds the bending moment arising from both the nominal resistance of
the coupling beams acting into the corresponding sections and the applied bending moment
of the wall piers. Accordingly, the wall over-strength factor, γ, as given in Equation (9),
should be applied to the factored wall moments at each level [11].

γ =
∑ Vn

∑ Vf
(9)

where ∑ Vn = the sum of the nominal shear resistance of CBs, and ∑ Vf = the total factored
shear in CBs due to lateral loading above the corresponding level.

More details and design requirements of CSWs, including restriction in compressive
strength of concrete, lap splice length, concentrated and distributed reinforcements, maxi-
mum span/depth ratio of CBs, the minimum number of diagonal reinforcements, length of
diagonal reinforcement anchorage in wall piers, hoop spacing in diagonal reinforcements,
and plastic hinge specific requirements, are discussed in [44].
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3. Details and Geometry of the Case Study

This study evaluated two series of 20-story and 15-story buildings located in Montreal
and Vancouver. The buildings under investigation feature RC structures with SFRS made of
four CSWs in North–South (N–S) and two CSWs in West–East (W–E) directions. However,
as the buildings may experience ground motion acceleration in both directions, this study
primarily evaluates the seismic demand in the N–S direction. The shear walls of this
structure are uninterrupted from the base to the top level, and they are relied upon to resist
all lateral loads. Additionally, all floor plans are symmetrical, with no level variations. This
creates regularity in both the plan and elevation of the structure. All four CSWs have CBs
between floors level with a 2.0 m clear span, 400 mm width, and the same reinforcement
layout in the corresponding level, connected at each end to a 3.25 m length wall pier with
constant geometry along the building height. The floor dimension is 23 m by 35 m, and
has a 200 mm thick concrete slab with compressive strength, f ′c , of 30 MPa, and steel
reinforcement yield strength, fy, of 400 MPa. All floors have a 3.5 m height, resulting in
a total height of 52.5 m and 70 m for 15-story and 20-story CSWs, respectively. Figure 1
presents the plan view and 2D layout of CSWs.
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Figure 1. Plan view and 2D layout of CSWs.

During the design phase, the first step involved the computation of lateral forces
using Equations (1) and (3). Subsequently, a linear dynamic analysis was performed using
SAP2000 software v19.0.0 [46] to obtain the design forces in the CBs and wall piers. Finally,
the CSWs were designed following standard specifications, utilizing the internal forces that
were previously calculated. A similar building is discussed in [47]. Also, a step-by-step
guide for the design and detailing of shear walls can be found elsewhere [45]. Figure 2
illustrates the reinforcement layout in wall piers and CBs; specific details and quantities are
provided in Tables 3 and 4.
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Table 3. Reinforcement details of wall piers.

W (i)
(mm)

W (ii)
(mm)

W (iii)
(mm)

W (iv)
(mm)

Section
Dimension

(mm)

West

20-story 15M @200 10M @200 8M 30 in PH region
8M 25 out of PH region 10M @150 8250 × 400

15-story 10M @200 10M @250 4M 25 in PH region
4M 20 out of PH region 10M @200 8250 × 400

East

20-story 15M @200 10M @250 6M 25 in PH region
6M 20 out of PH region 10M @150 8250 × 400

15-story 10M @200 10M @250 4M 20 in PH region
4M 15 out of PH region 10M @200 8250 × 400

Table 4. Reinforcement details of coupling beams.

B (i)
(mm)

B (ii)
(mm)

B (iii)
(mm)

B (iv)
(mm)

B (v)
(mm)

B (vi)
(mm)

Section
Dimension

(mm)

West

20-story 10M
@250

1500 mm stories 1–7
1300 mm stories 8–16
850 mm stories 17–20

10M
@80

25M stories 1–7
20M stories 8–16

15M stories 17–20

10M
@100

10M
@200 750 × 400

15-story 10M
@250

1300 mm stories 1–5
850 mm stories 6–10
700 mm stories 11–15

10M
@100

20M stories 1–5
15M stories 6–10
10M stories 11–15

10M
@150

10M
@250 750 × 400

East

20-story 10M
@250

1100 mm stories 1–5
950 mm stories 6–13
700 mm stories 14–20

10M
@100

25M stories 1–5
20M stories 6–3

15M stories 14–20

10M
@100

10M
@200 750 × 400

15-story 10M
@250

900 mm stories 1–4
750 mm stories 5–10
700 mm stories 11–15

10M
@120

20M stories 1–4
15M stories 5–10
10M stories 11–15

10M
@150

10M
@250 750 × 400

4. Seismic Strengthening of CSWs with EB-FRP Sheets

Severe cyclic loading and rotational demand in CSWs may cause considerable damage,
followed by local or global residual displacements in SFRS. Three failure modes can be
differentiated in diagonally reinforced CSWs, namely flexural, shear, and rigid action failure.
The areas most susceptible to damage under these modes include the extreme tensile edges
of the wall piers’ base and compressive corners of the wall piers’ base, as well as CBs
and walls joints [1]. To ensure adequate seismic resistance of CSWs, CBs should exhibit
sufficient strength and flexibility to absorb seismic energy over plastic action. The inevitable
collapse of the CSWs occurs when there is a shear failure of the CBs, and, subsequently,
the compression wall piers are crushed. However, it should be emphasized that excessive
strength of CBs should be avoided since this can negatively affect the overall performance of
CSWs [48]. Consequently, seismic strengthening of vulnerable areas of CSWs using EB-FRP
sheets can effectively improve their seismic performance [49]. Nevertheless, the seismic
retrofitting of shear walls should promote a flexural failure over a fragile shear failure [50].

