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Seismic Performance of Slender Concrete Shear Walls with and

without Carbon Fiber Reinforced Polymers Laminates

Joanna Youssef Youssef

ABSTRACT

Shear walls are the main lateral-load-resisting system in reinforced concrete buildings.
This study examines the seismic performance of slender, under-reinforced shear walls,
and proposes retrofit guidelines to enhance the strength and ductility of this type of wall
using carbon fiber-reinforced polymer. The in-plane loading performance of the shear wall
specimens was examined before and after the retrofit. Two full-scale shear walls were
designed and constructed to simulate shear walls in old buildings in the Beirut, Lebanon
area. One of the walls was designated to be a control wall and tested as is, while the other
was retrofitted using CFRP laminates. The CFRP layout was designed to provide the
missing confinement which is usually supplied by special boundary elements
configuration present in buildings designed according to modern ACI specifications. The
two walls were tested under reversed cyclic loading using a hydraulic actuator. Force
deformation plots were produced for both tests and further specific in-plane and out-of-
plane displacements were monitored using two high-performance cameras connected to a
data acquisition software. Strain gauges were placed at different levels on the wall rebar
to monitor their strain profile and yielding points. The study showed that the retrofitted
wall had better performance than the control one. Drift capacity was improved by 17%
and longitudinal bar buckling was prevented. Moreover, it was observed that the control
wall compression zone was completely crushed at 2.5% drift; whereas, the retrofitted wall

reached a drift of 3% with an intact concrete section. The CFRP laminates showed to

vii



preserve the concrete core and prevent the buckling of the longitudinal steel bars during
cyclic loading. The results of this study will aid in the development of a unified retrofit
scheme to enhance the seismic performance of shear walls in old buildings, thus

improving their safety in case of a seismic event.

Keywords: Shear wall, Carbon fiber-reinforced polymer, Cyclic loading, Retrofit,

Confinement, Boundary element, Out-of-plane buckling, Compression one.
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CHAPTER ONE

INTRODUCTION

Given the fact that Lebanon is situated over the Yammoune, Serghaya, and Mount
Lebanon faults, it is considered to be a region of high seismic activity. For this reason,
proper seismic consideration is vital in the design of structures, especially shear walls
which are the main lateral load resisting system. However, most of the buildings especially
in the Beirut area were built through the period from the 1960s to the 1990s of the last
century. In that period Beirut had a boom in construction due to the displacement of people
from the countryside seeking jobs and new lives. As a result, construction was arbitrary
and designed only for gravity loads without any consideration for modern seismic design.
In these buildings, the shear walls are thin, slender, and lack proper seismic detailing
according to recent ACI provisions (minimum wall thickness, minimum reinforcement
diameter and layers, special boundary elements). This constitutes a serious threat to over
2.4 million people living in the city in case of a seismic event. Since total replacement of
structures has a significant impact on the economy, environment, and resources, the need
of implementing maintenance techniques arise, mainly to enhance the ductility, shear
strength, and stiffness of a shear wall. According to FEMA (1992), the building flexural
can be strengthened by adding additional shear walls, increasing the shear walls’ section,
or increasing the section reinforcement. These methods will evolve the structure to better
resist earthquake loading, but on the other hand, the self-weight of the structure will

increase, which will amplify the lateral forces. Moreover, adopting this method can lead



to disruption of the occupancy, and a possible shutdown of the facility during construction.
In some cases, these modifications may not be practical or possible. A more advanced
process of retrofitting shear walls is the use of carbon fiber-reinforced polymer (CFRP)
sheets glued externally to the wall using epoxy according to certain patterns determined
by whether the retrofit is used to enhance the shear, flexural, or confinement capacity of
members. Numerous studies have addressed the retrofit of structural elements with CFRP
laminates. However, the studies concerning shear walls tackled only “short shear walls”
which are weak in shear and have a failure mode characterized by the propagation of
inclined cracks in the wall section or the separation of the wall from its foundation. This
study is one of a two-stage research project that investigates shear walls failure in
flexure—a failure mode that is exhibited by out-of-plane buckling and crushing of
concrete at the wall toe in the compression region. Experimental data from this study will
aid the development of a behavioral model that can be used in the future for the prediction
of the responses and failure patterns of similar shear walls. Whereas the second part of
this research project proposes new guidelines for retrofit of strength-deficient shear walls

in order to improve their performance during seismic events.



CHAPTER TWO

LITERATURE REVIEW

Most of the existing reinforced concrete structures were designed before the development
of modern detailing provisions and seismic design codes. The most common failure
mechanisms for concrete structures due to seismic loading, according to Dyngeland
(1998), are the shear wall failure, the beam to column connection failure, the column
failure due to insufficient shear or flexural strength, and the infill wall failure because of

the inadequacy of the shear strength or the out-of-plane flexural strength.

Avoiding shear wall failure during seismic events is a significant matter to several
researchers because, in many circumstances, the shear walls are the structural elements
that provide both lateral force resistance and drift control while simultaneously achieving

other functional requirements as stated by Paulay and Priestley (1992).

Design and detailing deficiencies for shear walls, that lack proper seismic detailing

according to recent ACI provisions, were reported by several researchers.

