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ABSTRACT

SEISMIC RETROFIT OF REINFORCED CONCRETE SHEAR
WALLS USING FIBRE REINFORCED POLYMER COMPOSITES

Hossam El-Sokkary, Ph.D.
Concordia University, 2012.

In the past few decades, there have been considerable advancements in the design
of reinforced concrete (RC) shear walls for new construction, such as performance-based
seismic design and capacity design principles. These advancements have resulted in a
concurrent need for upgrading the seismic performance of existing RC shear walls so that
they can meet the safety requirements of modern seismic design codes. As such, there is a
need to retrofit existing RC structural shear walls to increase their capacity at locations of
higher seismic demands. These upgrades could be at the plastic hinge zone at the base of

a wall, or at higher stories due to the effects of higher modes of vibration.

This research aims to evaluate the effectiveness of using externally bonded carbon
fibre-reinforced polymers (CFRP) in the seismic retrofit of RC shear walls. The research
program comprises three phases. First, the testing of two 8-storey RC shear walls
rehabilitated using CFRP composites under dynamic excitation. The walls were designed
according to the NBCC 2005 and the CSA-A23.3-04. The walls were first tested under a
simulated earthquake excitation using the shake table at the Ecole Polytechnique de
Montréal, where they experienced higher demands and nonlinearity at the sixth storey
panel due to the effect of higher modes of vibrations. The tested walls were rehabilitated
at the ground and at the sixth-storey level and retested on the shake table when subjected

to several levels of ground motion excitation. In the second phase, three RC shear wall
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panels were tested under cyclic lateral excitation at the Structures Laboratory of
Concordia University. The tested wall panels represent the control wall and two FRP-
retrofitted panels using two different retrofit schemes. All three wall panels had
reinforcement details similar to those of the sixth-storey panel of the code-designed 8-
storey shear walls from the first phase. The walls were tested when subjected to a
constant axial load along with synchronized cyclic moment and shear force at the top of
the tested panel. The main purpose of the FRP-retrofit schemes was to increase the
flexural and shear capacities of the tested wall panels and to assess the effectiveness of
the FRP-retrofit schemes up to failure. In the third phase, a numerical macro-model was
proposed to simulate the behaviour of the control and the retrofitted wall panels tested

under cyclic loading.

The experimental test results of the FRP-retrofit schemes used in the two 8-storey
RC shear walls and the three RC wall panels showed a satisfactory performance with
improved flexural strength; the testing showed that the main retrofit objectives were
achieved. The nonlinear numerical macro-model was able to simulate the monotonic and

cyclic behaviour of the wall panels tested under cyclic loading.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Reinforced concrete (RC) walls are classified according to the Canadian Standard CSA-
A23.3 (2004) as bearing walls, non-bearing walls, shear walls, flexural shear walls, and
squat shear walls. Shear walls are part of the lateral force resisting system that carry
vertical loads, bending moments about the wall strong axis, and shear forces parallel to
the wall length. RC shear walls are widely used in medium- to high-rise buildings to
provide the lateral strength, stiffness and energy dissipation capacity required to resist
lateral loads arising from wind or earthquakes. In the past few decades, there has been
considerable advancement in the design of RC walls for new construction. The newly
adopted performance evaluation methodology and capacity design principles are
examples of these important advancements in seismic engineering. Therefore, there is an
urgent need to upgrade existing RC shear wall buildings that were designed according to
older design codes so that their seismic performance can meet the requirements of

modern seismic design codes.

Tremblay et al. (2001) indicated the importance of higher mode effects for slender
high-rise shear walls that result in higher shear forces and bending moments in the upper
regions of a wall. Their analytical study showed that these higher demands would lead to

the formation of a plastic hinge at that upper region. Similar conclusions were reported by



Bachmann and Linde (1995), Priestley and Amaris (2002), and Panneton et al. (2006).
For experimental validation, two identical scaled (1:0.429) 8-storey RC shear walls were
constructed and tested on the shake table of the Ecole Polytechnique de Montréal (EPM).
The tests aimed to investigate the higher mode effects on multi-storey RC shear walls
subjected to Eastern North America ground motions, which are expected to be rich in
high frequencies (Ghorbanirenani et al. 2012). The walls were built with a total height of
9.0 m and designed according to the National Building Code of Canada NBCC (2005)
and the Canadian Standard CSA-A23.3 (2004) as moderately ductile walls. These walls
were designed based on the codes' regulations that a single plastic hinge would form at
the wall base. However, the nonlinear dynamic analysis of the code-designed walls
predicted inelastic response at higher levels of the wall. The shake table tests on the
original walls showed the formation of another plastic hinge at the sixth storey level in
addition to the one at the wall base. These findings indicate that there is a need to retrofit

RC walls that are susceptible to increased demands at their higher level.

1.2 OBJECTIVES AND SCOPE

The main objective of the research program is to investigate experimentally the
effectiveness of externally bonded carbon fibre-reinforced polymer (CFRP) composite
sheets in increasing the flexural and shear capacities of RC shear walls that are
susceptible to increased demands due to higher-mode effects or due to changes in the
design codes. The study also aims to propose a numerical model to simulate the

behaviour of the original and the FRP-retrofitted walls.



To achieve the stated research objectives, the following work plan was designed and

performed:

1-

An experimental program was conducted to examine the effectiveness of CFRP
composites in upgrading the seismic performance of multi-storey RC shear walls
that are susceptible to increased demands at higher stories due to higher-mode
effects. The test involved shake table testing of two 8-storey RC walls retrofitted
using CFRP composite sheets.

The experimental program was continued by testing three RC shear wall panels
under cyclic loading up to failure. The tested walls represent a control wall and
two FRP-retrofitted walls using two different retrofit schemes.

Evaluation of the retrofit schemes was carried out by comparing the behaviour of
the tested walls.

A nonlinear macro-model of the tested walls under cyclic loading before and after

the FRP-retrofit was developed.

1.3 THESIS ORGANIZATION

The thesis is divided into 8 chapters. Chapter 1 is an introduction describing the

objectives and scope of the research. Chapter 2 is a literature review of the different

failure modes of RC shear walls, different retrofit techniques used for RC walls, and the

numerical macro-models used for the simulation of their seismic behaviour. Chapter 3

describes the details of the shake table tests: the test setup, wall specimen design and

construction, and the FRP-rehabilitation scheme used. Chapter 4 presents the results of

the shake table tests and provides a comparison between the tested walls. Chapter 5



describes the details of the cyclic tests, whereas their test results are presented in Chapter
6. The proposed numerical macro-model of the tested walls under cyclic loading is
described in Chapter 7. The summary of the research project, the main contributions and

conclusions, and the recommendations for future work are presented in Chapter 8.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Many of the existing RC buildings with shear wall system that are located in seismically
active zones were designed according to older design codes. These buildings are
considered to be seismically deficient according to the new codes due to lack of strength
and/or ductility. Therefore, retrofitting such buildings becomes a necessity and can not be
overlooked. Several retrofit techniques of RC shear walls using different materials are
reported in the literature. These included using steel, concrete, fiber-reinforced polymers,
and shape memory alloys as retrofitting materials. The expected mode of failure for a
certain deficient existing wall indicates the appropriate retrofitting technique that should
be used for that wall. Generally, retrofitting techniques would aim to improve the wall
strength, stiffness, ductility, or a combination of these. Increasing the wall energy
dissipation capacity is also a main goal for an effective retrofit, mainly due to the
dynamic nature of ground motion excitations. Control of the wall permanent
deformations is another important target, which can be achieved by using re-centering
materials such as shape memory alloys (SMA). Most of the tests conducted on RC shear
walls identify their existing and retrofitted performance using roof displacement-base
shear, moment-rotation, energy dissipated, and displacement time history relationships.

Figure 2.1 shows different wall characteristics that can be improved by retrofit.
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Figure 2.1 Different characteristics to be improved by retrofit (a) Stiffness, Strength,
and/or ductility (b) Energy dissipation capacity (c) Permanent deformation control.

Predicting the performance of RC walls under lateral loads requires enhanced numerical
tools that are calibrated using controlled experimental tests. These tools should take into
account most of the important factors that could affect the response of RC walls. Hence,
modeling of RC walls involves several challenges in representing the combined effects of
moment, shear and axial forces, in addition to bar slip, buckling, damping, boundary
conditions, as well as retrofit method, if any. Different modeling techniques were used by
researchers for simulating the seismic behaviour of RC shear walls. These range from
macro-models such as lumped plasticity, multi-axial spring models, combined models, up

to micro-models such as finite element and fibre models.

This chapter presents a literature survey of different retrofit techniques that were used to
enhance the seismic performance of RC shear walls. This will be presented through some
of the previous experimental work done by researchers on the retrofit of RC walls. The
chapter will also discuss different modes of failure of RC shear walls that were observed

from post-earthquake events' reconnaissance or reported from controlled experimental



research work. The expected mode of failure for a specific existing RC wall will
determine the appropriate retrofitting technique that should be used for that wall. The
chapter also summarizes different modeling techniques that were used to simulate both

the local and global behaviour of RC shear walls.

2.2 MODES OF FAILURE OF RC SHEAR WALLS

2.2.1 Flexural failure

In this mode of failure, considerable flexure cracks appear near the bottom part of the
tensile zone of the wall, yielding of tensile steel or compression steel may occur, crushing
of concrete in the compression zone could happen at the ultimate stages. The compression
steel also might buckle if the concrete cover in the compression zone spalled off. This
type of failure occurs when the flexural capacity of the RC wall is lower than its shear
capacity. Figure 2.2 shows the crack pattern for a wall failed in a flexure manner

(Greifenhagen and Lestuzzi 2005).

Figure 2.2 Flexural failure of RC walls. (Greifenhagen and Lestuzzi 2005).



2.2.2 Shear failure

This mode of failure occurs usually for shear walls with low aspect ratio or with
inadequate shear capacity. Shear failure is brittle in nature which would reduce the energy
dissipation capacity of the wall/structure when subjected to a severe ground motion. For
this reason, the main aim of all seismic design codes is to avoid such a failure mode by
ensuring that the shear capacity of the wall exceeds its flexural capacity. According to
Paulay et al. (1982), shear failure of squat RC walls could occur in three modes; diagonal

tension, diagonal compression, and sliding shear failure.

2.2.2.1 Diagonal tension and diagonal compression

Due to principal tensile stresses, inclined shear cracks starts to appear, and hence the
shear force acting on the wall is resisted by the compression struts formed between the
cracks and the tension in the web reinforcement steel. Diagonal tension failure occurs
when insufficient horizontal or diagonal reinforcement is used (yielding of shear
reinforcement). If the shear reinforcement was sufficient to transfer high shear forces
through the shear cracks, diagonal compression failure could occur due to high
compression forces in the diagonal compression struts. For this mode of failure and in
case of cyclic loading, the web starts to have X-shaped cracks, and then followed by a
brittle failure of the concrete web. The concrete compressive strength is the main factor
that affects the capacity of the wall that will experience this mode of failure. Figure 2.3(a)

shows the diagonal compression shear failure of a RC wall tested by Lopes (2001).



2.2.2.2 Sliding shear failure

Sliding shear failure occurs when the wall has sufficient horizontal reinforcement and
relatively small amount of vertical reinforcement in the wall web. In this mode of failure,
a continuous horizontal crack originating from flexure will be formed at the base of the
wall or at the construction joint (i.e. the weak plane). In this case, the wall section will
resist the acting shear forces by the dowel action of the vertical reinforcement and by the
friction between the concrete surfaces. For walls with low axial load value, the friction
between the concrete layers will not be high, and hence this mode of failure could be

critical. Figure 2.3(b) shows the sliding shear failure of a RC wall (Riva et al. 2003).

(@ (b)

Figure 2.3 Shear failure of RC walls, (a) Diagonal compression (Lopes 2001), (b) Sliding
shear (Riva et al. 2003).



2.2.3 Local buckling of web (Instability of thin wall section)

This mode of failure occurs for slender walls with rectangular sections. To avoid such
mode of failure, the design codes require a minimum thickness of the wall as a ratio of
the unsupported height of the wall £, (e.g. £, /10 in the CSA standard for rectangular
ductile walls). The local buckling of web can be also avoided by having boundary

elements for the wall, such as columns or flanges at the wall ends.

2.2.4 In-plane splitting failure

In-plane splitting failure was noticed in lightweight RC walls under high compression
forces that can result from lateral loads in case of coupled walls or from higher gravity
loads (Mosalam et al. 2003). This type of failure occurs suddenly and without any

indication. This failure can be prevented by proper confinement of the wall.