4.1. Provisions for the Design of EB-FRP Sheets

The common failure mode in RC structures strengthened using EB-FRP strips is by
debonding [51]. In seismic applications, physical testing is required to validate anchorage
systems’ effectiveness in providing resistance against debonding failure. ACI 440.2 R-17 [50]
recommends that flexural FRP strips be fully wrapped with FRP sheets, particularly in regions
where plastic hinge formation is expected. This wrapping technique can significantly improve
the seismic performance of FRP-strengthened structures by enhancing debonding failure
resistance in flexural-strengthening FRP sheets and considering the stress reversal effect for
shear-strengthening FRP sheets.
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To prevent debonding failure, ACI 440.2 R-17 recommends a limitation on the effective
strain, ε f d, of FRP sheets beyond which debonding may occur, as expressed in Equation (10).

ε f d = 0.41

√
f ′c

nE f t f
≤ 0.9ε f u (10)

in which ε f u = FRP sheet design rupture strain; f ′c = compressive strength of concrete; n and
E f represent number of FRP layers and modulus of elasticity of FRP sheets, respectively;
and t f = thickness of FRP sheets. Also, FRP sheets’ contribution to the bending, Mn f , in
rectangular RC beams can be calculated using Equation (11).

Mn f= ψf A f f f e(d f −
β1c
2

) (11)

where ψf is the FRP reduction factor (equal to 0.85 for flexure and 0.95 for shear fully
wrapped sections); A f is the area of EB-FRP sheet; f f e and d f are effective stress and depth
in the FRP, respectively; and β1 and c are the ratio of depth of the equivalent rectangular
stress block to depth of the neutral axis, and the distance from the extreme compression
fiber to the neutral axis, respectively.

Using fully wrapped EB-FRP sheets when practically possible is the optimal method
for the shear strengthening of RC beams [50]. In this study, the CBs are placed at the height
between the floors, and all four sides are accessible. Thus, a fully wrapped configuration to
enhance the shear capacity of CBs is employed. Additionally, FRP sheets’ contribution to
the shear, Vf , in rectangular RC beams can be calculated using Equation (12).

Vf=
A f v f f e(sin α + cos α)d f v

S f
(12)

where A f v = area of EB-FRP sheets; α = angle between the main axis of the FRP strips and
the horizontal axis of the beam (equal to 90 degrees); d f v = effective depth of EB-FRP sheets;
and S f = axis-to-axis space between the EB-FRP sheets.

4.2. Strengthening Schemes

This study aims to increase the resilience and self-centering capabilities of the CSWs
and minimize their residual displacement using EB-FRP sheets. To that end, strengthening
configurations are proposed to improve the seismic behavior of CBs and wall piers by
increasing their load-carrying capacity and strengthening regions susceptible to cracking
caused by cyclic earthquake loading. Finally, the effectiveness of different configurations is
compared to determine the most efficient strengthening scheme.

Three different strengthening schemes, in addition to the plain CSWs in Montreal and
Vancouver, were evaluated, encompassing a total of eight CSWs (see Figure 3). In the first
scheme, labelled S1-CSW, a vertical layer of FRP sheets was applied across the entire width
of wall piers to improve their in-plane flexural capacity. Moreover, the wall piers and CBs
were completely wrapped with a single layer of EB-FRP to promote shear strength, ductility,
and rotational capacity. In the second scheme, labelled S2-CSW, vertical layers were applied
in a structured manner. Two layers of vertical FRP were incorporated in the first 15% of the
wall pier’s length from each edge, followed by one layer in the subsequent 15% of the wall
length. Also, similarly to S1-CSW, CBs and wall piers were wholly wrapped with a single
layer of EB-FRP. In the third configuration, labelled S3-CSW, three layers of vertical FRP
within the first 15% of the wall pier’s length from each edge were applied, followed by a
single layer of FRP sheets wrapping the entire wall pier and an additional layer within the
plastic hinge region. To enhance the flexural resistance of the CBs, a single layer of EB-FRP
sheets was applied on the top and bottom sides. Finally, complete wrapping of the CBs
was carried out to improve their ductility and rotational capacity. The non-strengthened



J. Compos. Sci. 2023, 7, 317 11 of 31

walls were considered control walls and labelled C-CSW. The manufacturer’s mechanical
properties of CFRP sheets are summarized in Table 5.
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Table 5. Manufacturer’s mechanical properties of CFRP sheets.

Ultimate tensile strength (MPa) 1355

Tensile modulus, W f rp (MPa) 115,700

Elongation at break (%) 0.95

Thickness per ply (mm) 1.3

5. Nonlinear Time History Analysis

The use of nonlinear time history (NLTH) analysis for the performance-based seismic
design of RC buildings is gaining popularity in the United States [45].

The implementation of the NLTH method, as described in the User’s Guide—NBC
2015 [52], entails the utilization of a nonlinear model of the structure that incorporates its
suitable and efficient cross-sectional characteristics, and subjecting it to a set of seismic
records, whether they are synthetic or natural. In addition, these records should be scaled
to fit the design spectrum.
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5.1. CSWs Assumptions for Nonlinear Analysis

In the current study, the nonlinear time history analysis of CSWs was conducted
using a finite element method (FEM)-based computer program RUAUMOKO 2D [53].
This software was developed at the University of Canterbury in New Zealand to evaluate
properly the time history response of frame-like structures to ground motions.