In their research, Paterson and Mitchell (2003) studied the core wall of an existing
building that had insufficient shear strength required to develop flexural hinging, poor
confinement of the boundary elements, inadequate anchorage of the transverse
reinforcement, and the presence of lap splices of the longitudinal reinforcement at
locations of plastic hinging. Similarly, Layssi et al. (2012) studied shear walls that had the

same detailing and design deficiencies of the core wall studied by Paterson and Mitchell



(2003) but had the lap splices of the longitudinal reinforcement present at the base of the

wall.

After the Chile 2010 Earthquake, Telleen et al. (2012) reported that most damaged
concrete walls suffered from longitudinal bar buckling as well as concrete crushing at the
wall base especially at the boundaries. Failure can be caused by the buckling of
longitudinal bars due to tensile strains that are followed by compression, or concrete
crushing and spalling at the wall base because of the compressive strains. It can also be
due to a combination where concrete crushing causes cracking, and then the yielding and
buckling of the longitudinal reinforcement leads to crack widening. However, evidence
proved that the walls that failed had inadequate transverse reinforcement and bar buckling
was reported in all the cases. Besides, walls with well-detailed transverse reinforcement
stayed intact, which wouldn’t be the case if concrete spalling was the main issue. Thus,

bar buckling was the primary cause of damage.

Wallace et al. (2012) also investigated the Chile earthquake, they recorded drift ratios that
ranged from 0.8% in 5-story buildings to 1% in buildings having 10 or more stories.
Besides, it was found that most of the walls suffered damage concentrated at short heights
equal to approximately 1 to 3 times wall thickness due to stress concentrations caused by
bar buckling near the wall base. Cyclic strains led to the opening of the used 90-degree
hooks which in turn induced bar buckling, the reason for concrete spalling. This greatly
affected the wall resistance of thin wall sections where a 2 cm loss of concrete on each

side will result in the loss of at least 20% of the wall section.

Rosso et al. (2015) carried out two experimental tests on thin reinforced concrete walls
under cyclic loading. The specimens had T-shaped cross-sections and were detailed with
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single layers of vertical and horizontal reinforcement in order to simulate the thin walls
commonly found in many of Colombia's existing mid- and high-rise low-cost residential
structures. The two structural walls had similar dimensions, shear span, reinforcement
scheme, and axial load application, but were subjected to different loading patterns: the
first wall was subjected to uni-directional loading (in-plane displacements only), while the
second wall was subjected to bi-directional loading (in-plane and out-of-plane
displacements). Experimental results showed that the two walls experienced large out-of-
plane displacements without causing them to have an out-of-plane failure mode; thus, both
walls had in-plane failure mode. In addition, the damage induced by these significant out-
of-plane deformations caused a strength degradation, which ultimately led the wall to have

a premature in-plane failure.

Moreover, slender structural walls have been demonstrated to be vulnerable to lateral
instability in previous earthquakes and laboratory testing. To further understand the
primary variables that influence instability, an investigation was conducted by several

researchers.

Goodsir (1985) conducted a wall testing program in order to assess the observed failure
due to out-of-plane instability and the effects of slenderness ratio. He was the first author
to perform several tests on thin reinforced concrete structural walls under tension and
compression reversed cyclic loading. He examined the lateral stability of slender shear
walls subjected to in-plane displacements by idealizing the end-region of the shear wall
as an axially loaded reinforced concrete column. Besides, he described in detail the
development of the out-of-plane failure mechanism for slender reinforced concrete walls.

Finally, it was observed that the potential for the out-of-plane instability of reinforced



concrete units was directly related to the maximum tensile strain reached before

consequent compressive loading.

Paulay and Priestley (1993) developed design recommendations to predict the onset of
out-of-plane buckling by observing the response while testing rectangular shear walls
under severe earthquake loading and by relying on theoretical considerations of structural
behavior. Due to the limited availability of experimental evidence, engineering judgment
was relied on extensively to attain design recommendations. It was concluded that
inelastic buckling was more affected by the length of the wall than by the unsupported
height. Besides, the previously experienced inelastic tensile strains of the steel were

assumed to be the major sources of the wall instability within the plastic hinge region.

Chai and Elayer (1999) performed an experimental study in order to study the out-of-plane
stability of slender reinforced concrete columns reinforced with two layers of vertical bars
under large strain amplitude tension/compression load cycles. The columns were designed
to represent the end-regions of ductile planar reinforced concrete walls. Chai and Elayer
(1999) documented the influence of the width of the cracks and of the thickness of the
specimens. Besides, this study confirmed that the maximum tensile strain has a significant
impact on the lateral stability of these members. An equation was developed for estimating
the maximum tensile strain based on a kinematic relation between the axial force and the
response of the axial strain, and the axial strain versus the out-of-plane displacement.
Moreover, experimental results showed that the equation is conservative in terms of
predicting the maximum tensile strain, and the equation can be incorporated into an

existing design procedure for determining the minimum wall thickness.



Abdullah & Wallace (2019) found out through studying 164 walls that the main
parameters that impact drift capacity are the ratio of neutral axis depth to width of the
compression zone c/b, the ratio of wall length to width of compression zone Iw/b (wall
slenderness), and the ratio of the maximum shear stress ratio. The correlation coefficients
of the mentioned parameters to wall drift capacity are respectively 0.66, 0.56, and 0.30. It
was also discovered that the configuration of boundary transverse reinforcement (use of

overlapping hoops or a single parameter hoop with intermediate crossties) also
significantly impacts wall drift capacity for low shear stress values (Vmax /N’ psi < 5), as

for higher values few tests exist to evaluate the impact.