2.2.5 Rocking failure

This type of failure occurs when the overturning moment acting on the wall due to lateral
loads is greater than the stabilizing moment of the axial load acting on the wall about the
foundation corner. This could occur in case of RC precast walls, when the connection
between the wall and the foundation is lost. Taghdi et al. (2000) found that RC walls
might experience rocking behaviour at a late stage of their testing. They stated that
although the rocking behaviour would dissipate the earthquake energy, but still the lateral
load resistance of the wall could be insufficient to resist the lateral load demands, and

hence seismic retrofit would be necessary.
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2.3 DIFFERENT RETROFIT TECHNIQUES OF RC WALLS
Retrofit of an existing RC wall includes either the repair, rehabilitation or strengthening
terms. The “rehabilitation” and “strengthening” terms are used when the performance of
the existing wall does not satisfy the existing requirements of the design code and needs
to be enhanced. However, the term “strengthening” is used when the wall was not
subjected to any damage, while the term “rehabilitation” is used when the wall has
already been damaged and its resistance needs to be restored and improved as well. If the
damaged wall’s performance was satisfactory before the damage occurred, and it is
needed to restore its capacity without any additional resistance, then the term “repair”
will be representative. There are several factors that control the choice of the retrofitting
technique for RC shear walls, some of these factors are:

e The deficiency in the existing wall and its expected mode of failure.

e The goal of intervention (e.g. increased stiffness, strength, ductility, etc).

e Consequences of wall rehabilitation (e.g. increased demand on foundation, etc).

e The allocated budget for retrofit.

e Physical constraints (e.g. architectural requirements, accessibility of the building

during the retrofitting process, etc).

Table 2.1 shows different retrofit techniques for RC walls and examples of experimental

work conducted by pervious researchers and available in the literature to the authors.
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Table 2.1 Different techniques used in retrofit of RC walls.

Retrofit technique Examples of previous experimental work
Concrete Fiorato et al. (1983), Lefas and Kotsovos (1990), Vecchio et
replacement al. (2002), and others.

Concrete Jacketing

Fiorato et al. (1983), and others.

Using
traditional | Using steel sections | Elnashai and Pinho (1997), Cho et al. (2004), and others.
materials
Using steel bracings | Taghdi et al. (2000), and others.
Through-thickness Mosalam et al. (2003), and others.
rods
Lombard et al. (2000), Kanakubo et al. (2000), Paterson and
) FRP composites Mitchell (2003), Antoniades et al. (2003), Khalil and
Using new Ghobarah (2005), and others.
materials

Shape Memory
Alloys

Effendy et al. (2006), and others.

2.3.1 Concrete replacement

Concrete replacement is the simplest and cheapest technique that can be used to restore

strength and ductility of RC walls (Fiorato et al. 1983). In this technique, the damaged

concrete is removed, the aggregate of the old concrete is exposed and the surface of the

old concrete should be cleaned to remove any loose material and to ensure a strong bond

between the old concrete and the new one. If the reinforcing steel bars in the compression

zone were slightly buckled after concrete crushing, they should be straightened (Lefas

and Kotsovos 1990). The formwork of the web is prepared, the new concrete is mixed

and poured from one side of the wall. The top part can be completed using a high-strength

epoxy grout to ensure a proper bond with the old concrete (Vecchio et al. 2002). After the

removal of formwork, the new concrete should be cured. Therefore, repairing the shear
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wall by concrete replacement is causing disturbance to the building function, and hence it

is not suitable if the building has to be accessible during repair.

2.3.2 Concrete jacketing

In this technique, the wall dimensions are increased by adding new concrete to the
original web. Additional reinforcement could be used to increase the strength and
ductility of the wall. The new reinforcement can be vertical and horizontal bars that form
the reinforcement mesh or it can be diagonal bars. The new reinforcement should be
anchored to the wall foundation. One way of anchoring is by placing the reinforcement in
holes that are drilled in the foundation, and then it is grouted with epoxy. The new
concrete is casted with the new dimensions and cured after solidification. Fiorato et al.
(1983) tested two RC walls, one rehabilitated using diagonal bars after removal of the
damaged web concrete in the plastic hinge region and the other one is rehabilitated by
increasing the web thickness (jacketing). The tests showed that the strength and
deformation capacity of the rehabilitated walls had increased, while their initial stiffness

was almost half that of the original walls.

2.3.3 Retrofit using steel material

Steel is the most common material that was used for retrofitting of RC structures. The
lower added weight to the structure (compared to concrete jacketing) and the minimum

disruption to the building occupants are advantages of using steel retrofitting systems
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(Ghobarah and Abou Elfath 2001). On the other hand, steel vulnerability to corrosion, the
need for scaffolding, the difficulty of handling the heavy steel plates at the site are

problems that arise when retrofitting using steel (Bakis et al. 2002).

Steel sections are attached to the wall to increase the wall strength, stiffness, ductility or a
combination of them. The steel plates can be attached vertically or horizontally according
to the enhanced property. Elnashai and Pinho (1997) studied the effect of rehabilitation
scheme used for retrofitting shear walls using steel plates on the enhancement of a certain
property (e.g. wall stiffness, strength or ductility) without altering the other properties.
Figure 2.4 shows different rehabilitation schemes of the walls studied by Elnashai and
Pinho (1997). They concluded that enhancing the wall stiffness without altering the
strength can be achieved by using external steel plates bonded along the wall length near
the edges as shown in Figure 2.4(a), the plates can be bonded along the whole height or
along the expected plastic hinge height, and a gap should exist between the plates and the
foundation or the top slab in order not to affect the wall strength as the critical section
will remain as before.

Increasing the wall strength without altering the stiffness can be achieved by using
external unbonded steel plates or bars connected with an Interaction Delay Mechanism
(IDM) as shown in Figure 2.4(b). The IDM allows the added plates or bars to work only
after a certain displacement is exceeded. The plates or bars can be attached to the slabs
between the wall height, and then enclosed by a ductile material that provide corrosion

and fire resistance to the steel.

14



Increasing the wall ductility with a minor increase of the stiffness and strength can be
achieved by using U-shaped external confining steel plates that are bonded to the wall
using epoxy, and bolted using prestressed bolts as shown in Figure 2.4(c). Increasing the
wall ductility will increase the energy dissipation capacity of the wall which will enhance

the seismic behaviour of the retrofitted wall.

Steel bracings can be also used to enhance the seismic performance of RC shear walls. In
that case, the steel bracing can be anchored to the RC wall at small intervals to minimize
the buckling length, which will increase the capacity of the bracing member compared to
the case of retrofitting the moment resisting frames that is governed mainly by buckling

of the compressed bracing member.

Steel Plates Slotted
: Stesl Plates
e U-Shaped
Discontinuity gap Stesl Plates

(Guszzet Plates

(@) shiffnsesonlyirtstrention (B)  Strength only intervention {c)  Ductility only intervention

Figure 2.4 Different rehabilitation schemes studied by Elnashai and Pinho (1997).
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It is usually recommended to add vertical steel strips at the wall edges when using
diagonal bracings, due to the fact that the diagonal forces in bracing members will have a
vertical (compression/tension) components that will add higher forces on the wall, in that
case it is better to provide vertical strips at the wall ends to resist a part of these forces
with the concrete. Taghdi et al. (2000) tested a RC wall that is retrofitted using this
technique. The tests showed that the retrofitted wall reached an ultimate lateral load
capacity up to 2.8 times its original capacity, and an energy dissipation capacity up to 4
times the original one, which indicates the efficiency of this technique in retrofitting RC

walls.

2.3.4 Reduction of flexural strength

This can be a solution to change the wall mode of failure from the brittle shear failure to
the ductile flexural failure (ASCE 2006). This can be done by saw-cutting some of the
wall vertical rebars near the wall ends. However, the wall still should possess the

adequate flexural capacity needed for lateral load resistance.

2.3.5 Use of through-thickness rods for light-weight RC walls

As mentioned before, lightweight RC walls could experience in-plane splitting failure
under high axial load especially if embedded steel elements were used in constructing the
wall. In this case, confining the wall section is the solution to prevent such a brittle
failure mode. Mosalam et al. (2003) used steel rods that can be anchored through the wall

thickness to confine the wall as shown in Figure 2.5. The rods can be bonded or
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unbonded to concrete. They concluded that this technique was effective in enhancing the

performance of the wall and preventing such mode of failure.
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Figure 2.5 RC wall strengthened using through-thickness rods (Mosalam et al. 2003).

2.3.6 Addition of wall boundary elements

Addition of boundary elements can be an effective technique for strengthening RC walls
that are deficient in flexure (Cho et al. 2004, ASCE 2006). Reinforced concrete elements
or steel sections can be added to act as boundary elements. This technique will not be
efficient for walls that would experience shear mode of failure. It is worth noting that, a
special attention should be considered to the connection between the existing wall and the

new boundary elements.

2.3.7 Retrofit using shape memory alloys

Shape memory alloys (SMA) have recently an increasing attention in civil infrastructure
research and seem to have a brilliant future. However, the reported tests on the use of
SMA for seismic retrofit of RC walls have been very limited and still more tests are

needed. SMA has the ability to undergo large deformations, then it can restore its original
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shape when the applied stress is removed (super-elastic effect), or when it is heated
(shape memory effect). This will lead to high ductility and energy dissipation capacity
without having large permanent deformations in the member (Desroches and Smith
2003). This phenomenon can be very useful in the seismic applications in buildings; such
as dampers, bracings, etc. In addition to that, SMA has an excellent resistance against
corrosion. Effendy et al. (2006) tested two low-rise RC walls with boundary elements

retrofitted using two different types of SMA bracings (Figure 2.6).

5
drift at wall top (mm)

Figure 2.6 RC wall strengthened using SMA bars at failure and its hysteretic behaviour
(Effendy et al. 2006).

2.3.8 Retrofit using composite materials

Fibre-reinforced polymer (FRP) composite materials have received an increasing
attention in the past few decades as a potential material for retrofitting of existing RC
structures due to their high strength, light weight, ease of application, and their high
resistance to corrosion. FRP laminates, sheets or rods can be used, and the fibres might be
prestressed to increase the efficiency of retrofit. The use of FRP composites offers also a

faster and easier retrofit alternative, especially when the evacuation of the entire building
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during the retrofit is not possible, in that case FRP would provide the required strength

and/or ductility without interrupting the use of the building.

2.3.8.1 Increasing the wall shear capacity

Additional shear strength contribution can be obtained by orienting the fibres normal to
the axis of the member or to cross potential shear cracks. The wrapping pattern and the
number of FRP layers used in the retrofit determine the additional strength and ductility
of the wall, and hence the ductility of the structure and its overall response when
subjected to a specified seismic hazard level. In that case, FRP wrapping will have a
slight effect on the wall flexural strength and stiffness, and hence minimal additional
forces will be expected due to retrofit. Also due to the light weight of FRP, negligible

weight will be added to the wall foundation.

Paterson and Mitchell (2003) retrofitted RC shear wall using CFRP wraps and through-
thickness headed reinforcement. The retrofit scheme aimed to increase the wall shear
strength and confinement. The retrofitted wall was able to reach a displacement ductility
57% higher than the control wall, and it was able to dissipate three times the energy
absorbed by the original wall. Khalil and Ghobarah (2005) tested two RC wall panels
rehabilitated using FRP composites. The rehabilitation aimed to increase the shear
capacity and ductility of the walls. The first wall was rehabilitated by wrapping two
layers of bi-directional diagonal fibres around the wall, and by applying uni-directional
horizontal U-wraps around the wall end columns. FRP anchors were used to anchor the
horizontal U-wraps as shown in Figure 2.7(a). The second wall was rehabilitated using
the same pattern but four steel through-thickness bolts were fixed at the higher and lower

region of the diagonal FRP sheets, and the U-wraps were anchored using nine steel bolts
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on each side along the end column height as shown in Figure 2.7(b). It was found that the
lateral load capacity has increased by about 40 and 57% for the first and second wall,
respectively. The two rehabilitated walls were able to reach displacement ductilities of
3.0 and 4.0 at their maximum strength compared to displacement ductility of less than 1.0
for the control wall. The study concluded also that the use of steel anchors allows almost
full utilization of the material, and hence the wall performance was significantly

improved compared to the case of FRP anchors.
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Figure 2.7 The two rehabilitation schemes tested by Khalil and Ghobarah (2005).

2.3.8.2 Increasing the wall flexural capacity

The flexural strength of a RC shear wall can be enhanced by orienting the fibres parallel
to the wall axis. FRP sheets are bonded to the wall surface using epoxy and anchored to
the wall foundation and to the top slab using steel or FRP anchors. Lombard et al. (2000),
Kanakubo et al. (2000), and Antoniades et al. (2005) discussed several ways of anchorage
of FRP sheets that can be used for flexural strengthening. Local buckling of the

compressed FRP sheets is also an important issue in case of cyclic loading, and it should

20



be avoided. Near surface mounted FRP reinforcement is another alternative to the
externally bonded FRP sheets that can be used for flexural retrofit of existing RC
elements (De Lorenzis et al. 2000, and El-Hacha and Rizkalla 2004). In general,
increasing the wall flexural capacity will be useful if the original wall would experience
flexural mode of failure and additional flexural capacity was required. In that case, the
target flexural capacity of the retrofitted wall should not exceed the wall shear capacity,

otherwise both flexural and shear capacities should be increased.