5.1.1. Member Modeling

To model the complex behavior of CSWs, several analysis techniques are available
in the literature, including the continuous medium, finite element, and equivalent frame
methods [54]; the last was considered for this study. The equivalent frame method (EFM) is
widely used for analyzing CSWs. It transforms the original CSW system into a simplified
frame model with comparable properties. In the EFM, the CSW system is divided into
interconnected frames consisting of vertical columns and horizontal beams. In this context,
the wall piers are represented by the vertical columns with axial rigidity, AE, and flexural
rigidity, EI, which correspond to the actual wall piers, whereas the horizontal beams
represent the CBs with fitting structural properties and rigid arms at each end. These arms
are utilized to ensure that the correct rotations and displacements are achieved, thereby
fulfilling the requirement for plane wall sections to remain planar [55]. RUAUMOKO offers
multiple members to model frame-type elements. Typically, beam or beam–column finite
elements are used to model slender shear walls. Nonetheless, in the case of CSWs, the
coupling action between walls results in significant shifts in the axial force in wall piers
during cyclic loading. Therefore, modeling these elements as beam–column members is
necessary to capture their behavior accurately. Thus, a quadratic beam–column member
was chosen to model wall piers. Moreover, choosing a beam–column member to model the
wall is logical as per the regulations stated in CSA A23.3-19. According to this standard,
all the shear walls with hw

lw
≥ 2 must be considered flexural shear walls, and these types

of walls are designed to withstand in-plane lateral forces through flexural action and act
practically like RC beams.

CBs were analyzed using a one-component (Giberson) beam model [56] comprising
an elastic beam that incorporates two rigid links, with rotational springs at each end to
concentrate all nonlinear deformations. It was considered that the span of the rigid end
block was half the depth of the member [57]. A double curvature shape is formulated
for the elastic beam, and thus a hysteretic model may determine the moment–rotation
loading history of each hinge [58]. While the interaction between the axial yield and
moment–curvature yield in beam members can be disregarded, the axial force affects
the member’s yield moment in a beam–column member [59]. Therefore, the yielding
surface of the moment–axial interaction diagram should be defined to account for the
combined effects of bending and axial forces in wall piers. To overcome the computational
complexities of nonlinear sectional analysis, the Xtract software v2.6.0 [60] was utilized
for both FRP-strengthened and control members to obtain control points of the yielding
surfaces. This software can accurately compute moment–axial interaction and moment–
curvature diagrams for each section. To consider the materials’ nonlinearity, nonlinear
stress–strain curves of materials were defined. The bilinear model with strain hardening
was used for steel reinforcement, while the model introduced by Mander et al. [61] was
used for reinforcement-confined and unconfined concrete. Lastly, the linear elastic behavior
of EB-FRP sheets was defined using the manufacturing properties of the FRP materials.
Moreover, FRP wrapping can increase concrete’s ultimate strain, improving curvature, and
rotational and load-carrying capacity. Hence, for FRP-confined members, the Lam and
Teng model [62] was utilized to account for capacity improvement of concrete. Both the
quadratic beam–column and the one-component (Giberson) beam have been identified and
used in previous studies to model CSWs [11,17,63]. Additionally, as all the diaphragms
are considered to be rigid and have sufficient thickness to develop diaphragm effects,
the lumped mass model was implemented for all buildings, and the relative horizontal
movement of nodes on the same level was disregarded [20,64,65]. Vecchio and Collins [66]
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demonstrated that transverse cracking significantly impacts the compression behavior
of cracked concrete, leading to substantial softening effects. Thus, the ductility-based
model, proposed in RUAUMOKO using experimental test data presented by McNeice [17],
was utilized to model strength degradation in CSWs during cyclic loading. Moreover, to
consider geometric nonlinearity, the large displacement approach was employed. This
approach updates the nodal coordinates and member stiffnesses at each time step to account
for changes in axial forces and geometry, making analyzing structures undergoing large
displacements possible [63]. Figure 4 depicts member modeling and node numbering of
CSWs evaluated in this study.
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5.1.2. Damping Modeling

Choosing an appropriate damping model in NLTH is paramount for achieving accu-
rate results. In many studies, the Rayleigh damping model has been considered [6,20,64].
This model considers the linear proportional combination of the stiffness and mass ma-
trices. As the stiffness matrix changes throughout the nonlinear analysis, the damping
matrix is updated at each time step. Equation (13) expresses the Rayleigh damping matrix,
denoted as C:

C = αM + βK (13)

where M = mass matrix, K = stiffness matrix, and α and β are coefficients calculated using
Equation (14). {

α
β

}
= 2

ωiωj

w2
j −w2

i

[
ωj −ωi
− 1

ωj
1
ωi

]{
ξi
ξj

}
(14)
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where (ξi, ξj) and
(
ωi,ωj

)
are the damping ratio (given damping/critical damping) and cir-

cular natural frequency (rad/s) for ith and jth modes, respectively. Once the damping ratio
of the two modes is provided, the damping matrix can be computed using Equation (13).
The damping ratio in the other vibration mode, ξn, of the structure can be calculated using
Equation (15).