In another experimental study by Parra and Moehle (2017), it was shown that depending
on several variables, the shear walls had a tendency to buckle under tension and
compression load cycles. These primary variables are the maximum tensile strain
experienced by the member prior to axial compression, the slenderness ratio khu/b of the
wall boundary, and whether the structural wall specimens had one or two curtains of

reinforcement.

Moreover, Segura & Wallace (2018) showed that larger c/b values reduce drift capacity
since thicker walls ensure a wider spread of plasticity and provide increased lateral

stability.

In addition to that, it was observed that the increase in shear stress demand had a
significant impact on drift capacity. This was proved by Kolozvari et al. (2015) who
demonstrated that shear transfer from compressive struts to flexural compression zone
results in higher concrete compressive strains than those due to bending and axial load

alone.



Therefore, there is a need for rehabilitating these deficient shear walls in order to enhance

their reversed cyclic response.

According to Priestly et al. (1994), structural collapses during earthquakes in the 1970s
were mainly the result of inadequate shear strength and poor confinement in columns. The
methods used back then to improve column performances were mainly consisting of
increasing the column cross-sections. This has led to the increase in column dimensions
which caused several issues with the practicality and functionality of the building. An
alternative to the mentioned technique is the use of carbon fiber laminates to enhance the
confinement and thus the overall performance of the column without disrupting

functionality and dimensions.

The first reported application in the literature of CFRP retrofit of structures occurred in
Switzerland, Lucerne to repair the Ibach Bridge in 1991 by Meier (1995). The bridge had
some prestressing cables damaged in the process of installing traffic lights. It was repaired
with three CFRP sheets which are 15 cm wide, 500 cm long, and 1.75 mm thick. The total
weight of the strips was around 6.2 kg compared to the 175 kg of steel needed for the same
repair. Furthermore, the installation was carried out using a mobile platform, eliminating
the need for scaffolding in other methods. Besides, the bridge was tested using an 840 KN

moving load proving the repair method’s success.

In this study, Ghosh and Sheikh (2007) conducted an experimental study to determine the
effectiveness of a carbon fiber-reinforced polymer (CFRP) jackets retrofit process in
strengthening and repairing poorly confined and detailed columns. They built and tested
12 reinforced concrete columns, 6 with circular cross-sections and 6 with square cross-

sections, to simulate existing reinforced concrete columns encountered in the field that
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lacked lateral strength and ductility. These columns were subjected to a combined constant
axial loading and reversed cyclic lateral loading simulating a seismic event. This
retrofitting method was found to be cost-effective, long-lasting, and easy to implement.
Furthermore, this technique demonstrated its effectiveness in enhancing the seismic
performance of deficient columns. When strengthening these columns through the use of
CFRP jackets, their ductility, flexural strength, and energy dissipation capacity were

significantly improved.

Moreover, Kim et al. (2011) investigated the use of Carbon Fiber Reinforced Polymer
material to repair and strengthen lap splice deficiencies in large-scale reinforced concrete
columns. In this study, square and rectangular RC columns were fabricated and were
tested as-built and after rehabilitation. Two types of lateral loading were applied to the
column specimens: monotonic and cyclic loading. The experimental results showed that
columns exhibited good performance after rehabilitation. It was observed that after the
rehabilitation of the columns using a combination of CFRP jackets and CFRP anchors,
the lap splice behavior was successfully improved, the tensile capacity of the longitudinal
bars was developed, and the deformation capacity and strength of the rehabilitated
columns were significantly improved. Besides, test results showed that the application of
this approach could not be limited to the columns only because CFRP materials can
improve the performance of other RC elements, such as walls and beams, which may have

inadequate lap splices.

Meier (1987) and Kaiser (1989) performed four beam tests on 2 m beams and Ladner
(1990) performed four beam tests on 7 m beams. The beams had deficient steel

reinforcement and thus low strength. They were strengthened with 1 mm thick CFRP



laminates and epoxy. It was found that the 2 m strengthened beams sustained double the
ultimate load of the control beam. However, in the 7 m beams, the load capacity only
increased by about 22%. As for the deflection, it decreased significantly for both beam
lengths. Also, it must be noted that for reinforced beams, the failure was sudden and
explosive in the tensile zone. To ensure a more ductile failure mode, Meier et al. (1992)
proposed that in the retrofit process, steel reinforcement should yield first, followed by

CFRP strips failure, and lastly concrete compressive failure.

Khalil and Ghobarah (2005) studied two rehabilitation schemes using CFRP sheets and
carbon or steel anchors for shear walls under lateral loads. Both schemes were tested and
proved to be effective in increasing the ductility, shear strength, and energy dissipation

capacity of structural walls.

Paterson and Mitchell (2003) constructed four shear wall specimens and tested their
performance under reversed cyclic loading. They tested two of the specimens in the as-
built condition and retrofitted two companion walls prior to testing. Besides, they
investigated the effectiveness of the combined use of adding a reinforced concrete collar,
headed reinforcement, and CFRP wrapping in the seismic retrofit of existing shear walls
that had design and detailing deficiencies. The results showed that the retrofit schemes
were successful in improving energy dissipation and ductility of poorly detailed shear

walls.