2.3.8.3 Increasing the wall flexural and shear capacity

Both flexural and shear capacities can be enhanced together at the same time using
horizontal and vertical FRP strips or by using diagonal strips. Lombard et al. (2000)
studied retrofitting three RC shear walls using FRP composites when subjected to cyclic
lateral excitations. The first wall was repaired to restore the wall original flexural capacity
and stiffness. One vertical layer of carbon FRP (CFRP) sheets was applied on each wall
face and anchored to the foundation using steel angles. The second wall was strengthened
using the same technique to reach higher flexural capacity. The third wall was
strengthened to increase the wall flexural and shear capacities by applying one horizontal
layer of CFRP sheet that is sandwiched between two vertical layers of CFRP on the two
long sides of the wall. The walls were designed to have a ductile flexural failure after
retrofit. It was found that FRP-retrofitted walls would have an improved performance
provided that a proper anchorage system for the sheets is used. It should be noted that,
premature debonding of FRP sheets due to the compressive stresses in FRP vertical strips
is a critical issue that should be taken into account especially for the case of cyclic

loading.
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2.4 MACRO-MODELING OF RC SHEAR WALLS

During the past few decades, enormous efforts have been made to provide numerical
tools that are able to simulate the actual behaviour of RC elements including shear walls.
The rapid increase in the computational efficiency of computers helped the researchers to
develop more sophisticated models that can account for several phenomena of RC shear
walls. These phenomena used to be ignored in the analysis due to their complexity. The
numerical modeling of RC walls is not only involved in the applications for new
construction, but it is also extended to the applications of retrofitting of existing

structures.

The two main approaches for modeling of RC elements are micro-modeling and macro
modeling. Micro-modeling such as finite element analysis or fiber analysis is based on
representing the behaviour of different materials that compose the RC element and the
interaction between them. The element is discretized into small elements and principles of
equilibrium are applied. This approach is complex and needs high numerical processing
efforts, and hence it might not be practical for large structures. Therefore, it is limited to
model individual structural components such as a column, a beam or a wall. On the other
hand, macro-modeling is based on representing the overall behaviour of the RC element,
such as wall deformations, strength, and energy dissipation capacity. The global
behaviour of the RC element using a macro-model should be calibrated using a micro-
model or an experimental verification to adjust the parameters needed for the model. This
approach is simple and does not require high numerical efforts, which makes it suitable to
simulate the response of a complete structure. The following subsections summarize the

macro-models available in the literature that were used for modeling of RC shear walls.
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2.4.1 Two-component beam-column element

The beam-column element was the first element to be used for modeling of RC shear
walls and the wall members of coupled shear walls. The two-component element was the
first nonlinear beam-column model that was used for structural analysis of a reinforced
concrete element. The model developed by Clough et al. (1965) consisted mainly of two
parallel components; one was fully elastic and the other was perfectly elasto-plastic as
shown in Figure 2.8. The two components were able to represent the material yielding
(elasto-plastic behaviour) and the strain hardening (elastic behaviour). The nonlinearity of
this model was represented uniformly along the entire member length. The main problem
of this model was its inability to represent the element stiffness or strength degradation
with cyclic loading. This model was improved by Takizawa (1976) to be able to simulate
different hysteretic behaviour of RC elements by using appropriate hysteresis models

(general two-component model).
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Figure 2.8 Two-component element model (Clough et al. 1965).
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2.4.2 One-component beam-column element

This element which was developed by Giberson (1967) consisted of one linear elastic
member with two nonlinear rotational springs at the two member ends as shown in Figure
2.9. The member’s nonlinear deformations were assumed to be lumped at the zero-length
end springs (lumped plasticity). For this model, the deformed shape was assumed to have
a double curvature with a fixed point of contra-flexure at the middle of the member, and
the plain sections were assumed to remain plain. The one-component model and the
general two-component model need an appropriate hysteretic load-deformation (or
moment-curvature) relationships to be defined. This requires definition of different
properties of the member’s plastic hinges such as stiffness, strength, ductility, cyclic
behaviour, etc., which may be difficult to be defined unless some assumptions were
made. The hysteretic model consists of a primary curve (backbone curve) that control the
monotonic loading and some hysteresis rules that control the element loading and
unloading behaviour under cyclic loading. The control parameters of the hysteresis rules
can be adjusted to simulate the actual cyclic behaviour of the tested wall. Examples of the
hysteretic models are the simple bilinear model and Takeda trilinear model (Takeda et al.

1970).
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Figure 2.9 One-component element model (Giberson 1967).
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2.4.3 Multiple spring model

This model was proposed by Takayanagi and Schnobrich (1976). The multiple spring
model consisted of a number of inelastic springs that are connected in series using rigid
members as shown in Figure 2.10. The inelastic properties of each spring vary according
to the segment properties and the level of axial load on that segment, however the
segment properties were assumed to be constant along the segment length. The model
was used to represent the behaviour of coupled shear walls, while the coupling beams
were modeled using one-component elements. This model was used by Emori and
Schnobrich (1981) to model the shear walls of a 10-storey frame-wall building. Linear
shear deformations were assumed in the analysis. The models were found to satisfactorily

represent the nonlinear behaviour of the studied structure.

Springs ‘

Figure 2.10 Multiple spring model (Takayanagi and Schnobrich 1976).

2.4.4 Multi-axial spring model (MS model)

This model was proposed by Lai et al. (1984) to simulate the axial-flexure interaction of
RC columns. The proposed model consisted of an elastic linear member with two multi-
axial spring elements (MS elements) of zero dimensions located at the two member ends
as shown in Figure 2.11. The MS element proposed by Lai et al. (1984) consisted of 5

concrete and 4 steel springs, each spring was assumed to be uniaxially stressed and its
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behaviour was governed by the hysteretic stress-strain characteristics of the simulated
material (concrete or steel). The main input for this model was the material
(concrete/steel) constitutive laws rather than the load-deformation relationship of the
whole member. Multi-linear curves were used to represent the stress-strain or (force-
deformation) relationship for concrete and steel springs. The spring deformations were
conformed to the plane section assumption. The MS element was simplified by Jiang and
Saiidi (1990) to have only 4 composite springs, each spring represented the combined
behaviour of concrete and steel materials. The behaviour of the composite springs was
defined using unsymmetric load-deformation hysteresis model. Li and Otani (1993)
increased the number of springs in the MS element to 16 concrete and 9 steel springs.
They differentiate between the core concrete and shell concrete properties to account for
the effect of concrete confinement. They reported that the higher number of springs
would lead to a higher accuracy, and that the time needed for computation did not

increase significantly.
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Figure 2.11 Multi-axial spring model by Lai et al. (1984): a) Member model, b) Inelastic
element, c) Effective concrete and steel springs.
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Subsequently, this model has been extended by increasing the number of springs to be
used for the analysis of RC walls. The MS model was used by Galal (2008) to investigate
the response of RC walls when subjected to lateral loads. The numerical model was

verified using the shake table dynamic tests of CAMUS walls (Combescure 2002).

2.4.5 Combined models
2.4.5.1 Three Vertical Line Element (TVLE) model

This model was first introduced by Kabeyasawa et al. (1982). The model shown in Figure
2.12 consisted of three vertical line elements connected to each other by rigid bars at the
top and the bottom wall ends; two edge links with axial springs representing the boundary
elements, and the central one-component element with three springs to control the
vertical, horizontal, and rotational deformations of the wall. The main drawbacks of this
model were the lack of deformation compatibility between the wall and the boundary
elements, and the difficulty in defining the properties of the springs. This model was
modified later by removing the rotational spring at the central element, and by providing
coupling between the axial and flexure behaviour. The modified model was used by
Kunnath et al. (1990), Linde and Bachmann (1994) and by Kim and Foutch (2007) to

simulate the behaviour of RC shear walls.

Another modification was done by Vulcano and Bertero (1986) to reduce the complexity
in defining the hysteretic properties of the model springs. The axial spring of the
boundary element was replaced by two axial elements connected in series named as axial-

element-in-series model (AESM) shown in Figure 2.13. The upper element is a one-
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component element that represents the axial stiffness of the boundary element where the
bond between steel and concrete still exists. The lower element is a two-component
element (steel and concrete springs) that represents the axial stiffness of the boundary
element where the bond is lost. This model should simulate the actual hysteretic response
of the materials and their interaction (e.g. concrete cracking, bond deterioration, etc.).
Although the model was able to predict the flexural behaviour of the tested wall that was
dominated by flexural failure, it was not able to simulate the actual shear deformations of
the wall, which indicates that this model is not suitable for walls dominated by shear
behaviour. In this model the deformation compatibility between the wall and the

boundary element was still not enforced.
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Figure 2.12 Three vertical line element Figure 2.13 Axial-element-in-series model
model (Kabeyasawa et al. 1982). (Vulcano and Bertero 1986).

2.4.5.2. Multiple Vertical Line Element (MVLE) model

This model was first introduced by Vulcano et al. (1988). In this model (Figure 2.14), the
wall element was represented by a number of uniaxial elements connected in parallel
using infinitely rigid bars located at the top and bottom wall ends; two external elements

represents the wall boundary elements, while the other elements simulate the combined
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axial-flexure behaviour of the central panel. A horizontal spring was used to represent the
inelastic shear behaviour of the wall. The authors modified the axial-element-in-series
model (AESM) by having two-component model for element 1, representing the
uncracked concrete and steel reinforcement behaviour, instead of the one-component
element in the original model as shown in Figure 2.15. The constitutive laws for concrete
(cracked and uncracked) and steel elements were defined to describe the hysteretic
response of the materials. It was concluded that the model predicted the flexural
behaviour of the wall efficiently even when relatively few uniaxial elements were used (4
elements). It is worth noting that, although the proposed model considered both flexural
and shear behaviour, but their responses were not coupled. Colotti (1993) modified the
MVLE model to include the interaction between axial and shear responses, which led to a
more accurate simulation. Simpler constitutive laws and some modifications to the
MVLE were introduced by Fischinger et al. (1990) and by Orakcal and Wallace (2006) to
improve the model efficiency in predicting the response of RC shear walls without

sacrificing the accuracy.
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CHAPTER 3

EXPERIMENTAL PROGRAM
I. SHAKE TABLE TESTS ON FRP-REHABILITATED RC WALLS

3.1 INTRODUCTION

The first phase of the experimental program investigates the seismic behaviour of
two 8-storey cantilevered reinforced concrete (RC) shear walls rehabilitated using
externally-bonded carbon fibre-reinforced polymer (CFRP) composite sheets when
subjected to base excitations from a shake table. The two original reduced-size walls
(1:0.429) were tested by Ghorbanirenani et al. (2012) on the shake table of the Ecole
Polytechnique de Montréal (EPM) to investigate the effect of higher modes of vibration
on the behaviour of multi-storey RC walls. The walls were subjected to several levels of a
ground motion excitation that matches the NBCC (2005) design spectrum of Montréal in
Québec, Canada. The original walls tested on the shake table, designated as W1 and W2,
experienced severe cracking and yielding of the flexural reinforcement at the 6™ storey
level due to higher demands from the higher mode effects. This part of the wall was not
capable of resisting such demands without undergoing excessive plasticity when
subjected to the design ground motion (although the design followed the NBCC 2005 and
CSA-A23.3, 2004 requirements), and hence it needed to be rehabilitated. After the shake
table tests on each of the two original walls W1 and W2, the damaged walls were
rehabilitated, designated as W1R and W2R, and re-tested under the same intensity levels
of ground motion excitation by the author (El-Sokkary et al. 2012).

The objective of this phase of study is to evaluate the effectiveness of using CFRP

composites for retrofitting existing RC shear walls that are susceptible to increased
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demands at upper floors; demands that were not accounted for in their initial design and

detailing because the effects of higher modes of vibration had not been anticipated.