ξn =
1
2
(

α

ωn
+ βωn) (15)

As demonstrated by Equation (15) and Figure 5, the damping ratio for modes with
a frequency lower thanωi displays a significant increase and is proportional to the mass.
Conversely, the damping ratio for modes with a frequency greater than ωj exhibits a
consistently increasing trend, and, at higher frequencies, the threshold limit is solely
proportional to the stiffness. It should be noted that the modes falling within the frequency
ranges ofωi andωj exhibit slightly lower damping ratios, consequently resulting in more
conservative results. This highlights the importance of appropriate selection of damping
ratio and two corresponding modes in Equation (14). It is suggested to choose the first mode
(fundamental mode) of the structure and one of the higher modes corresponding toωi and
ωj, respectively. This approach ensures that most of the modes that significantly impact
the structure’s response are within the same range of damping ratio [64,67,68]. It also
satisfies the requirements of reducing the mass-portion damping term to avoid unrealistic
high values of damping forces in nonlinear analysis using the initial stiffness damping
model [68]. Thus, in this study, initial stiffness Rayleigh damping with 5% critical damping
was utilized for modes 1 and 10. Similar assumptions can be found in the literature [6,11].
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5.1.3. Hysteresis Modeling

Repeated cyclic loading beyond the yield point tends to reduce the stiffness of RC
elements due to concrete cracking and steel reinforcement plastic behavior. Various hys-
teretic models replicate the response of RC structures to cyclic loading. However, few
models can accurately simulate the feature deterioration and actual behavior of members
exposed to significant loading reversal cycles. Hence, selecting a suitable hysteretic model
for reproducing the inelastic response of structural members is a critical step in NLTH. To
that end, RUAUMOKO 2D offers multiple hysteresis models to characterize the plastic
response of RC elements under dynamic excitations.

The modified bilinear Takeda model [69] is considered in this study to replicate the
stiffness degradation of control and strengthened CBs. The model is widely used because of
its adaptability to a broad spectrum of hysteresis responses of RC members. The coefficients
α and β control this model’s elastic–perfectly plastic loading and unloading response. Also,



J. Compos. Sci. 2023, 7, 317 15 of 31

the Q-HYST stiffness degrading model [70] is used for the nonlinear flexural response of
wall piers (see Figure 6). The general characteristic of this model is similar to the modified
Takeda, in which β is equal to zero. Both hysteresis rules have been previously employed
in other studies and have demonstrated their ability to model the inelastic behavior of RC
members accurately under cyclic loading conditions [6,58,71]. Moreover, the values of α
and β are obtained from experimental data presented by Li [63] and McNeice [17].
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6. Ground Motion Selection and Scaling

The Geological Survey of Canada provides the probabilistic-based assessment of
earthquake occurrence and intensity level as seismic hazard models for various cities, which
are then utilized to develop Canada’s seismic design provisions. The last (6th) generation
of seismic hazard models was recently provided for NBCC 2020 [43]. The seismic hazards
are represented as a fraction of gravity by (i) the spectral acceleration, Sa, parameter
corresponding to the period ranges of 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 s (contributing to form
the uniform hazard spectrum (UHS) for each city), and (ii) peak ground acceleration,
PGA, and velocity, PGV; all for the probability of 0.000404 per annum (2%/50 years) [72].
Therefore, when choosing ground motion time histories, they must align with the specific
tectonic conditions, anticipated ground motion magnitudes, and distances at the building
site to comply with the projected level of seismic hazard. Alternatively, as outlined by
NBCC, the ground motion time histories should adhere to the UHS corresponding to the
building site. Note that the seismic hazard level related to class C shows a significant
increase in NBCC 2020 compared with NBCC 2015, as shown in Figure 7.

The de-aggregation of the seismic hazard analysis is necessary to determine primary
magnitude–distance pairs that dominate the seismic hazard level of a given city [73]. In
eastern Canada, Montreal in a region characterized by moderate-to-high seismicity levels
resulting from crustal earthquakes, having anticipated earthquakes with high frequencies
and short duration [74,75]. Two distinct M–R scenarios of earthquakes dominate the seismic
hazard level in Montreal [72,76]. The first scenario comprises earthquakes with a magnitude
of six (M6) occurring at fault distances (R) of 10–30 km, and is compatible with the short-
period portion of the UHS, while the second, with a magnitude of seven (M7) occurring at
R = 15–100 km, is compatible with the long-period portion of the UHS [77]. On the contrary,
in western Canada, crustal and in-slab events (generating moderate-to-high earthquakes)
contribute to hazards at low-to-intermediate periods [76]. Additionally, Cascadian sub-
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duction events (megathrust earthquakes), characterized by magnitudes greater than eight
(M > 8), account for long-period motion hazards. Although Cascadian events are far from
densely populated regions (typically more than 100 km), these events are usually of long du-
ration, which may cause significant damage to structures that are loaded beyond their elastic
capacity [77]. Accordingly, three scenarios of earthquakes with (i) M = 6.5 and 10 < R < 30;
(ii) M = 7.5 and 15 < R < 100; and (iii) M = 9 and 100 < R < 200 were used for analysis of
shear walls in western Canada.
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Figure 7. Comparison of seismic hazard values of 2% probability in 50 years in site class C in
Vancouver and Montreal.