Layssi et al. (2012) tested existing shear walls under reversed cyclic loading and examined
their behavior before and after the retrofit. The shear wall specimens were poorly designed
and detailed in order to simulate old reinforced concrete construction. In this research,

they investigated the use and effectiveness of retrofitting using CFRP wrap to enhance the
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performance of the tested shear walls. Test results showed that this retrofit technique
satisfied the performance objectives. It was found that the CFRP wrap was effective in
increasing the shear strength of the wall, improving the displacement ductility, improving
the cumulative dissipated energy, and preventing premature failure of the lap splices in
the potential plastic hinging zone; thus, achieving some vyielding of the flexural

reinforcement.

Shear wall behavior and retrofit studies are numerous in the literature. Several researchers
tackled the responses and failure of walls with modern detailing, as well as strength
deficient walls aged 50 years old or more. The retrofit techniques that were found focused
mainly on increasing shear capacity and resisting shear cracking and failure. However,
little research had been carried out on assessing the effectiveness of carbon fiber-
reinforced polymer as a retrofit scheme to enhance the out-of-plane buckling failure mode
of non-ductile shear walls. This research aims to develop guidelines for predicting the
behavior of slender shear walls that are characterized by an out-of-plane buckling failure
mode, similar to the failures observed after the Chile earthquake, and to determine how
using CFRP laminates to enhance the confinement at wall boundaries will affect the
failure response, drift capacity, and overall strength of the shear wall. This will be
implemented by subjecting two full-scale wall specimens to in-plane lateral cyclic
loading. The first will be the control specimen where severely damaged sections at the
base of the wall will be determined, then these sections will be marked on the second

specimen and reinforced with CFRP laminates.
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CHAPTER THREE

METHODOLOGY

3.1 Research Aim and Objectives

The aim of this research is to investigate a rapid and effective method for
correcting critical structural deficiencies in thin reinforced concrete shear-walls that lead
to overall wall instability and extensive damage during seismic events. The objectives set

forth to achieve this goal are therefore established as follows:

1. Design a strength-deficient shear wall.

2. Test the strength-deficient shear wall in the LAU structural testing facility.

3. Analyze the obtained results of the experimental tests to identify the failure mode.

4. Devise a strengthening retrofit scheme using CFRP laminates and anchors and
apply it to a second shear wall specimen identical to the first.

5. Test the retrofitted wall and compare the results to those of the first wall to
demonstrate the effectiveness of the retrofit scheme.

6. Optimize the retrofit design by comparing strains in the CFRP sheets to

maximum allowable strains and propose retrofit design guidelines.

3.2 Research significance

The location of Lebanon on the east coast of the Mediterranean Sea imposes the need for
proper consideration of seismicity in building design. Salameh et al. (2016) summarized

the last earthquake, magnitude, and return period of each of the three faults that Lebanon

12



lies upon. By adding the numbers, one can see that the Mt Lebanon fault has had enough
time to accumulate enough energy to produce an earthquake of magnitude 7 on the Richter
scale in the near future. An earthquake of this magnitude can be catastrophic in Lebanon’s
case due to the poorly designed and densely populated old buildings. Another problem is
that although a law that forces the implementation of the proper seismic design was passed
in 2004, the enforcement of this law is almost non-existing. In addition to the old
structures, the newly built ones also are strength-deficient in resisting lateral loads and
require proper strengthening. The significance of this research lies in proposing effective
and feasible guidelines for the retrofit of existing strength-deficient shear walls—
especially in the Beirut area in order to provide lateral stability of boundary regions during
seismic events. Thus preventing or minimizing severe damage or even collapse of

structures and giving more crucial time for evacuation and saving people’s lives.

3.3 Experimental Setup

3.3.1 Equipment and software needed

The experiment was conducted using a Reaction Wall and Strong Floor (RWSF) testing
setup in the Engineering Laboratories and Research Center (ELRC) at the Lebanese
American University (LAU). This equipment can perform quasi-static and pseudo-
dynamic two-dimensional earthquake simulations on full-scale structural concrete
members and building components such as girders, piers, and shear walls. It can also
handle a variety of axial and lateral loading scenarios. The RWSF system consists of the
hydraulic power unit, where the hydraulic energy is produced to the system, with its
electric panel and the actuator assembly, and an electric actuator control panel as

illustrated in Fig. 1. The hydraulic unit and actuator assembly are controlled by the electric
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panels that contain switches and a built-in PC. The actuator assembly is made up of a base
plate fixed to the wall by four M24 tie rods. Two hydraulic actuators procured by Bosch
have a maximum capacity of 1200 KN and a maximum frequency of 10 Hz. A piston-
cylinder is capable of producing 900 kN push force and 565 kN pull force. The actuator
is connected to the base plate by a clevis bracket that ensures the alignment of the force
during the test. In addition, a load cell that can read loads in compression and tension up
to 120 kN. Moreover, experiments are applied and monitored from the control panel where

the progress and results are displayed on the software installed on the built-in PC.