3.2 ORIGINAL WALL DESIGN AND CONSTRUCTION

3.2.1 Original wall design

The purpose of the shake table tests on the original walls was to investigate the
effect of higher modes of vibration on the seismic performance of slender multi-storey
RC walls. Two identical RC walls, W1 and W2, were constructed using a prototype 8-
storey residential building with a total height of 20.95 m. The building is located in
Montréal, Québec and it was scaled by a length factor of 0.429 (Ghorbanirenani et al.
2012). The walls were designed according to NBCC (2005) and CSA-A23.3 (2004) as
moderately ductile walls (with a ductility-related force modification factor R4 = 2.0 and
an overstrength-related force modification factor R, = 1.4), and assuming a site class of
C. The model wall has a rectangular section with a total height of 9.0 m, a length of 1400
mm, a thickness of 80 mm, and a change in the width at the sixth storey as shown in
Figure 3.1. The uniaxial seismic simulator of EPM has a payload capacity of 150 kN and
a 3.4 m x 3.4 m plan dimension. Due to the limited vertical capacity of the shake table, it
was decided to install the 60 kN seismic weight of each floor beside the shake table in
front of each floor level on four multi-level hinged posts as shown in Figure 3.1(a) and
(b). Rigid steel beams connect the masses to the wall at each floor to transfer the inertia
forces. The axial load carried by the tributary area of the wall was simulated using pre-
tensioned tendons that are anchored to the wall base and the wall top. The value of axial

load at the wall base was equal to 90.7 kN, while at the 6" storey level it was equal to 64
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kN. The as-built walls are shown in Figure 3.1(c), while Figure 3.1(d) shows the wall
cross sections and reinforcement details at the base and at the 6™ storey levels. More

details about the test setup can be found in Ghorbanirenani et al. (2012).
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3.2.2 Similitude law requirements

Due to the capacity of the shake table at the EPM, the test specimens had to be scaled.
The relations between the model and the prototype can be obtained by the similitude law.
For dynamic tests, the most important parameters for modeling are related to geometry,
acceleration, and material properties. In this study, the similitude ratio for length Sy of
0.429 was chosen. The Sy = Hy, /H,, where H,, and H,, represent the height of the model
and the prototype, respectively. The similitude ratio for the modulus of elasticity (Sg) was
defined as 1.0. The similitude ratio for mass (Sy) was chosen to be equal to 1.0 so that the
entire tributary seismic weight of each floor could be included in the test setup. The
artificial mass simulation was used to increase the mass density of material artificially
while keeping the modulii of elasticity constant (Moncarz and Krawinkler 1981). The
horizontal acceleration was scaled up by a scale factor of 2.65, which resulted in a scale
factor of time equal to 0.403. The same gravity acceleration between the model and the
prototype was used. The wall dimensions were chosen to ensure that the natural period of
the model would fall between 0.5-0.8 seconds. This corresponds to a value of 1.2-2.1

seconds for the prototype. The similitude requirements for the tested walls are shown in

Table 3.1.
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Table 3.1 Similitude law requirements.

Parameter Dimension Scale
Young’s Modulus (E) Se=Sr SL'2 1.0
Length (L) St 0.429
Area (A) S 0.184
Volume (V) S’ 0.079
Stress (o) Sk S 1.0
Strain(e) | - 1.0
Displacement (A) Si 0.429
Rotation(® | = - 1.0
Force (F) Sp=S.’ 0.184
Moment (M) S 0.079
Time (T) St 0.403
Frequency (f) St 2.48
Acceleration (a) St St? 2.65
Mass density (p) S, 12.7
Mass (M) Sm 1.0
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3.3 MATERIAL PROPERTIES

3.3.1 Concrete and steel material

The original walls were constructed using concrete with specified compressive
strength, f.', of 30 MPa for wall W1 and 33 MPa for wall W2. The measured average
concrete modulus of elasticity, E., was 26,650 MPa and the Poisson’s ratio v was found
to be 0.22. The flexure steel yield strength, f,, was measured to be 455 MPa on average,
the flexure steel ultimate strength, f, = 552 MPa, the shear reinforcement yield strength
was 496 MPa, and its ultimate strength was measured to be 601 MPa. D3.0 deformed bars
with cross sectional area of 19.6 mm? were used for the shear reinforcement and the
hoops. The hollow rebars shown in Figure 3.1 are longitudinal steel reinforcement bars
that were debonded (no adherence) as their contribution to the wall’s flexural resistance
was not required in the wall design. However, they are required to provide confinement

for the boundary zones as required by CSA-A23.3 (2004) for moderately ductile walls.

3.3.2 Fibre-reinforced polymer (FRP)

Carbon fibre-reinforced polymer (CFRP) composites were used for the rehabilitation of
walls W1 and W2. The Tyfo® SCH-11UP composite system (Fyfe 2010) with uni-
directional CFRP sheets was used for both retrofitted walls. The resin material Tyfo S
epoxy was used as recommended by the manufacturer. Tyfo S epoxy is a two-component
epoxy matrix; Part A which is a resin and Part B which is a hardener. Part A is combined
with Part B at a ratio of 1.0:0.42 by volume and mixed thoroughly at 400-600 RPM for

five minutes until uniformly blended. Table 3.2 shows the mechanical properties of the
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Tyfo® SCH-11UP composite system; dry fibre, TyfoS epoxy, and CFRP composite (Fyfe

2010) used in the rehabilitation process.

Table 3.2. Mechanical properties of Tyfo" SCH-11UP composite used in the FRP-
rehabilitation (Fyfe 2010).

(c) CFRP composite
Parameter (?l)r;f )i’ill))l:: 1 (rl;)a]feli'(i):ly Test Design
value value
Tensile strength (MPa) 3790 72.4 1062 903
Elongation at break (%) 1.60 5.00 1.05 1.05
Tensile modulus (GPa) 230 3.18 102 86.9
Laminate thickness (mm) 0.175 NA 0.27

3.4 PROPERTIES OF THE SELECTED GROUND MOTION

The ground motion selected for the original walls and the FRP-rehabilitated ones
was a simulated excitation of an M7.0 event located 70 km from Montréal, modified in
the frequency domain to match the NBCC 2005 design spectrum of Montréal (Tremblay
and Atkinson 2001). The ground motion acceleration was scaled with an intensity scale
factor of 2.65 for the similitude requirements. The scaled ground motion has a peak
ground acceleration (PGA) of 0.92g, a peak ground velocity (PGV) of 0.42 m/s, and an
acceleration/velocity ratio (A/V) of 2.19. The details about the loading protocol for the
original walls can be found in Ghorbanirenani et al. (2012). Similar to the original wall
test protocol, the FRP-retrofitted walls were subjected to sequential intensities of the

same ground motion as follows: 100 and 120% of the design ground motion for the first

36



rehabilitated wall (W1R); and 100, 120, 150 and 200% of the design ground motion for
the second rehabilitated wall (W2R). Prior to each application of the ground motion
excitation, an impact test was conducted to examine the dynamic characteristics of the
wall. Figure 3.2 shows the acceleration time history for the selected ground motion and

its response spectrum that matches the NBCC 2005 design response spectrum.
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Figure 3.2 Selected ground acceleration: (a) time history; (b) response spectra
(Ghorbanirenani et al. 2012).

3.5 BEHAVIOUR OF THE ORIGINAL WALLS

The moderately ductile RC walls W1 and W2 experienced major cracking and
yielding of flexure reinforcement at the sixth storey level due to higher demands than
those stated in the design code. The wall section at the 6™ storey level was subjected to a
factored moment demand, My, of 137 kN.m and 132 kN.m for wall W1 and W2,
respectively, when subjected to 100% of the design ground motion intensity. These

values exceeded the factored flexural resistance of the wall section at the 6™ storey level,
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M;, which was calculated to be 118 kN.m using section analysis. The rotational demand
and strains of the flexure reinforcement at the sixth storey level were even higher than
those at the wall base (plastic hinge region) when the walls were subjected to 100% of the
design ground motion intensity (Ghorbanirenani et al. 2012). No concrete spalling was
observed at any location after the highest ground motion intensity (200% for wall W2).
The shear reinforcement did not yield at any location at the 100% ground motion
intensity. More details about the original wall behaviour will be explained in the

comparisons conducted in Chapter 4.

3.6 THE REHABILITATION STRATEGY

The target of rehabilitation is to enhance the seismic behaviour of the original wall
at the two locations that experienced nonlinear response: at the highest demand location
at the base of the wall, and at the sixth storey level that experienced a moment demand
higher than what it had been designed for. As the causes of damage in the two afore-
mentioned locations of the wall are different, the retrofit schemes were not the same. At
the sixth storey level, the retrofit strategy was to increase the flexural capacity of the wall
section at that level by applying vertical CFRP sheets at the boundary zones of the wall.
As a result of increasing the wall’s flexural capacity at that level, the retrofit scheme must
consider increasing the shear capacity of the panel to respect the capacity design
philosophy such that the FRP-retrofitted wall would not fail in shear before reaching its
increased flexural capacity. Therefore, in addition to the vertical CFRP sheets at the wall
edges, horizontal CFRP wraps were applied to increase the shear capacity of the wall

section at the sixth storey. This rehabilitation scheme will thus increase the wall flexural
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and shear strengths, and it will provide confinement at the boundary zones of the sixth
storey level. As for the plastic hinge location at the base of the wall, only horizontal
CFRP wraps were applied to improve the confinement at the boundary zones, thereby

increasing the wall’s ductility without increasing its flexural strength.

3.6.1 Rehabilitated wall W1R

As the original walls did not experience concrete spalling at any location, no
concrete replacement was needed. The wall surface was cleaned and ground in several
areas to achieve a smooth surface. The wall corners were chamfered to a radius of 10 mm
to avoid stress concentration when wrapping the FRP sheets. Due to the excessive
yielding of the flexural reinforcement measured at the sixth-storey of the two original
walls resulting from demands greater than those stated in the design codes, the
rehabilitation scheme necessitates increasing the wall’s flexural capacity at that level.
This was achieved by applying a 200 mm wide vertical uni-directional CFRP strip at the
wall’s extremities on both faces. The width of the vertical CFRP strips were designed
such that the factored flexural resistance of the rehabilitated wall section at the 6 storey
level becomes greater than the factored moment demand observed in the tests on the
original walls (137 kN.m). A design value of 157 kN.m was chosen in order to account
for the increase in wall demands due to the increased stiffness arising from the added
flexural CFRP reinforcement. The ultimate strain of the FRP vertical sheets was limited

to 0.006 as recommended by ISIS Canada (2008) to account for any premature anchorage
failure or debonding of the CFRP sheets. A material resistance factor Qrrp of 0.75 was

used in the design, as recommended by ISIS Canada (2008) for the rehabilitation of

flexural members using CFRP sheets.
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The vertical FRP strips were anchored to the top and bottom slabs of the sixth-
storey panel using FRP fan anchors as shown in Figure 3.3. The FRP fan anchors were
placed in previously drilled holes that were filled with epoxy resin. The drilled holes
made an angle of 30° with the wall surface and they went through the wall web and slab
for a distance of at least 60 mm as shown in Figure 3.4. The holes were cleaned and
washed to remove any dust prior to the installation of FRP anchors to ensure a high bond

between the resin and the concrete substrate.

To ensure a ductile performance after increasing the wall’s flexural capacity, the
shear capacity at the sixth storey was increased by applying one horizontal layer (for each
face of the wall) of C-shaped CFRP sheet on top of the vertical FRP strips. The two C-
shaped FRP sheets overlapped at the boundary regions of the wall to provide a better
confinement of the wall end columns as shown in Figure 3.3. The horizontal CFRP
wrapping also helps to reduce the tendency of premature debonding of the vertical CFRP
strips under compression during the cyclic loading, identified by Lombard et al. (2000) as

an unfavorable response that needs to be avoided.

The horizontal CFRP sheets were anchored along the sides of the wall using
previously drilled through-thickness steel anchors of 10 mm diameter spaced vertically at
210 mm intervals. The steel anchors are expected to result in a higher confinement of the
wall end columns by providing a lateral support for the FRP wraps at certain intervals,
which would enhance the additional confinement provided by the CFRP wraps. The steel
anchors were used in lieu of FRP fan anchors (spike type) based on the findings of Khalil

and Ghobarah (2005). They reported that steel anchors did not fail in shear as was the
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case for FRP anchors, and that with the use of steel anchors, a rehabilitated wall was able

to sustain a higher load capacity than one rehabilitated using FRP anchors.

At the base of the wall, no additional flexural strength was needed. Therefore, no
vertical FRP strips were used at the base storey. The base panel was wrapped horizontally
using the C-shaped CFRP sheets (one at each face) and anchored to the wall using the
through-thickness steel anchors, similar to the sixth storey. The horizontal wrapping
confines the wall boundary regions, thus increasing the wall ductility and energy

dissipation capacity.

For the first rehabilitated wall WIR, the ground motions were applied at two
intensity levels: 100% and 120% of the design ground motion intensity. Similar to the
tests on the original walls, impact tests were carried out before each application of the
ground motion level and at the end of the tests to determine the dynamic characteristics of

the tested walls and to estimate the amount of damage.
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Figure 3.4 Detailing of a CFRP anchor for the first rehabilitated wall, W1R.

3.6.2 Rehabilitated wall W2R

For the second rehabilitated wall, W2R, a rehabilitation scheme similar to that for
WIR was used for both the base and the sixth-storey panels. Figure 3.5 shows the
rehabilitation scheme of wall W2R. For this wall, it was decided not to use the through-
thickness steel anchors. The FRP anchors for W2R were detailed in a different way than
WIR, due to the difficulty of drilling the inclined holes through the wall web for W1R.
This difficulty was mainly due to the tight spacing of the wall’s vertical reinforcement,
which was concentrated at the wall boundary columns where the holes for FRP anchors
should be drilled. Therefore, it was decided to investigate a different technique for
detailing the FRP anchor of W2R. As the amount of reinforcement in the slab is less than
the wall web at the wall extremities, it was decided to drill the anchor holes through the
slabs. The holes were drilled through the slab thickness with a slight inclination, as shown

in Figure 3.6. This approach also allowed a longer embedment length of the FRP anchor
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to reduce the probability of an anchor debonding from the concrete substrate. For the

rehabilitated wall W2R, the ground motion was applied at four intensity levels 100, 120,

150, and 200% of the design intensity, similar to the original wall test.
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Figure 3.6. Detailing of a CFRP anchor for the second rehabilitated wall, W2R.