Only a few time histories are available for earthquakes in eastern Canada, and the
magnitudes and distance of these earthquakes are inconsistent with the abovementioned
seismic hazard levels. Thus, simulated ground motion time histories for soil site class
C, developed by Atkinson [77], are used in this study. As per the NBCC guidelines, it is
imperative to have at least five time histories for each suite to conduct a dynamic analysis.
Furthermore, a minimum of eleven earthquakes across all suites is required to perform
the analysis. In this regard, NLTH is performed in eastern and western Canada, with the
selection of 11 and 15 time histories, respectively. Figure 8 shows response spectra for scaled
ground motions in both sites. The mean value of all analyses is then utilized as the nonlinear
dynamic response of the structure. The earthquake selection and scaling was performed as
requested by NBCC guidelines, using the method suggested by Tremblay et al. [78]. For
each suite, 45 simulated accelerograms were created by Atkinson. The ideal records were
selected by calculating the ratio of the target spectral amplitude to the spectral amplitude
of the records in each suite. The chosen records must have mean values between 0.5 and 2
and the lowest standard deviation. Tables 6 and 7 summarize selected ground motion
characteristics, including peak ground acceleration (PGA), durations, M–R scenarios, period
range, and event types.
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Table 6. Selected ground motions’ description (Vancouver).

Scenario Rec. No. M R
(km)

PGA
(g)

Duration
(s)

Period Range
(s) Event Type

1

West 1 6.5 8.8 0.475 49.30

0.2–0.8 Crustal
West 2 6.5 11.2 0.483 49.30
West 3 6.5 10.8 0.503 49.30
West 4 6.5 12.3 0.497 53.63
West 5 6.5 14.6 0.559 53.63

2

West 6 7.5 16.4 0.391 102.02

0.3–1.5 In-slab
West 7 7.5 18.1 0.430 102.02
West 8 7.5 21.6 0.351 102.02
West 9 7.5 35.7 0.289 93.39
West 10 7.5 48.4 0.423 93.39

3

West 11 9 112.4 0.137 309.42

1–4 Cascadia
subduction

West 12 9 112.4 0.132 309.42
West 13 9 156.7 0.173 309.42
West 14 9 156.7 0.146 309.42
West 15 9 200 0.167 309.42

Table 7. Selected ground motions’ description (Montreal).

Scenario Rec. No. M R
(km)

PGA
(g)

Duration
(s)

Period Range
(s) Event Type

1

East 1 6 10.7 0.322 43.59

0.2–1 Crustal
East 2 6 12.8 0.645 43.59
East 3 6 20.8 0.423 43.59
East 4 6 21.6 0.451 47.53
East 5 6 26.3 0.301 47.53

2

East 6 7 13.8 0.478 51.12

0.5–2.42 Crustal
East 7 7 20.6 0.410 51.12
East 8 7 50.3 0.308 51.12
East 9 7 62.6 0.331 57.35
East 10 7 95.5 0.248 57.35
East 11 7 94.2 0.299 57.35
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7. Results and Discussion

This study evaluates the effectiveness of various configurations of EB-FRP sheets in re-
ducing residual displacement and enhancing self-centering in two sets of medium- (15 stories)
and high-rise (20 stories) CSWs, located in Montreal and Vancouver. Nonlinear time history
analysis was employed, with the shear walls designed and detailed according to NBCC 2020
and CSA A23.3-19 requirements. Results of the study are presented and analyzed in terms of
the following parameters: inter-story drift ratio (IDR), residual inter-story drift of shear walls
(RIDR) rotation of CBs, and bending moment and shear force of wall piers.

7.1. Residual Inter-Story Drift Ratio

The inter-story drift ratio is the horizontal displacement between two adjacent floors
divided by the story height, and is subject to a maximum limit of 2.5%, as prescribed
by NBCC 2020. This parameter is the most significant factor contributing to structural
damage in shear walls during earthquakes. On the other hand, the primary aim of the
present study is to assess the effectiveness of using EB-FRP sheets to minimize the residual
displacement and enhance the self-centering capacity of CSWs. However, establishing
specific criteria for restricting residual displacement in RC structures remains a topic of
ongoing discussion and debate within the engineering community. While ASCE 7-22 [79]
does provide a guideline for limiting the maximum residual inter-story drift ratio (RIDR) in
buildings exceeding 73 m in height to 1%, there are currently no other universally accepted
standards in place. Accordingly, the RIDR will be deemed the focal point of this article, and
the present section presents the outcomes of the NLTH for the given indicators. Moreover,
the findings unveil a significant variation in the walls’ response between the eastern and
the western regions of Canada, which can be attributed to the distinctive levels of seismicity
and ground motion sources in these areas.

7.1.1. Western Canada

The graphical representation of Figure 9 illustrates the IDR domains of 20-story CSWs
for fifteen different time histories. Each story is denoted by a pair of vertical solid lines, with
the first representing the minimum IDR value obtained through NLTH analysis and the
second representing the maximum. The red box indicates the mean value of all responses.
The results indicate that the highest mean value of the C-CSW was observed in the 5th
story, with a remarkable value of 1.31%, predominantly influenced by Cascadia events
(M9). Notably, the impact of these events was more pronounced in the 20-story CSWs, as
the dominant period in these ground motions is close to the natural period of high-rise
structures. However, the application of EB-FRP resulted in a notable decrease in the peak
IDR, specifically, a 13, 18, and 27% reduction in S1-CSW, S2-CSW, and S3-CSW, respectively.
Moreover, it was found that strengthening schemes can mitigate the fluctuation of the mean
IDR across the height of the wall. Additionally, the upper floors (60–70% of the wall height)
may experience a second PH due to the higher mode effect, as shown in Figure 9.