Loadcell

Piston Cylinder

Clevis Bracket
Actuator Control

Actuator Assembly Panel Hydraulic Unit

Fig. 1 Description of the RWSF Machine

To measure the strain vs applied load, sixty two pre-wired strain gauges are used for
the measurement of the strain  with respect to the applied load. The pre-
wired strain gauges are manufactured by Omega. The chosen model is KFH-10-120-C1-
11L1IMZ2R that have a linear 10 mm grid with two 1-meter leads and 120 Q resistance.
The strain gauges were connected to the data acquisition using extension cables. Figure 2

shows a sample of the used pre-wired strain gauge.
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Fig. 2 Pre-wired strain gauges

In order to monitor the displacement of the shear wall specimens in 3D, two cameras were
placed parallel to each other on the same tripod and had a center-to-center distance of 27
cm, as shown in Figure 3. Both cameras were placed facing toward the wall. The cameras
are manufactured by Imperx. The chosen model is IMPERX CXP-C5190C where the
cameras have a 4-channel C5190 CXP-6 CoaXPress output interface and a resolution of
25 MP. The cameras were connected to the PC using a Kaya Komodo 8-channel frame
grabber. This frame grabber was manufactured by kaya Instruments and it was fully
compatible with our cameras. Using the Vision Point software, both cameras can be
triggered at the same time. Some parameters were modified in the settings of the cameras
and frame grabber. For example, the maximum exposure time was changed to
10,000micro-seconds, the f-stop was changed to 5.6, and the frame rate was set to be 1
frame per second. The acquired images are monochrome because this type has better
resolution and these images are stored in (.raw) format for later processing. This setup
allows the research team to measure all the movement happening in the plane of the
sensor. In fact, we are able to measure the wall displacement and trace the progression of
cracking. In addition, the out-of-plane displacement can be obtained by doing 3D

measurements where both cameras are used to triangulate the out-of-plane movement.
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Fig. 3 Two Imperx cameras

3.3.2 Calibration

A stiff planar rectangular board was used for calibrating our cameras. The calibration
board had a white matte background and black circular dots printed in a square grid array
where their center-to-center distance was equal to 3 cm, as depicted in Figure 4. The
calibration process requires that the calibration board be positioned in multiple
orientations. For example, the board should be positioned straight such that it faces normal
to the line of sight and should be positioned inclined at different inclinations such as being
inclined to the left, right, down, and up. For each orientation, 9 images were acquired
where the calibration board position was moved over the entire camera’s field of view to
have full coverage of the field of view. Once the process of capturing images was

complete, a calibration procedure is performed using special software.
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Fig. 4 Calibration Board

3.3.3 Wall Design

The test specimens consist of two walls that represent typical shear walls of old buildings
in the Beirut area, which are not designed up to building codes—specifically minimum
wall thickness, minimum steel layers, minimum bar diameters, and detailing of boundary
elements. The two walls have identical dimensions: The height from the top of the
foundation to the top of the wall is 2900 mm, the wall thickness is 125 mm, and are wall
length is 1600 mm. The walls are T-shaped, having a 200 mm thick and 500 mm long
flange at the west end. The longitudinal reinforcement consisted of a single layer of seven
10 mm diameter bars spaced at 250 mm in the web, and eight 16 mm diameter bars in the
flange. The transverse reinforcement consists of twenty-two 10 mm diameter bars spaced
at 125 mm. The deformed steel bars used for the reinforcement of the shear wall specimens
had a yield strength of 608 MPa and the concrete had a compressive strength of 20 MPa.
The dimensions and detailing of the walls are shown in Fig. 5. Since the wall has only one
layer of steel, the vertical bars were placed on the centerline of the section, while the
horizontal ones had a 10 mm eccentricity to the right from the flange side as shown in Fig.

5 (b).
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In addition, the foundation which is 2200 mm long, 1300mm wide, and 400mm thick was
connected to the strong floor through six prestressed rods. The foundation was designed
for maximum rigidity to provide proper anchorage in the wall in order to avoid the
reduction of energy dissipation, as indicated by Greifenhagen et al. (2005) and was heavily
reinforced to represent a fixed boundary to the slender shear wall specimens and to

minimize its damage when the walls are subjected to cyclic loading.

The wall dimensions were selected in such a way so as to achieve a flexural mode of
failure, all while taking into consideration the space constraints imposed by the test
location. This was done through multiple iterations until the results confirmed the desired
mode of failure when using the ACI equations. First, the wall’s shear strength was

calculated using Equation (1) [ACI Equation 18.10.4.1]:

Vyga = Agy (ack‘\/ fleg + ptfytE) < 104cVf'ce (1)
Where A, is the area of concrete section bounded by web thickness and wall length, o,
is the shear span ratio, f’. is the concrete compressive strength, and p, and £, are the

transverse reinforcement ratio and yield strength, respectively.

Second, the shear friction at wall base was calculated using Equation (2) [ACI Equation

22.9.4.2]:

Vyg,r = 1(Avsfyie + P) < 0.2f" LA (2)

Where A, is the area of reinforcement crossing the wall/foundation interface, f,,g is their

corresponding yield strength, A, is the area of concrete section resisting shear transfer, u
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is the coefficient of friction taken as 0.6 as in ACI 318-14 Table 22.9.4.2, and P is the

axial load.

Third, the wall shear demand is given by Equation (3):

Mg

Vouye = SR x 1, 3)
Where [, is the total length of the wall. After calculating the shear strength, friction, and
demand, the dominating failure behavior of the wall can be predicted using Table 1.
Accordingly, dominating flexural behavior was determined for the walls considered in

this study with a factor of safety of 1.25.