3.6.3. Design and fabrication of CFRP anchors

The FRP fan anchors were prepared using the same dry fibres and epoxy resin of the
CFRP composite system used in the rehabilitation. The dry fibres weigh 3.1 N/m* with a
nominal thickness of 0.175 mm/ply. Each FRP anchor used for wall WIR was made
from an 80 mm-wide sheet that was cut into 8 strips 10 mm wide and 400 mm long. The
strips were folded into two at mid-length and tied at the folded end to form an anchor

with embedment length of 60 mm and a fan length of 140 mm as shown in Figure 3.4.
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For wall W2R, each FRP anchor was made using a 160 mm-wide sheet that was cut into
16 10 mm-wide strips, each 360 mm long. The strips were tied together at the middle as
shown in Figure 3.6 to form an anchor with a double fan 140 mm long with an
embedment length of 80 mm (representing the slab thickness). The anchor diameters
ranged from 10 to 12 mm. The total amount of fibres in the cross section of the FRP
anchors used for walls WIR and W2R was the same, and the anchors were also expected
to have the same ultimate capacity. The FRP anchors were designed to have an ultimate
capacity equal to 35% of the ultimate strength of the straight fibre composite, to account
for the strength reduction due to the bent fibres. The design capacity of the FRP anchor
(using ultimate strain of 0.0037 mm/mm) is 16.5 kN. This value was verified using the
coupon tests carried out by Ozbakkaloglu and Saatcioglu (2009) in which they tested 81
CFRP anchors under direct pullout. The 16.5 kN anchor design capacity selected was less
than the values reported by Ozbakkaloglu and Saatcioglu (2009) for the same fibre strip
width and a 53 mm embedment length. Therefore, the capacity of the two FRP anchors
used for each vertical CFRP strip was thus equal to 33.0 kN. This value exceeds the
nominal tensile strength of the vertical CFRP strips when calculated using their design
strain of 0.006 and using the typical test value provided by the manufacturer. These
values ensure that vertical CFRP strips would rupture prior to any failure of the CFRP

anchors.
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3.7 INSTRUMENTATION

Strain gauges attached to the original walls' reinforcement were used; any damaged ones
were disconnected from the data acquisition system. Additional strain gauges were
applied to the CFRP sheets at different locations and with different orientation. A total of
32 strain gauges with gauge length of 5 mm recorded the strains of the steel
reinforcement and the FRP sheets at different locations along the wall height. Their
locations at the base and at the 6™ storey panels are shown in Figure 3.7. Similar to the
original wall tests, floor accelerations were measured using accelerometers attached to

each floor, as well as to the shake table.
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Figure 3.7 Locations of the strain gauges installed on the steel reinforcement and the FRP
sheets at the base and 6™ storey panels.
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The horizontal movement of each floor relative to the shake table movement was
measured using horizontal cable-extension position transducers (CEPTs) that are attached
to each floor and to a reference wall. The longitudinal and diagonal deformations of the
wall base and the sixth-storey panels were measured using vertical and diagonal CEPTs.
In addition, three vertical linear variable differential transducers (LVDTs) were attached

to the two wall extremities at both levels to measure the wall curvature.
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CHAPTER 4

RESULTS OF SHAKE TABLE TESTS

4.1 INTRODUCTION

This chapter presents the experimental results of the shake table tests on the two 8-storey
RC shear walls rehabilitated using externally bonded CFRP composite sheets. The
reduced-size walls (1:0.429) were tested on the shake table of the Ecole Polytechnique de
Montréal and were subjected to several levels of ground motion excitation that match the
NBCC 2005 design spectrum of Montréal, Québec, Canada. The damaged original walls
were rehabilitated and re-subjected to the same levels of ground motion excitations.
During the shake table tests, the loads, displacements, accelerations, and strains were
monitored and recorded at a rate of 200 Hz. This chapter presents the test results for each
wall specimen and describes their seismic performance before and after rehabilitation. A
comparison between the behaviour of the original walls and the FRP-rehabilitated ones is

presented.

4.2 RESULTS AND COMPARISONS

4.2.1 Dynamic characteristics

Impact tests were conducted on the wall before and after retrofitting, and prior to
each application of the ground motion in order to assess the variation in the dynamic
characteristics of the wall. The change in the wall’s periods' of vibration is used as an
indicator of the global damage (in the case of period elongation), or as an indication of

seismic upgrade and stiffening (in the case of period shortening).
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Table 4.1 gives the periods of vibration (in seconds) for the first and second tested
walls, indicating the first two periods of vibration before and after testing the original
walls (W1 and W2), and before and after testing the rehabilitated walls (W1R and W2R).
The results in Table 4.1 show the elongation of the first and second periods of vibration
for the original walls after the test as a result of their stiffness degradation due to the
accumulated incurred damage. After FRP retrofitting, the first and second periods of
vibration of the two retrofitted walls decreased (as compared to that of the original
damaged walls), which indicates that the FRP rehabilitation scheme increased the wall
stiffness. This is attributed to the application of the vertical FRP strips at the sixth storey
level which increased the wall stiffness. In addition, we can state that the epoxy resin
used for the application of the FRP sheets at the base and the sixth storey panels led to the
closure of the wall’s surface fine cracks and voids. After the retrofitted walls were
subjected to selected ground motion records, the walls' first and second periods of

vibration increased again due to the damage occurred.
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Table 4.1 Periods of vibration of the original and retrofitted walls before and after
application of 100% of the ground motion intensity.

First Wall Second Wall
T, (s) T, (s) T, (s) T, (s)
Original wall W1 Original wall W2

Before 0.67 0.14 0.65 0.14
After 0.96 0.24 1.31 0.36

Retrofitted wall W1R Retrofitted wall W2R
Before 0.76 0.19 0.69 0.17
After 1.09 0.23 1.00 0.28

4.2.2 Storey forces and rotations

Figure 4.1 shows the moment-rotation relationship at the sixth-storey level for the
first wall before and after the FRP-rehabilitation (i.e. W1 and W1R) when subjected to
120% of the ground motion intensity. Figures 4.2 and 4.3 show the same relationship for
the second wall before and after the FRP-rehabilitation (i.e. W2 and W2R) when
subjected to 150% and 200% of the ground motion intensity, respectively. From Figure
4.3, it can be seen that at higher level of the ground motion intensity, the original wall
was already damaged and unsymmetric rotational demands were observed. This can be
attributed to the large pulse from the shake table that occurred at the beginning of the
ground motion record, as shown in Figure 3.2 (at time = 0.7 second), which pulled the
wall towards the west side. From the figures, it can be seen that the added vertical FRP
strips led to reductions in the maximum storey rotation (0y,.x) of about 28% for the first

wall at 120% intensity, of about 22% for the second wall at 150% intensity and of about
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26% for the second wall at 200% intensity, while the walls' moment demands at the sixth-
storey level slightly increased. These reductions imply that the rehabilitated walls at the
sixth-storey level were able to resist higher force demands with less rotational ductility
demands, which shows the effectiveness of the FRP-retrofit scheme used on the sixth

storey panel.

Tables 4.2 and 4.3 summarize the rotational demands (0), the shear force (V) and
the overturning moment (M) at the base and for the sixth-storey panels of the original and
rehabilitated walls at different ground motion intensities for the first (W1 and W1R) and
second (W2 and W2R) walls, respectively. Similar conclusions can be drawn from both
these tables when comparing the rotational demands at the sixth-storey level before and
after rehabilitation. From the tables, it is clear that the base shear and overturning moment
slightly increased after rehabilitation. This increase is due to the additional stiffness at the
sixth-storey level obtained from the application of the vertical FRP strips, which led to
the reduction of the wall’s periods of vibration as shown in Table 4.1. These tables also
show that the shear force at the 6™ storey level slightly decreased after rehabilitation,
whereas the overturning moment at the 6" storey level increased by about 3-10% at
different ground motion intensity due to rehabilitation. However, exceptionally, the
overturning moment of the first wall at 100% intensity actually decreased by 13% after

rehabilitation.
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Figure 4.1. Moment-rotation relationship at the sixth-storey level for the first original and
rehabilitated wall (W1 and WI1R) when subjected to 120% of the ground motion

intensity.
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Figure 4.2 Moment-rotation relationship at the sixth-storey level for the second original
and rehabilitated wall (W2 and W2R) when subjected to 150% of the ground motion

intensity.
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Figure 4.3 Moment-rotation relationship at the sixth-storey level for the second original
and rehabilitated wall (W2 and W2R) when subjected to 200% of the ground motion
intensity.
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Table 4.2 Test results of the first original and rehabilitated wall W1 and W1R.

100% intensity

120% intensity

Level
w1 WIR W1 WIR
0% 107 6" 2.84 2.30 3.77 3.17
rad)
Base 2.43 1.89 2.58 2.62
v 6" 40.2 39.3 46.2 43
(kN) Base 118 131 139 156
M ¥ 6" 137 118 144 150
(kN.m)
Base 241 259 261 274

§

rotational demand
" storey shear force

1 storey overturning moment

Table 4.3 Test results of the second original and rehabilitated wall W2 and W2R.

120% intensity

150% intensity

200% intensity

Level
w2 W2R w2 W2R w2 W2R
oS 10 | 6" 2.78 3.17 5.82 451 8.61 6.39
rad)
Base 2.54 2.60 3.59 3.35 3.72 3.83
h
v 6 45 415 46 40 65 53
kN) | Base 140 161.9 172 172 183 202
Y E 6" 141 145 157 167 165 181
(kN.m)
Base 225 237 243 253 253 255

§

rotational demand

" storey shear force

* storey overturning moment
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4.2.3 Storey displacements

Figures 4.4 and 4.5 show the maximum inter-storey drift ratio (I.D.) along the wall height
before and after rehabilitation for the first and second walls, respectively. The figures
show the effectiveness of the FRP-rehabilitation scheme at the 6™ storey panel in
reducing the maximum L.D. ratio for the retrofitted walls at that level. This effect is more
noticeable for the second wall when subjected to higher intensities of the ground motion
(150 and 200%), as indicated in Figure 4.5. That figure also shows that the FRP-retrofit
of the 6™ storey panel of the second wall reduced the maximum LD. ratio for the upper
floor. As no flexural strength was added to the base panel, no reduction of the maximum
I.D. ratio occurred at the lower storeys. On the contrary, the maximum LD. ratio
increased at the lower storeys due to the higher moment demands observed after
rehabilitation and the accumulated damage incurred after the repeated application of the

ground motion at several intensities.

Figure 4.6 shows the roof drift ratio time history of the original and rehabilitated walls
when subjected to 120% of the ground motion intensity. This figure reveals that there was
no significant effect of the FRP-rehabilitation scheme on the maximum roof drift ratio. It
is worth noting that the situation would have been different if the FRP-rehabilitation

scheme had considered increasing the wall flexural strength at the base panel.
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Figure 4.4 Maximum inter-storey drift of the first original and rehabilitated wall (W1 and
WIR).

58



At 150% of ground motion intensity
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Figure 4.5 Maximum inter-storey drift of the second original and rehabilitated wall (W2

and W2R).
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Figure 4.6 Roof drift ratio time history of the original and rehabilitated walls when
subjected to 120% of the ground motion intensity.
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4.2.4 Strains of steel reinforcement and FRP sheets

Tables 4.4 and 4.5 present the longitudinal and transverse steel reinforcement strain
values as well as the vertical and horizontal FRP sheet strains for the first and second
walls, respectively. The shown values are for the original (W1 and W2) and the FRP-
rehabilitated walls (WIR and W2R) when subjected to two different ground motion
intensities. For the first original wall, W1, most of the strain gauges attached to the steel
reinforcement were still functioning after testing, which allowed their use in the tests on
the FRP-rehabilitated wall, W1R. No yielding of the shear reinforcement occurred at the
wall base or at the sixth-storey level.