This reduction results in a significant decrease in the residual inter-story drift ratio
(RIDR). The RIDR distribution in a 20-story C-CSW subjected to fifteen ground motions
is depicted in Figure 10a. It is observed that, similarly to the IDR, scenario (iii) (M9) was
dominant for the highest obtained values. In the C-CSW, among all ground motions, the
maximum RIDR was found to be 1.48% for time history number 13, while the minimum
value occurred in time history number 3, with a value of 0.04%. Such a finding highlights
the impact of low-frequency ground motions on high-rise structures, leading to heightened
stimulation of the first vibration mode of the wall and consequent escalation of the flexural
demand at the lower levels. This escalation can lead to an expansion of more bending cracks
along the wall, concrete crushing at the base of the wall piers, and, consequently, more
residual deformation in the CSW. Nevertheless, Figure 10b indicates that implementing
EB-FRP sheets results in a significant reduction of the RIDR in the C-CSW. The results
revealed a 41%, 34%, and 20% reduction in the peak RIDR in S3-CSW, S2-CSW, and S1-CSW,
respectively. The observed self-centering ability improvement can be attributed to the
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superior efficiency of vertical EB-FRP sheets in increasing the flexural strength and stiffness
of wall piers, with the magnitude of impact positively correlated with the proximity to
the edge. Additionally, confinement of CBs and walls with FRP wrapping can increase
shear strength, load-carrying capacity, and ductility of the CSW to avoid shear failure due
to flexural overstrength in the base of the wall. The significance of the aforementioned
issue lies in the fact that the plastic hinge formation at the base of the wall, resulting from
resonance in the first mode of vibration, leads to an increase in shear force in the wall due
to the influence of higher modes. As such, it becomes imperative to enhance the shear
strength of the wall to avoid any possibility of brittle shear failure. However, previous
studies have shown that cantilever single shear walls are more sensitive to this issue [80].
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The effectiveness of strengthening configurations was notably more pronounced in the
medium-rise CSW. In a 15-story CSW, the implementation of EB-FRP sheets reduced the
peak IDR by 39, 26, and 19% in S3-CSW, S2-CSW, and S1-CSW, respectively. Additionally,
the impact of higher modes was less pronounced on shorter CSWs. Furthermore, the
effect of EB-FRP strengthening on the increase in shear wall stiffness was inversely pro-
portional to the wall height, which is in agreement with previous research by Arabzadeh
and Galal [5]. Notably, S3-CSW demonstrated the capacity to decrease the maximum
RIDR by up to 53%, while S2-CSW and S1-CSW showed a decrease of 40% and 25%,
respectively. Figures 11 and 12 show the IDR domains of a 15-story CSW, and the maxi-
mum RIDR in a 15-story CSW, respectively.
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distribution in the C-CSW subjected to all ground motions; and (b) reduction of the RIDR in the
C-CSW using 3 strengthening configurations.
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7.1.2. Eastern Canada

Despite having less seismic activity compared with western Canada, the eastern region
of Canada is abundant in high-frequency ground motions that can intensify the effect of
higher modes. This observation was substantiated by the outcome of NLTH analysis for a
20-story CSW located in Montreal, where the probability of the formation of the second PH
was noted to be significant in stories 14–16. However, the average IDR for these walls was
significantly lower than for the corresponding walls in Vancouver, which are exposed to
low-frequency Cascadia (M9) ground motions. The peak mean IDR value was dominated by
(M7) events and occurred in stories 2–4 at approximately 0.29%, whereas the mean IDR was
around 0.27% in stories 14–16. The proposed strengthening configurations reduced the peak
mean IDR by 20, 14, and 10% in S3-CSW, S2-CSW, and S1-CSW, respectively. Additionally,
similarly to the response experienced in western Canada, the strengthening measures led
to a decline in the fluctuations of mean IDR values across the wall height. Figure 13 shows
the IDR domains of a 20-story CSW in Montreal.
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(d) third strengthening configuration (S3-CSW).

As a result of the shortage of low-frequency ground motions and a low seismicity
level in the eastern region of Canada, flexural demand in the walls is much lower; thereby,
residual displacement in CSWs in that area was significantly lower than that observed in the
western zone. However, due to the geometric configuration of CSWs, the lateral displace-
ment is primarily inelastic, as will be explained in the subsequent section. Consequently,
even with significantly low movements, some residual displacement occurs in CSWs in east-
ern Canada, dominated mainly by (M7) events with lower frequency content. Figure 14a
shows the RIDR distribution among all ground motions.
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Figure 14. Maximum residual inter-story drift ratio in a 20-story CSW in Montreal: (a) the RIDR
distribution in the C-CSW subjected to all ground motions; and (b) reduction of RIDR in the C-CSW
using 3 strengthening configurations.

Figure 14b illustrates that the peak mean RIDR within the 20-story C-CSW structure
was measured at 0.09%. S3-CSW could lower this value by 29%, compared with 26% and
14% for S2-CSW and S1-CSW, respectively. Nonetheless, given the minimal RIDR values
exhibited by these walls, it is not deemed reasonable to use any strengthening technique to
reduce residual displacement within the eastern Canadian region.