Table 1 Criteria for determining the expected wall dominant behavior. Abdullah and Wallace (2021)

Criterion Expected Dominant Behavior
o ) Vied < Vyey Diagonal shear -controlled
Vyel(awVase) < 115 — - —
Vyed = Vyeg Sliding shear-controlled
Vel ( enViaage) = 1.15 Flexure-controlled
Note: Vg is the least of Figgand Vg eper Eq. 2 and Eq. 3, respectively, and @k is

computed from Eq. 4.

3.3.4 Testing Program

The experimental testing program on reinforced concrete shear walls was carried out at
the LAU ELRC structures lab. A horizontal actuator was used to subject the wall to cyclic
in-plane loading. At the top of the wall a rigid 50 x 30 cm beam provides the needed
integrity to the brittle wall top while testing and to ensure that the whole wall section is
resisting the cyclic loads. The actuator is connected to the top beam at 3050 mm from the
top of the foundation using 4 prestressed rods and two steel plates sandwiching the beam

from both sides. Fig. 6 illustrates the general test setup used in the experiment.
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Fig. 6 3D representation of the test setup
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The loading protocol consisted of a reversed cyclic loading, imposed by the horizontal
actuator in displacement control. Two fully-reversed cycles were applied at each target
drift, according to the following incremental drifts: £ 0.05 % — £ 0.1 % — + 0.15 % —
+025% —>+035% —> £05% —>*£075% —>+x1%—>£15%—>+x2%—> 25
for the as-built wall (W). A full description of the drift protocols including load stages

(LS) is represented in Fig. 7 and Fig. 8.

During the loading phases, the applied forces were recorded by load cells in the actuators,
and data were collected from the strain gauges on the reinforcing bars. Out of the 31 strain
gauges, 14 strain gauges, which are the 1/B, 1/C, 1/D, 1/E, 2/A, 2/B, 2/C, 2/E, 3/C, 3/D,
3/E, 4/D, 6/C, 7/B, were properly functioning in the as-built wall. The reason behind that
is that the strain gauges wires were cut during the concrete pouring process, especially the
gauges at the wall base. Figure 9 illustrates the location of the strain gauges on the
reinforcing bars and the highlighted ones indicate the working strain gauges. The two
cameras, which were connected to a data acquisition software, recorded 3-dimensional
displacements of high contrast targets placed along the face of the wall to monitor in-plane
and out-of-plane displacements and to trace the progression of cracking. Moreover, at the
end of each drift cycle, photos of the wall were taken from eight different angles to match

new observations to their respective drift value.
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Fig. 8 In-plane representation of the loading protocols
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CHAPTER FOUR

RESULTS AND ANALYSIS

4.1 As-built wall test observations

Starting with the first cycles, horizontal and diagonal cracks started forming in the as-built
wall (W), and these cracks started propagating with the increase of displacement. During
loading LS 50—LS 51 (in-plane drift amplitude: drift = £1.5 %), the lateral buckling of
wall (W) started where it was observed the opening of the crack at the wall base along
with its closure during the loading cycle LS 51—LS 52. Moreover, at the end of the in-
plane drift amplitude of £2 %, the crack at the base of the wall was clearly visible as well
as the small chunks of concrete that were fallen down. Finally, during loading LS 63—LS
64 (in-plane drift amplitude: drift = £2.5 %), concrete crushing was observed at the free
web edge of the wall. Following the progression of concrete crushing, the longitudinal
rebars buckled towards the South at the web end of the wall during loading LS 65—LS
66; thus, leading to buckling failure, see Fig. 10(a) and Fig. 10(b). As shown in Fig. 10(c),
the wall failure involved concrete crushing and buckling of the vertical rebars at the web

edge.
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(©
Fig. 10 As-built wall (W) at the end of the test, after failure
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4.2 Force-displacement response

Force vs. Drift
In-plane displacement (Aip) [mm)]

-76.5 -64 -51.5 -39 -26.5 -14 -1.5 11 235 36 485 61 735 86 985

Horizontal in—plane force [kN]

—\WR
150 —Y
m lateral buckling started (W)
200 -
® max crushing (W)
- \
250 0O 2nd bar fractured (WR)
A 1stbar fractured (WR)
300 © drift capacity at 20% strength loss of WR (web in tension)
O drift capacity at 20% strength loss of WR (web in compression)
-350 @ drift capacity at 20% strength loss of W {web in tension)
© drift capacity at 20% strength loss of W (web in compression)
-400
35 3 2.5 2 1.5 1 05 0 05 1 15 2 25 3 35

In-plane drift (8ip) [%]
Fig. 11 In-plane force-displacement response of the as-built wall (W) and the retrofitted wall (WR)

Fig. 11 describes the in-plane force-displacement responses of the as-built wall (W) and
the retrofitted wall (WR), where it was shown that the blue curve went farther than the red
curve. This means that the retrofitted wall maintained its strength for a longer period
before it became unstable and started losing strength. However, the retrofitted wall did
not gain much of a deformation capacity increase because the longitudinal bars started
fracturing early and the retrofitted wall started losing strength at 2.5% drift. As can be
seen in Fig. 11, during loading the web in tension for an in-plane drift amplitude of £2.5
%, it can be observed that the wall lost the first bar when the forces started dropping at -
2.2% drift. Then, when the forces dropped at around -2.4% drift, the second bar was

fractured. However, we can not define from the graph at which drift the third bar was
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fractured. Maybe two bars were fractured at the same time or maybe the third bar fractured

during the compression cycles.