For the longitudinal steel reinforcement strains, Table 4.4 indicates that a
significant reduction of longitudinal reinforcement strains at the sixth storey level
occurred, mainly because of the application of the vertical FRP strips at that level which
led to the reduction of the wall rotational demands, as mentioned in the previous section.
On the other hand, the strain values of the longitudinal steel reinforcement at the wall
base did not decrease, since no vertical FRP sheets were applied at the base during
rehabilitation. The vertical FRP strips reached a strain of 2000 p strain (almost 33% of the
FRP material’s design capacity) at 120% of the ground motion intensity. No FRP
anchorage failure or debonding was detected. Similar conclusions can be observed from
Figures 4.7 and 4.8, which show the strain time histories for the longitudinal steel
reinforcement and the vertical FRP strip at the 6" storey level on the east side of the first
wall before and after rehabilitation when subjected to 100% of the ground motion
intensity. Figures 4.9 and 4.10 show the same time histories for the strains on the west

side of the first wall when subjected to 120% of the ground motion intensity.
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Table 4.4 Strains of steel reinforcement and FRP sheets for the first wall (micro-strain).

100% intensity 120% intensity
W1 WIR W1 WIR
Longitudinal steel 2,350 2380 | 2360 | 2,440
reinforcement
Base T teel
ransverse stee 870 430 1,016 490
panel reinforcement
Horizontal FRP sheets NA 50 NA 50
Sixth Longltudlnal steel 10,920 3.630 9,800 3.250
reinforcement
storey
panel Vertical FRP sheets NA 1,580 NA 2,000

Table 4.5 Strains of steel reinforcement and FRP sheets for the second wall (micro-

strain).
120% intensity 200% intensity
w2 W2R w2 W2R
Longltudlnal steel 2,500 2,700 11,370 B
reinforcement
Base Transverse steel
eV 1,440 1,040 2,500 1,130
panel reinforcement
Horizontal FRP sheets NA 106 NA 165
Sixth Longitudinal steel 15,100 . . _
storey reinforcement
panel Vertical FRP sheets NA 1,320 NA 1,900
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Figure 4.7 Strain gauge SG1 time history for the first wall before and after rehabilitation
when subjected to 100% of the ground motion intensity.
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Figure 4.8 Strain gauge FRP-SG1 time history for the first rehabilitated wall W1R when
subjected to 100% of the ground motion intensity.
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Figure 4.9 Strain gauge SG2 time history for the first wall before and after rehabilitation
when subjected to 120% of the ground motion intensity.
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Figure 4.10 Strain gauge FRP-SG4 time history for the first rehabilitated wall W1R when
subjected to 120% of the ground motion intensity.

From Tables 4.2 and 4.4, and considering the 120% of the ground motion
intensity, it can be seen that the strain of the longitudinal reinforcement at the 6" storey
panel of the original wall, W1, reached a value of 9800 p strain when the wall’s factored
moment demand, Mg, was equal to 144 kN.m. This factored moment demand exceeded
the wall’s factored flexural resistance, M,, at the 6h storey level which was calculated to
be 118 kN.m. Performing section analysis of the original wall, the strains of the
longitudinal reinforcement would be 3300 p strain at My = M; = 118 kN.m. The main
design target of the FRP-rehabilitation scheme is to increase the factored moment
resistance of the 6" storey panel without increasing the strains of its flexure steel
reinforcement. For WIR, the FRP rehabilitation was able to reduce the strains in the
longitudinal steel reinforcement (at a higher moment demand of My = 150 kN.m) to 3250

u strain when subjected to 120% of the design ground motion intensity, which is less than
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the strain value corresponding to the factored moment resistance of wall W1 (3300 p
strain). This shows the efficiency of the FRP-rehabilitation scheme in achieving the main

design target even at 120% of the design ground motion intensity.

Table 4.4 also shows that the horizontal CFRP sheets applied at the wall base
(where the high shear force demands were observed) were able to reduce the strains in the
transverse steel reinforcement at that location. On the other hand, the strains of the
transverse reinforcement at the sixth storey level were insignificant. It is worth noting that
the strains of the horizontal CFRP sheets did not reach very high values, as the wall
behaviour was mainly governed by its flexure. Nevertheless, the horizontal FRP sheets
are still needed in case the retrofitted wall’s flexural capacity exceeds its original shear
capacity, in addition to their main function of confining the wall’s boundary elements and

hence increasing the wall ductility at the base.

For the second original wall, W2, the capacity of most of the strain gauges
installed on the flexure reinforcement at the wall base and at the sixth storey level was
exceeded due to the excessive yielding that occurred when the original wall was subjected
to 200% of the design ground motion intensity, as indicated in Table 4.5. The shear
reinforcement at the wall base yielded (e; = 2500 p strain) when the wall was subjected to
200% of the design ground motion intensity, while at the sixth storey level, the shear
reinforcement strains were insignificant. The strains in the horizontal FRP sheets were not
significant at the base panel, however, they were able to reduce the strain of the
transverse steel reinforcement at that level by almost 55%. Similar conclusions can be

conducted from Figure 4.11, which shows the time history for transverse steel
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reinforcement strain at the base panel of the second wall before and after rehabilitation

when subjected to 200% of the ground motion intensity.
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Figure 4.11 Strain gauge SG7 time history for the second wall before and after
rehabilitation when subjected to 200% of the ground motion intensity.
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4.3 IMPORTANCE OF ANCHORAGE DETAILING

Figures 3.4 and 3.6 show the two different FRP anchorage detailings used for the
rehabilitated walls, WIR and W2R, respectively. For the second rehabilitated wall
(W2R), it was expected that the CFRP vertical strips would reach higher strains when the
wall was subjected to 200% of the ground motion intensity than the strains attained by
WIR at 120% intensity. From Tables 4.4 and 4.5, the vertical CFRP strips for W2R (at
200% of ground motion intensity) reached strain values that were even less than those of
WIR (at 120%). In addition, by comparing the moment-rotation curves for W2 and W2R
in Figure 4.3, it is clear that the CFRP sheets reduced the wall rotation only for the pull
cycles (where the wall rotation reduced from 0.0086 to 0.0065). During the push cycles,
almost no change was observed in the wall rotation after rehabilitation. This indicates that
the vertical FRP strips were not anchored properly to the slabs on the wall’s west side. On
the other hand, Figure 4.1 shows that the vertical CFRP strips applied to the sixth storey
panel of the first wall, WIR, were able to reduce the wall rotation in both the push and
pull directions. This indicates the importance of anchorage detailing in the efficiency of

FRP flexure rehabilitation.

During the tests on the second rehabilitated wall (W2R), the horizontal CFRP wraps
around the 6™ storey panel were not able to prevent the FRP anchor at the bottom slab
from stretching outwards from the wall while being tensioned (Figure 3.6). Consequently,
part of the CFRP anchor strain was lost during this undesired elongation, resulting in
small strains in the vertical CFRP strips. The CFRP anchor connected to the top slab was

efficient as the resultant force in the FRP anchor (R) was acting against the concrete slab,
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not against the horizontal CFRP wraps, as shown in Figure 3.6. Interestingly, the CFRP
anchor on the east side of wall W2R was partially efficient when subjected to 200% of
the ground motion intensity. This phenomenon was observed because the wall
experienced a higher rotational demand during the pull cycles, which tended to elongate
the CFRP strips on the east side of the wall more than the ones on the west side, as can be
seen in Figures 4.2 and 4.3. This elongation exceeded the lost elongation in the CFRP
anchors that was previously mentioned (outwards stretch), which resulted in the ability of
the CFRP strips to reduce the wall rotation for W2R during the pull cycles as seen in
Figure 4.3. Therefore, it is recommended to install the FRP anchors as they were installed
for wall WIR, despite the difficulty of drilling the holes through the wall web thickness.
If the other detail has to be used, the designer has to ensure that the FRP anchor is
detailed such that it only elongates in the direction parallel to its axis without any
undesired outwards deformations that would waste part of the anchor’s longitudinal

strains (i.e. stretch without developing resisting forces).
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4.4 EFFECT OF FRP-REHABILITATION ON THE BEHAVIOUR OF

UNREHABILITATED PANELS

Tables 4.2 and 4.3 showed that the walls' shear force and bending moment demands
changed after rehabilitation due to the vertical CFRP strips applied to the sixth storey
panel. Figure 4.12 shows the maximum bending moment demands for the first and second
walls before and after rehabilitation when subjected to different intensities of the design
ground motion. Figure 4.13 show the maximum shear force demand before and after the
FRP-rehabilitation of the first and second walls. From Figure 4.12, it can be seen that the
bending moment demands for some storeys increased by 3-8% after rehabilitation at the
150% intensity, and by 6-13% for the 200% intensity. From Figure 4.13, it can be seen
that the shear force demands at the base panel increased by 12% after rehabilitation at the
120% intensity, and by 10% at the 200% intensity. This increase in the demands would
lead to an increase in the reinforcement strains of unrehabilitated panels after
rehabilitation. In this case, due to the flexure rehabilitation of one panel of the wall, other
panels may need to be rehabilitated if that rehabilitation leads to a significant increase in
their demands and strains. This situation can be predicted using a numerical micro- or
macro-model in which the additional stiffness due to FRP retrofit can be simulated. A
numerical macro-model to simulate the cyclic behaviour of FRP-retrofitted RC wall
panels is proposed in Chapter 7. This macro-model can be used to examine the behaviour
of multi-storey RC walls in a complete building when they are retrofitted using CFRP

sheets.
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Figure 4.12 Effect of FRP-rehabilitation on the wall bending moment demands.

72



Storey

Storey

N W A~ OO N

N W A OO N

At 120% of ground motion intensity

—— W1
—&— W1R

20 40 60 80 100 120 140 160
Shear (kN)

At 200% of ground motion intensity

—o— W2
—8—\W2R

R

40 80 120 160 200 240
Shear (kN)

Figure 4.13 Effect of FRP-rehabilitation on the wall shear demands.
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CHAPTER 5

EXPERIMENTAL PROGRAM
II. CYCLIC TESTS ON FRP-RETROFITTED RC WALL PANELS

5.1 INTRODUCTION

As explained earlier in Chapter 4 as part of the shake table tests, the two 8-storey RC
shear walls were rehabilitated at their base and at the 6™ storey levels using externally-
bonded CFRP composites and were then tested under simulated ground motion
excitation. The rehabilitation scheme was to increase the flexural and shear capacities of
the walls at the 6™ storey panel because of the observed increase in demand at that level,
whereas the added CFRP wraps at the base panel was to increase the ductility capacity at

the wall base.

One of the observations in the shake table tests was that the FRP was not fully utilized,
since the capacity of the rehabilitated walls could not be reached due to the limited
capacity of the shake table. Therefore, it was decided to conduct cyclic tests on a number
of RC wall panels that represented the 6™ storey panel of the 8-storey shear wall. The
specimens will represent the control wall and the FRP-retrofitted walls using two
different retrofitting schemes. The goal of the retrofit schemes is to increase the flexural
and shear capacities of the RC shear wall panels, similar to the rehabilitation scheme that
was applied at the 6" storey panel of the 8-storey walls. This chapter describes the wall
design and construction, the material properties, test specimens, test setup,

instrumentation, loading, and retrofit schemes.
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5.2 WALL DESIGN AND CONSTRUCTION

5.2.1 Modeling of the sixth-storey panel

The shake table tests of the 8-storey walls showed that the base and the 6™ storey panels
experienced excessive yielding and cracking, while minor inelasticity was observed for
the other storeys. Therefore, instead of testing the whole 8-storey wall, only the base
panel or the 6™ storey panel needs to be modeled and tested. The remaining storeys can be
assumed to behave in an elastic manner. Figure 5.1 shows a schematic diagram for the
part of the 8-storey wall to be tested under cyclic loading. The base storey panel or the 6
storey panel can be tested separately, and the effect of the remaining part of the shear wall
will be taken into account, as shown in the figure. The top moment, AM, and the axial
compressive force acting on the wall, P, will be applied, in addition to the shear force, F.
The 6" storey panel will be modeled in this phase of the experimental program, as it was

the panel that required additional flexural and shear strength.
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Figure 5.1 Representation of the plastic hinge regions of the 8-storey wall.
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5.2.2 Similitude law requirements

According to Sabnis et al. (1983), there are two types of models: elastic models and
strength models. Elastic models represent behaviour in the elastic range, and strength
models represent the behaviour of the prototype up to failure. Strength models are
classified in three different categories:

a) True models, where all the variables (first- and second-order) are modeled
according to similitude law requirements. First-order variables are those variables
that may have a significant influence on the physical parameters that are being
studied. The other variables are considered as second-order variables;

b) Adequate models, where some of the second-order variables can not be modeled
according to the similitude law requirements; and

c) Distorted models, where some of the first-order variables cannot be modeled
according to the similitude law requirements.