The findings of the present study indicate that the suggested strengthening configura-
tions are more effective in reducing the IDR of a 15-story CSW than that of a 20-story CSW.
Specifically, the maximum IDR reduction in S3-CSW was 26%, which is more effective than
the corresponding configuration implemented in the 20-story CSW. The peak mean IDR
reductions for S2-CSW and S1-CSW were 19% and 14%, respectively. Furthermore, the
impact of higher modes was found to be less pronounced in the 15-story CSW.

It is worth noting that S3-CSW exhibited the highest level of effectiveness in reducing
the maximum RIDR across all configurations, with a reduction of 34%. In comparison, the
maximum RIDR reduction achieved by S2-CSW was 28%, while the least effective config-
uration was S1-CSW, which resulted in a 19% reduction in the peak RIDR. Figures 15 and 16
show the IDR domains of a 15-story CSW, and the maximum RIDR in a 15-story
CSW, respectively.

7.2. Beam Rotation

The total horizontal movement of CSWs includes both elastic and inelastic displace-
ment. However, the elastic portion of displacement is deemed negligible due to the reverse
bending in CBs, as suggested in CSA A23.3-19. On the other hand, a CB’s rotation is deter-
mined by the difference between the rotation of the wall piers and the floor. Additionally,
the rotation of the wall piers in relation to the maximum rotation of CBs is much more
effective than the floor rotation, leading White and Adebar [81] to suggest disregarding
the floor rotation in the critical wall slope for simplification purposes. Consequently, a
noteworthy similarity exists between the shape of the mean IDR envelope of CSWs and the
mean maximum rotation of the CBs’ envelope.
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(b) first strengthening configuration (S1-CSW); (c) second strengthening configuration (S2-CSW); and
(d) third strengthening configuration (S3-CSW).
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7.2.1. Western Canada

As clearly shown in Figure 17a, EB-FRP sheets have demonstrated a significant capacity
to reduce the rotation of CBs in a 20-story CSW. While the maximum CB rotation in
the C-CSW was measured as 0.02, falling below the capacity limit outlined before, it is
noteworthy that S3-CSW displayed a 31% reduction in peak mean CB rotation. Similarly,
S2-CSW and S1-CSW experienced a 23% and 17% decrease, respectively. These findings
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suggest that the proposed strengthening configurations are an efficient solution for limiting
CB rotation in high-rise CSWs in western Canada. The data indicate that the effectiveness of
strengthening configurations on a 15-story CSW was notably more pronounced. Specifically,
the peak mean CB rotation was reduced by 41% in S3-CSW, while 27% and 20% reductions
were observed in S2-CSW and S1-CSW, respectively. In addition, Figure 17b shows that the
impact of higher modes on the rotation envelope of CBs is less significant in the 15-story
CSW than in the 20-story CSW. Again, these findings prove that EB-FRP strengthening
strategies are more effective in medium-rise buildings.
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Figure 17. Mean coupling beam rotation in: (a) a 20-story CSW in Vancouver; and (b) a 15-story CSW
in Vancouver.

7.2.2. Eastern Canada

As previously explained, a strong correlation exists between the rotation of CBs and
the IDR in CSWs. Also, the inherent high-frequency ground motions and lower seis-
mic intensity in eastern Canada contribute to a lower IDR of CSWs in Montreal than
their counterparts in Vancouver. Consequently, the study’s findings reveal that the rota-
tion of CBs in CSWs located in Montreal is significantly lower than that in Vancouver’s
corresponding CSWs.

In the C-CSW of Montreal, the peak value of the mean CB rotation envelope was
0.005, while in S1-CSW, S2-CSW, and S3-CSW, there was a reduction of 10%, 15%, and 20%,
respectively. In addition, as depicted in Figure 18a, the impact of higher modes was more
pronounced in a 20-story CSW, with the second peak being experienced in higher stories.
In the case of a 15-story CSW, as shown in Figure 18b, the most effective strengthening
configuration was S3-CSW, which led to a peak CB rotation reduction of 29%, compared
with 22% and 16% for the S2-CSW and S1-CSW schemes, respectively.

7.3. Shear Demand in Wall Piers

The shear demand in wall piers was also evaluated as another critical factor. The
findings of NLTH analysis revealed that, while the implementation of EB-FRP sheets can
lead to a decrease in the IDR and rotation in CSWs, it may also result in an increase in the
base shear demand of these walls in both eastern and western Canada.

Figure 19 illustrates the normalized mean story shear demand envelopes in all speci-
mens, with the horizontal axis normalized by mean base shear demand in the C-CSW and
the vertical axis normalized by building height. The NLTH analysis of a 20-story CSW
located in Vancouver revealed that using EB-FRP sheets in S3-CSW increased the base shear
demand by up to 16%. The mean base shear in S2-CSW and S1-CSW increased by 11% and
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8%, respectively. Similarly, results for the 15-story CSW in this city showed a 22%, 15%,
and 11% increase in S3-CSW, S2-CSW, and S1-CSW, respectively.
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In the case of the 20-story CSW in Montreal, the use of EB-FRP sheets resulted in a 20%,
15%, and 12% increase in the base shear demand in S3-CSW, S2-CSW, and S1-CSW, respec-
tively, while, in the 15-story CSW, the increase was 28%, 23%, and 19%, respectively. Table 8
shows the base shear demand in all specimens.