When looking at the right side of the in-plane force-displacement response of wall W, the
force capacity peaked at -308 kN during the last loading of +2.5 at approximately 2.25%
drift between LS61 and LS 62. Then, between LS62 and LS63, wall W reached 80% of
its peak strength at about 2.36%. Therefore, the drift capacity at 20% strength loss of wall
W is 2.36% when the web is in compression. Then, when loading from the flange to the
web (between LS63 and LS64), it was observed that the as-built wall lost its strength
because of the buckling of the web region. Hence, the wall started losing strength when it
started losing its compression block. Finally, maximum concrete crushing was observed

between LS65 and LS66 at 2.5% drift.

When looking at the right side of the in-plane force-displacement response of wall WR,
the force capacity peaked at -346 kN at about 2.5% drift. Then, during the last loading
cycle of £3, it can be observed the drop of 20% of the force capacity at a 3% drift between
LS68 and LS69. Therefore, the drift capacity at 20% strength loss of wall WR is 3% when
the web is in compression. Besides, when loading from the flange to the web, it was
observed that the retrofitted wall was losing strength between LS67 and LS68. Because
the web region was in compression and was still stable (did not buckle), it was concluded
that the strength loss occurred when the column was in tension. In fact, an unknown factor

happened on the tension side and led the wall to lose more than half its strength.

It can be concluded that the retrofitted wall had gained some deformation capacity on the

right side. In fact, wall W lost 20% of its strength at 2.36% drift while wall WR got to the
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same level of strength loss at 3%. Therefore, the drift capacity increased by 27% when the

wall was retrofitted.

Furthermore, when looking at the left side of the in-plane force-displacement response of
wall W, the force capacity peaked at 131 kN at -2% drift. Then, during the last loading
cycle of £2.5, wall W reached 80% of its peak strength at about -2.45% drift between
LS65 and LS 66. Therefore, the drift capacity at 20% strength loss of wall W is -2.45%
when the web is in tension. In addition, it was noticed the section yield at -0.6% drift
because before this drift value, the force is increasing as the displacement increases.
However, after that drift, the forces stops increasing as the displacement increases. Then,

it flattened at 131 kN.

However, when looking at the left side of the in-plane force-displacement response of wall
WR, the force capacity peaked at 127 kN at -2% drift. Then, during the loading cycle of
+2.5% drift, wall WR reached 80% of its peak strength at about -2.27% drift between
LS62 and LS63. Therefore, the drift capacity at 20% strength loss of wall WR is -2.27%
when the web is in tension. This strength loss was due to the fracture of the first bar at -
2.2% drift. Then, a second bar was fractured at -2.4% drift. Then, the force capacity

maintained stable levels throughout the last loading cycle of £3.

It can be concluded that the retrofitted wall did not gain much deformation capacity on
the left side when loading from the web to the flange. In fact, wall W lost 20% of its
strength at -2.45% drift while wall WR got to the same level of strength loss at -2.27%.
Therefore, the drift capacity had decreased by 7% because of the fracture of three

longitudinal steel bars in the web of the retrofitted wall.
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4.3 Strain gauges results

Figure 9 shows the placement of the strain gauges on the longitudinal steel bars. Error!
Reference source not found. through Fig. 24 show the forces versus strain plots that were

recorded by the data acquisition system for the as-built wall (W).

The plots of the strains located in the web of the as-built wall were illustrated in Figure 12
through Figure 22. Positive strains mean that the wall was experiencing positive
displacements and the web was loaded in compression; whereas, negative strains mean
that the wall was experiencing negative displacements and the web was loaded in tension.
It can be concluded that the strains are higher when the web is loaded in tension than those
when the web is loaded in compression. In addition, the strain values are increasing when
moving toward the web end region and when moving down toward the wall base. It was
also observed that the maximum tensile strain demands in the web had exceeded the
yielding strain which is equal to 3 millistrain, which implies that these steel bars had

yielded.

The plots of the strains located in the flange of the as-built wall were illustrated in Figure
23 and Figure 24. Negative strains mean that the wall was experiencing positive
displacements where the web was loaded in compression; whereas, positive strains mean
that the wall was experiencing negative displacements where the web was loaded in
tension. It can be noticed that the strain values were higher in tension when the web was
loaded in compression. In addition, the maximum tensile strains were lower than the

yielding strain; therefore, the steel bars in the column did not yield.
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The strain measurements obtained from the data acquisition for the strain gauges placed

on longitudinal bar #1, 2, and 3, which are located in the web (see Fig. 9), are presented
in (c)

Fig. 25.

This figure illustrates the strain readings reported up to 1.5% drift amplitude because after
that drift, damages in the as-built wall rendered the strain readings unreliable. Data from

malfunctioning strain gauges was removed.

For the strain gauges placed on longitudinal bar #1 and 2, it was observed that the reported
strain measurements reached the strain yield, calculated using Equation (4), at 0.5% drift

amplitude.