For cyclic loading, the flexural strength and ductility of the control and retrofitted walls
can be determined so the efficiency of the retrofit schemes can be judged. In this part of
the experimental program, the mass of the wall is negligible compared to the mass of the
structure which is the main source of inertia forces during an earthquake. In addition, the
load will be applied statically during the tests. Therefore, the mass of the wall can be
considered as a second-order variable and can be overlooked. The similitude law
requirements used for the shake table tests shown in Table 3.1 were used in the cyclic
tests. However, time was excluded, and only two dimensions were included; force F and

length L.
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5.2.3 Design of the test wall panels

Three wall panels were constructed and tested. The test walls represent the 6™ storey
panel of the 8-storey wall that experienced major inelasticity at that level due to demands
that were higher than those stated in the design code. The walls were designed according
to the NBCC (2005) and CSA-A23.3 (2004) as moderately ductile walls with ductility-
related reduction factor, Ry, of 2.0 and overstrength-related reduction factor, R,, of 1.4.
The 6™ storey level was designed according to the calculated seismic demands at that
level and it was not detailed to act as a plastic hinge region. In order to provide
confinement of the wall boundary elements as required by the CSA-A23.3 (2004) for
moderately ductile walls, four unbonded steel bars were provided at the boundary
elements and rectangular hoops were spaced at 80 mm intervals. The steel bars were
unbonded using greased sleeves to avoid any contribution to the flexural resistance of the
wall panel. The shear reinforcement bars were hooked at their ends to ensure they
develop their full strength. The wall dimensions and reinforcement are shown in Figure
5.2.

As shown in Figure 5.2, a rigid reinforced concrete top block was poured monolithically
with the wall and the bottom footing. The top rigid block ensures the uniform transfer of

axial load, bending moment and shear force to the wall section.

5.2.4 Construction of the test wall panels at Concordia’s Structures Lab

Wooden forms were assembled separately for the top block, the test wall, and the bottom
footing. The reinforcement cages for the top and bottom blocks were prepared separately

and then they were placed into their forms. Spacers were used to achieve the concrete
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cover for the reinforcement. The flexure reinforcement of the wall was connected to the
top and bottom cages, and then the wooden forms of the three parts were assembled
together in the horizontal position as shown in Figure 5.3. To eliminate the effect of
having lap splices in the current study, the wall flexure reinforcement was extended in
the top and bottom blocks and bent to 90 degrees to ensure a sufficient anchorage length
as shown in Figure 5.2. Prior to assembling the steel cage, a number of strain gauges
were installed on the flexure and shear reinforcement bars. The wooden forms were
braced using wooden posts to avoid any unacceptable deformations before the wall
reached its full strength. A ready-mix concrete was delivered to Concordia’s Structures
laboratory. The concrete was poured with the wall lying horizontally, and it was
mechanically vibrated to remove any air voids. The concrete was cured using wet burlaps

covered by plastic sheets to provide a moist environment during the first week.

In order to transfer the loads from the test specimens to the strong floor of the Structures
lab, it was decided to construct a rigid RC footing that can fit in the future different
specimen dimensions and different test setups. The rigid footing was constructed with
threaded holes that allow the specimen to be anchored to the rigid footing. Figure 5.4
shows the wooden form and the steel reinforcement of the rigid footing prior to the
pouring of concrete. The rigid footing will act as a new strong floor with several anchor
holes and will allow for future testing of different types of specimens without the need to

build a massive footing for each new specimen.
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Figure 5.2 The wall panel specimen and its reinforcement.

Figure 5.3 The wooden form and the steel cages.
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Figure 5.4 The rigid footing prior to the pouring of concrete.
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5.3 MATERIAL PROPERTIES

5.3.1 Concrete

Three wall specimens were cast at Concordia’s Structures Laboratory using a ready mix
concrete. Two specimens were cast at the same time (the retrofitted walls RW1 and
RW?2) and the third one was cast separately on another day (the control wall CW). The
concrete slump for the control wall was 75 mm, while the slump of the retrofitted walls
was 70 mm. These values provided adequate workability during the concrete casting. For
each cast, three cylinders were tested after 28 days and the other three were tested on the
day of testing. The concrete cylinder compression tests at 28 days and on the test day are
shown in Table 5.1.

Table 5.1 Results of concrete cylinder tests.

Date Control wall Retrofitted walls
28 day strength

(MPa) 43 34
Test day strength

(MPa) 45 37

5.3.2 Steel reinforcement

Grade 400, 10M deformed steel bars were used as the main flexural reinforcement and
4.5 mm diameter plain bars were used for the shear reinforcement as well as for the
hoops. The yield and ultimate tensile strength were determined using coupon tests. The

results of the coupon tests are summarized in Table 5.2.
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Table 5.2 Mechanical properties of steel reinforcement.

Bar Nominal bar Yield strength Ultimate strength
designation diameter (mm) (MPa) (MPa)
10M 11.3 450 550
W2.5 4.5 620 740

5.3.3 Fibre-reinforced polymer (FRP)

Carbon fibre-reinforced polymer (CFRP) composites were used for the retrofit of the
wall panels. The Tyfo® SCH-11UP composite system (Fyfe 2010) with uni-directional
CFRP sheets was used for both retrofitted walls, similar to the one used for the
rehabilitation of the 8-storey walls tested under the simulated ground motion excitation.
The mechanical properties of the Tyfo®™ SCH-11UP composite system: dry fibre, Tyfo S
epoxy, and CFRP composite are the same as those used in the retrofit of the 8-storey

shear wall tested on the EPM’s shake table, presented in Table 3.2.

5.3.4 FRP anchors

FRP anchors used in the retrofit were prepared at the Structures’ laboratory. The anchors
were cut and fabricated from the dry fibres used in the Tyfo SCH-11UP composite
system. A total of 16 anchors were used for each of the retrofitted wall specimens. Tyfo
S epoxy was used to bond the fibres to the concrete substrate. The properties of the

Tyfo® SCH-11UP composite system were presented in Table 3.2.
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5.4 TEST SETUP

The test setup consists of three MTS hydraulic actuators which are mounted against a
steel reaction frame as shown in Figures 5.5 and 5.6. The adjustable main bridge of the
reaction frame was elevated to the proper height calculated to fit the two vertical
actuators, the rigid steel loading beam, the wall specimen, and the rigid RC footing. The
adjustable secondary bridge was also assembled at the proper height at the level of the
rigid steel loading beam. Each MTS hydraulic actuator has a capacity of 1000 kN in
compression and 750 kN in tension with a 400 mm stroke (= 200 mm). At both ends of
the hydraulic actuator mounts, swivel hinges allow rotation in both the vertical and
horizontal planes. Two actuators were placed vertically to enable the application of axial
load and bending moment on the wall’s top block, while a horizontal actuator was used
to apply the shear force and moment acting on the wall. A rigid steel loading I-beam was
used to uniformly transfer the actuator forces to the wall top block. The rigid steel I-
beam was connected to the actuators using welded steel plates and threaded steel rods.
The rigid steel I-beam was connected to the specimen top block using 8 threaded steel
rods as shown in Figure 5.6. The specimen bottom block was connected to the rigid RC
footing using 8 threaded rods. In order to ensure a full bearing of the threaded rods on
the top and bottom blocks, concrete grout was poured to fill the gap between the rods
and the block holes. This will also ensure that no relative movement will occur between
the rigid steel beam and the specimen or between the specimen and the rigid RC footing.
Two steel double angle braces connected the rigid I-beam to the laboratory wall as
shown in Figure 5.7. The steel braces were designed to guide the steel loading beam and

allow a smooth in-plane movement of the wall panel. The steel braces would eliminate
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any out-of-plane movement that could arise from misalignment of the horizontal force or

due to possible unsymmetrical damage of the wall at the failure phase.

The three actuators were controlled using a Flex Test™ GT digital controller with a
supervisor computer connected to the digital controller. The software used for
controlling the actuators was Model 793.1 Multipurpose Testware™ ™ (MTS 2011). An
external data acquisition system connected to another computer was used for collecting
the instrumentation readings. Force tuning of the three actuators was performed on a
dummy specimen prior to the first test, as recommended by the manufacturer to ensure

accurate control of the actuators in force mode.
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Figure 5.5 Schematic of the test setup at Concordia’s Structures Laboratory (dimensions
in mm).
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Figure 5.6 Test setup of the three wall panels.

Figure 5.7 The steel braces to restrain the out-of-plane movement of the wall.
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5.5 LOADING

Static cyclic loading procedures were applied to study the behaviour of the control wall
panel and the FRP-retrofitted ones under lateral seismic forces. The two vertical
actuators were used to apply an axial compression force and a moment, whereas the
horizontal actuator was used to apply a horizontal shear force (that resulted in an

additional moment at the base of the wall panel).

5.5.1 Moment-to-shear ratio

The moment-to-shear ratio (M/VL) used in the cyclic tests was selected to match the
value obtained from the shake table tests on the 8-storey walls at the sixth storey level.
The M/VL ratio at the wall base was selected to be 2.75 and therefore, the ratio at the top
was equal to 1.88. The selected M/VL ratio classifies the wall as a flexural wall,
according to Elnashai et al. (1990). The actuators were controlled to keep the moment
value at the wall base equal to 3.3 m times the wall shear force, in addition to the
constant axial force of 66 kN at the wall base. This was achieved by controlling the
vertical actuators in force control mode based on the feedback from the load cell in the
horizontal actuator. The forces in the two vertical actuators Fo and Fg (Figure 5.5) are

related to the horizontal actuator force Fc by means of the following equations:

Fa=24+ 1.115 Fc (kN) (5-1)

Fp =24 - 1.115 F¢ (kN) (5-2)

where the positive sign convention is compression. The equations are valid whether the

horizontal actuator is controlled in a force or in displacement mode. The constant axial
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load of 48 kN applied using both vertical actuators (24 kN per actuator) as well as the
weight of the rigid steel I-beam and the specimen represent the axial load applied on the

8-storey wall at the 6 storey level during the shake table tests (described in Chapter 3).

5.5.2 Loading protocol

During the test, the vertical compression load of 24 kN was first applied using each of
the vertical actuators and with the horizontal actuator force held at zero. The horizontal
actuator control mode depends on the state of the specimen, while the vertical actuators
are always controlled in force mode. The horizontal actuator is controlled in a force
mode until the yield load is reached. The control mode is then switched to displacement
control after the wall flexure reinforcement yielding. The yield load was determined
using the readings of the strain gauges installed on the wall flexural reinforcement and
using the load cell reading. The horizontal force was applied at a slow rate of 20 kN/min.
A special cycle at 20 kN was applied to the control wall to detect the cracking load. A
load cycle at the yield load, and several cycles after the flexural reinforcement yielding
at different displacement ductilities were applied. A displacement ductility level is
defined as the ratio of the top horizontal displacement of the wall panel to the wall
displacement when first yielding of the extreme flexural reinforcement occurred. Each
cycle was repeated twice in order to determine the strength and stiffness degradation due
to the repetition of loading cycles. After each cycle, the cracks were identified and the

specimen was inspected.
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5.6 INSTRUMENTATION

The wall specimens were heavily instrumented to measure the applied forces, strains,
and displacements. The applied forces were measured using the load cells included in
the actuators. Fourteen strain gauges were installed on the steel reinforcement of each
specimen and another 14 strain gauges were installed on the FRP sheets for each of the
retrofitted specimens. The locations of the strain gauges installed on the steel
reinforcement are shown in Figure 5.8. The steel rebars were prepared prior to the strain
gauge installation. The bar ribs were removed and the bar surface was smoothened and
cleaned at the gauge location. Each strain gauge was glued to a ground and smoothed
surface on the steel rebar, and then covered with a protective rubber layer to protect the
strain gauge during the concrete casting. For the strain gauges applied on the FRP sheets,
the surface of the sheets was covered with a thin layer of epoxy at the locations where
the strains were to be measured, and the gauge was glued to the smooth hardened epoxy.
The locations of strain gauges installed on FRP sheets will be described in the following

sections for each of the retrofitted wall specimens.

The wall displacements were measured using eight cable-extension position transducers
(CEPTs) that were attached to the specimen and to two rigid reference walls as shown in
Figure 5.8. The top lateral displacement of the wall, the wall mid-height displacement,
the bottom end block movement, the wall top rotation, and the wall shear deformation
were all measured. The full stroke of the CEPTs varied from 25 mm to 300 mm
depending on the expected deformation at each location, and hence, they have different

levels of accuracy.
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The wall top rotation, 8, was obtained using the readings of the vertical position

transducers P1 and P4 (accuracy of £0.125 mm) according to the formula:
0=(P1-P4)/a (5-3)

The wall shear deformation, A, was obtained using the readings of the diagonal position
transducers P2 and P3 (accuracy of £0.32 mm) according to the formula given by Beyer

etal. (2011):

A= 4—1b[(c+P2)2— (c+P)’] — (@ — 0.5)6h (5-4)

where o is a parameter proposed by Hiraishi (1984) that accounts for the variation of
curvature over the height of the panel, and / is the panel height. The value of a is equal
to 0.5 for constant curvature (pure bending), and equal to 2/3 for triangular curvature
distribution. In this study, the value of o was assumed to be 0.6, which is reasonable for

the studied case due to the additional moment applied using the two vertical actuators

that resulted in a wall’s top moment equal to 0.67 of the moment at the base of the wall.