Table 8. Base shear demand in all specimens.

Base Shear Demand (kN)

S3-CSW S2-CSW S1-CSW C-CSW

Vancouver
20-story 1126 1081 1048 969

15-story 736 691 670 603

Montreal
20-story 1158 1110 1077 963

15-story 633 606 588 494

The frequency content of ground motions can significantly impact shear demand in
buildings, mainly through higher modes’ excitation [42]. However, the rise in the base
shear demand of CSWs due to the application of EB-FRP sheets can be attributed to two
factors: (i) a decrease in the CSW vibration period due to an increase in stiffness; and (ii) an
improvement in post-yield stiffness in strengthened members due to the confinement effect
and flexural improvement caused by vertical and horizontal EB-FRP sheets. This effect has
also been observed elsewhere [6,47,82].

7.4. Bending Moment Demand in Wall Piers

The use of vertical EB-FRP sheets enhanced the bending capacity of CSWs. However,
the strengthening configurations could increase the bending demand in wall piers. This
is illustrated in Figure 20, which shows the normalized mean bending moment demand
across all specimens in the NLTH analysis. The 15-story CSW in Montreal exhibited the
most significant influence, with an 18% increase in demand for S3-CSW, and a 13% and 9%
increase for S2-CSW and S1-CSW, respectively. Similarly, the 20-story CSW in Montreal
experienced a 13%, 11%, and 7% increase in demand for the same configurations. In
contrast, the CSWs in Vancouver showed less influence, with the 20-story S3-CSW, S2-CSW,
and S1-CSW experiencing increases of 11%, 7%, and 3%, respectively, and the 15-story CSW
showing a 16%, 11%, and 8% increase in S3-CSW, S2-CSW and S1-CSW, respectively. Table 9
shows the base bending moment demand in all specimens.

Table 9. Base bending moment demand in all specimens.

Base Bending Moment (kN.m)

S3-CSW S2-CSW S1-CSW C-CSW

Vancouver
20-story 5346 5181 4972 4843

15-story 3729 3564 3454 3212

Montreal
20-story 2806 2754 2651 2486

15-story 2134 2046 1958 1804
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8. Conclusions

The present study aimed to assess the effectiveness of EB-FRP sheets in reducing
residual displacement of medium-to-high-rise CSWs in Vancouver and Montreal, rep-
resenting western and eastern Canadian seismic zones, respectively. All CSWs were
designed and detailed according to CSA A23.3-19 and NBCC20. Three distinct strengthen-
ing schemes were considered for each CSW, and 2D nonlinear time history analysis using
RUAUMOKO software was conducted for all RC CSWs, strengthened and un-strengthened.
Based on the seismic hazard de-aggregation results, fifteen and eleven ground motions
were chosen and scaled to the target spectrum for Vancouver and Montreal, respectively.
Consequently, a total of 208 nonlinear time history analyses were carried out to evaluate
the impact of EB-FRP sheets on various parameters of CSWs. On the basis of the results,
the following conclusions can be drawn:

1. EB-FRP sheets are a viable option for reducing the RIDR in existing modern CSWs
(14–53%). The proposed strengthening schemes were evaluated, and it was found that
S3-CSW was the most effective in decreasing the RIDR in CSWs. However, it was also



J. Compos. Sci. 2023, 7, 317 28 of 31

observed that the efficiency of the proposed configurations decreased as the height
of the shear walls increased. Notably, the RIDR in western Canada was significantly
higher compared with eastern Canada.

2. The predominant cause of the RIDR among CSWs in western Canada can be attributed
to Cascadia events, compared with other seismic sources. Apart from their long
duration, which could induce structural fatigue, the low frequency of such events
could result in resonance in high-rise buildings with longer vibration periods.

3. Based on the behavior of 15-story and 20-story CSWs in eastern Canada, it is not
deemed reasonable nor cost-effective to apply EB-FRP sheets on the CSWs in this
region due to their predominantly elastic behavior and absence of significant residual
displacement. Nonetheless, it was observed that, for the eastern CSWs, higher modes
had an impact, displaying the potential formation of a second plastic hinge in the
upper stories (60–70% of the wall height).

4. The S3-CSW performed better in reducing the IDR and CB rotation. This can be
attributed to the higher flexural strength resulting from the three layers of vertical
EB-FRP sheets, coupled with the confinement caused by the FRP wrapping. Moreover,
the horizontal FRP sheets enhanced the shear strength of CSWs, thereby preventing
brittle shear failure. The fully wrapped FRP sheets also increased the debonding
failure resistance of vertical FRP sheets, which further contributed to the system’s
overall effectiveness. Also, the research findings indicate the effectiveness of using
EB-FRP sheets in mitigating the fluctuation of the IDR cross height of CSWs.

5. Applying EB-FRP sheets to CSWs resulted in a slight increase in base shear and
bending moment demand. Among the various strengthening schemes employed, it
was observed that S3-CSW had the highest impact on increasing the shear force and
bending moment demand in CSWs. This increase was found to be more pronounced
in the CSWs located in eastern Canada, attributable to the relatively larger share of
EB-FRP sheets in the overall stiffness of the reinforced walls compared with western
Canada. However, the improvement in the shear and bending resistance of CSWs due
to the EB-FRP sheets far outweighed the increase in demand.
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