_ Fy_ 608.11MPa

€ -
E 200x103MPa

= 0.00304= 3 milliStrain  (4)

For the strain gauges placed on longitudinal bar #3, the calculated strain yield was reached
at 1% drift amplitude at a height of 80 cm, while a similar strain was reached at 1.5% drift

amplitude at a height between 120 and 160 cm.
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4.4 Out-of-plane buckling
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Fig. 26 Relative Out-of-plane buckling of the as-built wall (W)

Figures 26 and 27 show the relative out-of-plane buckling of the as-built wall (W) and
retrofitted wall (WR), respectively. For the as-built wall, the out-of-plane buckling can be
clearly shown in Figure 26 where the relative out-of-plane displacement was 3 cm toward
the South over a height of 20 cm. The large out-of-plane displacement shown in the web
edge occurred due to the buckling of the longitudinal steel bars at the wall base that caused
the crushing of the concrete cover of the wall. Therefore, the as-built wall had a flexure

buckling failure mode when loaded under cyclic lateral loads.
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Fig. 27 Relative Out-of-plane buckling of the retrofitted wall (WR)

As shown in Figure 27, no out-of-plane buckling was present at the base of the retrofitted
wall. It can therefore be concluded that when retrofitting the wall using carbon fiber-
reinforced polymers sheets, the flexural behavior of the wall is enhanced. In fact, the
lateral buckling was improved and the out-of-plane movements were reduced
substantially. This happened because the CFRP laminates provided confinement,
preserved the concrete at the web edge, and prevented the concrete from crushing under

lateral cyclic loading.
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4.5 Plasticity spread

Figure 28 and Figure 29 show the height versus strain of the first and second cycles of the
0.5% drift, respectively. Figure 30 and Figure 31 show the height versus strain of the first
and second cycles of the 0.75% drift, respectively. The stains are calculated using the data
computed from the cameras to show the wall from the camera’s perspective. As illustrated
in Figure 32, the strains are calculated between the targets located at the end of the wall;

thus, a reading was computed between the targets every 10 cm.
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Fig. 32 Strain readings between targets at the web edge

Positive drift implies that the wall was moving towards the East where the web was in
compression. Whereas, negative drift implies that the wall was moving towards the West
when the web was in tension. It can be concluded that the plasticity spread is going very
high. The strain yield, which is equal to 3 millistrain, was reached over a height of 140

cm in the 0.5% drift and 0.75% drift.

In addition, negative strains are higher than positive strains because the forces applied to
the wall during the compression cycles are higher than those applied during the tension
cycles. Therefore, the displacements are going to be higher and the computed strains are
going to be higher as well. And these applied forces increase with the increase of drift
which lead to the increase of strain values during the compression cycles. For example,

when comparing the two drifts during the second cycle, it is shown that when loading the
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web in tension, the drifts are almost the same. However, when loading the web in

compression, the drifts in the 0.75% drift are higher than those in the 0.5% drift.
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CHAPTER FIVE

CONCLUSION AND

RECOMMENDATIONS

Studying the behavior of existing poorly designed and poorly detailed shear walls is an
important task for reducing the destruction and enhancing the stability and safety of the
structures when seismic events occur. The test specimens were two T-shaped slender shear
walls chosen to simulate the walls present in old buildings in Lebanon, specifically in the
Beirut area. This study investigated the effectiveness of a retrofit scheme that involved
wrapping the wall boundary element at the web edge with a single horizontal layer of
carbon fiber-reinforced polymers. The aim was to provide the necessary confinement to
preserve the concrete core and prevent the buckling of the longitudinal steel bars without
increasing the shear and flexure strength of the wall and retaining a ductile mode of failure.
The study also evaluated the performance of existing slender shear walls, which have a
single layer of reinforcement and thus no special boundary elements configuration, when

subjected to in-plane cyclic loading.
The following findings can be drawn from the experimental results:

e The as-built wall specimen failed in flexure buckling. The failure mode consisted
of the separation at the wall-foundation interface and buckling of the longitudinal

steel bars in the web region after the crushing of the concrete.
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e The retrofit of the wall specimen using CFRP sheets was effective in stabilizing
the end region by providing confinement and preventing buckling failure under
cyclic loading.

e In the retrofitted wall specimen, separation at the wall-foundation interface was
noticed, but without any concrete crushing. However, the first three longitudinal
bars in the web were fractured and the fourth one buckled.

e Compared to the as-built wall, the retrofitted wall was able to maintain its strength
for a longer period. However, it did not gain much deformation capacity as it
started losing strength when the reinforcing bars fractured due to fatigue in the
steel.

The findings of this study conform to previous studies while presenting a better way of
correcting structural deficiencies in slender shear walls that lead to considerable damage
during seismic events. The experimental results are useful in demonstrating the
effectiveness of fortifying slender shear walls using carbon fiber-reinforced polymer
laminates. Therefore, the used process can be utilized to retrofit existing strength deficient
shear walls in order to prevent or delay their collapse and reduce the threat to residents’

lives when an earthquake occurs.

In any study, the acquired results are affected by the limitations and restrictions on the
research plan. That is why researchers are performing more studies to address the
questions that are left unanswered. The following topics develop a deeper understanding

of the performance of slender shear walls under cyclic loading:
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Conducting cyclic loading tests on slender shear walls with a different layout of
CFRP sheets in order to provide another set of data to compare with. Therefore,
the most efficient retrofit scheme and design guidelines can be concluded.
Performing a continuation of this study by adding axial loading to in-plane loading
(the case in existing structures).

Conducting cyclic loading tests on shear wall specimens where the drift capacity
Is increased to reach a capacity that is above 12.5cm.

Emphasizing more research on the matter of fatigue in steel bars, an equally
important property to yield and ultimate strength, and can have an impact on

structures safety in the case of cyclic loading.
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