The lateral displacement at the top of the wall was measured using the position
transducer PS5 for small deformations (accuracy of £0.05 mm) and using P6 at larger
deformations (accuracy of £0.3 mm). The lateral displacement at the mid-height was
measured using P7 (accuracy of 0.3 mm). The bottom end block movement was
obtained using the reading at P8 (accuracy of +0.05 mm) to get the wall’s lateral net
displacement. The instruments were calibrated to obtain the proportionality constant

between displacement and voltage before and after each test.
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Figure 5.8 Strain gauge locations and displacement transducer positions.

5.7 CONTROL WALL

One control wall panel CW was tested under static cyclic loading up to failure. The
control wall panel represents the 6" storey panel of the 8-storey wall tested under axial,
top moment, and lateral load excitation. The flexural capacity of the control wall was
calculated using the strain compatibility procedures and using the concrete and steel
properties obtained from the cylinder and coupon tests. The concrete ultimate
compressive strain was assumed to be 0.0035, and the concrete ultimate tensile strength
f. was taken 4.0 MPa. The axial load value at the base of the wall was 66 kN. The wall
capacity was calculated taking the strain hardening of steel reinforcement into account.
The contribution of compression steel reinforcement to the wall flexural capacity was
considered in the calculations. The control wall was calculated to have a cracking load
of 23 kN, yield load of 39 kN, factored flexural resistance of 47.3 kN and nominal
flexural resistance at failure of 60.8 kN. The wall nominal shear resistance was

calculated to be 151 kN.
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5.8 RETROFITTED WALLS

Two specimens, RW1 and RW2, identical to the control wall specimen, were
strengthened using CFRP sheets and tested under static cyclic loading. Two different
retrofit schemes were considered in the cyclic tests. The main target of both retrofit
schemes was to enhance the seismic performance of the tested wall panels by increasing
the flexural capacity of the wall section so that it could resist the higher demands at the
top floors of multistory shear walls arising from higher mode effects (El-Sokkary et al.
2012). From the shake table tests, it was found that the factored moment at the 6™ storey
level of the tested wall My was almost 17% greater than the design factored resistance M;
when subjected to the design ground motion. Therefore, the retrofit design strategy
requires that the factored resistance of the retrofitted walls would be at least 1.17 times
that of the control wall. A value of 1.25 was selected in the design of retrofitted walls
RWI1 and RW2. As a result of increasing the wall’s flexural capacity, the retrofit
schemes must consider increasing the shear capacity of the wall panel to continue
following the capacity design philosophy, where the FRP-retrofitted wall would not fail

in shear before reaching its increased flexural capacity.

5.8.1 First retrofitted wall RW1

The first retrofit scheme of RW1 was similar to the one used in the shake table
tests described in Chapter 3. The retrofit strategy aimed to increase the flexural capacity
of a wall section by applying vertical CFRP sheets at the boundary zones of the wall. This
was achieved by applying a 200 mm wide vertical uni-directional CFRP strip at the wall

extremities on both faces, as shown in Figure 5.9. The chosen width was designed so that
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the factored resistance of the retrofitted wall would be 1.25 times the factored resistance
of the control wall. In the design of the vertical CFRP sheets, the ultimate strain of the
FRP composite was limited to 0.006 as recommended by ISIS Canada (2008) to account

for any premature anchorage failure or debonding of the CFRP sheets. A material
resistance factor Qrrp of 0.75 was used in the design, as recommended by ISIS Canada

(2008) for the rehabilitation of flexural members using CFRP sheets. The retrofitted wall
was calculated to have a yield load of 48.5 kN, factored resistance of 59 kN, and nominal
resistance at failure of 69.2 kN. The expected failure mode of the retrofitted wall used in
the estimation of the wall’s ultimate load was failure of the CFRP vertical sheet system

after reaching the design strain.

The vertical FRP strips were anchored to the top and bottom blocks using FRP fan
anchors as shown in Figure 5.9. The FRP anchors were placed in pre-drilled holes that
were filled with epoxy resin. The drilled holes made an angle of 20° with the wall surface
towards the core of the wall from both sides, and they went through the top and bottom
block for a distance at least 120 mm as shown in Figure 5.10. Two anchors were used for
each strip on each wall face at the top and at the bottom (total of 16 anchors). Horizontal
CFRP sheets were applied on top of the vertical CFRP strips to increase the wall shear
capacity. Two C-shaped CFRP sheets overlapped at the boundary regions of the wall to
provide a better confinement of the wall end columns, as shown in Figure 5.9. The
horizontal CFRP wraps also reduce the premature debonding tendency of the vertical

CFRP strips under compression during the cyclic loading. Fourteen strain gauges were
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installed on the CFRP sheets in the same direction of the fibres at the locations shown in

Figure 5.11. The first FRP-retrofitted wall RW1 before testing is shown in Figure 5.12.
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Figure 5.9 Schematic of the first FRP retrofit scheme for RW1.
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Figure 5.10 Schematic of the wall side view showing the details of FRP retrofit for
RWI.
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Figure 5.11 Locations of the strain gauges installed on FRP sheets of wall panel RW1.

Figure 5.12 FRP-retrofitted wall RW1.
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5.8.2 Second retrofitted wall RW2

In this retrofit scheme, the flexural and shear capacities of the wall were
increased, similar to the first retrofitted wall RW1, but using a different layout of the
fibres. Instead of using vertical and horizontal CFRP sheets to enhance the flexural and
shear behaviour of the wall, respectively, diagonal CFRP strips were applied on each face
of the wall panel. The 45° diagonal strip results in an inclined force that will be resolved
into vertical and horizontal components. These components increase the flexural and
shear capacity of the wall section, as shown in Figure 5.13. The vertical component of the
force will be transferred to the top and bottom blocks using FRP anchors similar to the
first retrofit scheme. The anchors were placed vertically to transfer the vertical
component of the force created in the CFRP diagonal sheets. The horizontal component
will be resisted by applying two 200 mm wide horizontal C-shaped wraps near the wall’s
top and bottom blocks as shown in the figure. The width of the diagonal strip was
selected to be 280 mm. This will result in an effective cross sectional area of the inclined
fibres (when resolved in the vertical direction) close to that of the 200 mm wide vertical
strip used in the first retrofit scheme. This layout of the CFRP sheets will make the wall
cracks visible and hence the retrofitted wall can be monitored after retrofit, which was not
the case for the first retrofit scheme where the whole wall surface was covered by the
sheets. This retrofit scheme also uses less FRP composite material, which will greatly
reduce the cost of retrofit in the case of larger-scale walls. The strain gauges installed on
the CFRP sheets are shown in Figure 5.14. The FRP-retrofitted wall RW2 prior to testing

is shown in Figure 5.15.
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Figure 5.13 Schematic of the FRP retrofit scheme of wall panel RW2.
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Figure 5.14 Locations of strain gauges applied on FRP sheets of wall panel RW2.
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Figure 5.15 FRP-retrofitted wall RW2.

5.8.3 Application of CFRP sheets

The wall surface was cleaned and ground in several areas to achieve a smooth surface.
The wall corners were chamfered to a radius of 10 mm to avoid stress concentration
when wrapping the FRP sheets. The wall surface was covered by a primer coat prior to
the application of CFRP sheets. The CFRP sheets were cut to the design dimensions and
the FRP anchors were prepared. The two parts of the Tyfo S epoxy were mixed and the
wall was painted with an initial coat of Tyfo S epoxy. Next, each layer of CFRP sheets
was soaked with the epoxy prior to the application. A steel roller was used to remove

any excessive adhesive and any air bubbles trapped between the CFRP layers.
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5.8.4 Design and installation of CFRP anchors

The FRP fan anchors used in the retrofit were prepared from the dry fibres used in the
Tyfo SCH-11UP composite system. Tyfo S epoxy was used with the FRP fan anchors,
similar to its use with the sheets. Each FRP anchor was made of 12 strips, each 12 mm
wide and 680 mm long. The strips were folded into two at mid-length and tied at the
folded end to form an anchor with an embedment length of 120 mm and a fan length of
220 mm, as shown in Figure 5.16 (a). The anchor diameters ranged from 12 to 14 mm.
The anchors were designed to have an ultimate strength equal to 40% of the ultimate
strength of the straight fibre composite to account for the strength reduction due to the
bent fibres. The ultimate anchor capacity (using an ultimate strain of 0.0042 mm/mm)
was 33.3 kN. This value matches the coupon tests conducted by Ozbakkaloglu and
Saatcioglu (2009), where they tested 81 CFRP anchors under direct pullout. Therefore,
the capacity of the two FRP anchors used for each vertical or diagonal CFRP strip is
equal to 66.6 kN. This value is 15% greater than the ultimate tensile strength of the
vertical or diagonal CFRP strips using the typical test value provided by the
manufacturer, or 57.8 kN for the strip width selected here. This would ensure the rupture
of the vertical or diagonal CFRP strips before the fracture of the FRP fan anchors. The
embedment length of 120 mm exceeded the embedment length used by Ozbakkaloglu
and Saatcioglu (2009), which was 100 mm to ensure that no bond failure would occur

between the CFRP anchor and the concrete substrate.

The holes were drilled in the bottom and top blocks, inclined towards the core of the

wall from both its faces, at an angle of 20° with the wall surface. The drilled holes had a
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diameter of 20 mm and a depth of 120 mm. The holes were cleaned using compressed
air to remove any dust prior to installation of the FRP anchor. The FRP anchor was
soaked in the Tyfo S epoxy and inserted in the drilled hole. The hole was then filled with
epoxy using a syringe. The FRP fans were soaked with epoxy and spread out as shown
in Figure 5.16 (b). It should be noted that for practical applications in existing RC shear
walls, the steel rebars could induce a real concern while drilling the holes for the
anchors. Therefore, the location of the steel rebars must be accurately predicted to avoid

hitting them during the drilling process.

rd ]
min
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Figure 5.16 FRP fan anchors used in retrofit of RW1 and RW2.
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CHAPTER 6
RESULTS OF CYCLIC TESTS

6.1 INTRODUCTION

In this chapter, the experimental results of the quasi-static cyclic loading tests on the RC
wall panels are presented. A control wall, CW, panel and two FRP-retrofitted wall panels,
RW1 and RW2, were tested while subjected to constant axial load, P, varying moment,
M, and shear force, V, at the top of the wall panel as described in Chapter 5. The test
setup and the relation between the acting forces P, M, and V were designed such that the
moment-to-shear ratio, M/VL, for the tested panels was equal to 2.75. This value matches
the moment-to-shear ratio at the sixth storey level of the 8-storey RC walls tested on the
shake table at EPM. The 8-storey wall represents a typical moderately-ductile RC wall in
a building located in Montreal, designed according to NBCC 2005. During the cyclic
tests, the loads, displacements and strains were monitored and recorded each half-second
using two data acquisition systems. The walls were monitored and inspected closely to
identify the developed cracks and their propagation till failure. This chapter describes the
seismic performance of each wall panel specimen and presents their experimental data. A
comparison between the behaviour of the control wall panel and the FRP-retrofitted

panels was carried out and is presented in detail.

6.2 CONTROL WALL (CW)

One control wall panel was tested as-built without strengthening. The CW panel was
tested by applying lateral load push and pull cycles at the top of the wall in a force-

control mode in three stages: at 20 kN, 30 kN, and at the load corresponding to yielding
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of flexure reinforcement. After the yielding of the wall flexure reinforcement, the control
mode was switched from force control to displacement control. The force control mode
was used in the pre-yielding stage, as wall displacements are very small and difficult to
control in this linear phase, and we need to carefully seek the yielding displacement
without overshooting, which would be much more difficult using a displacement control
mode. The first crack was observed near the wall’s base at 20 kN during the pull cycle, as
shown in Figure 6.1. Another horizontal crack near the wall’s mid-height was observed at
a 30 kN load during the pull cycle. Both cracks propagated at the yield load, as indicated.
The yield load was determined when the strain value of the extreme flexure reinforcement
bar reached the yield strain of 0.00225. The yield load occurred at 40.5 kN, with a lateral
displacement of 1.4 mm corresponding to a lateral drift ratio of 0.134%. After reaching
the yielding load, the wall was subjected to increasing cyclic displacements that
correspond to displacement ductility levels, pa, of 1.5, 2, 3, 4, 5, etc., up to failure. The
displacement ductility, p, is defined as the ratio of the displacement level, A, divided by
the displacement at yield, A,. Each cycle started in the push direction and was assigned a
positive notation of the lateral force and displacement. Each cycle after the yield load was
repeated twice in order to determine the strength and stiffness degradation due to the

loading repetitions.

6.2.1 Lateral Displacements of CW

The wall’s lateral displacement was measured at the top of the wall as well as at the wall
mid-height. The relationship between the applied lateral load and the wall’s top

displacement is shown in Figure 6.2. From the figure, it can be seen that after the yielding
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load, the wall showed a gain in its strength upon increasing the lateral displacement. This
is mainly due to the strain hardening of the flexural steel reinforcement up to a lateral
displacement of 4.2 mm (pa = 3.0) and drift ratio of 0.40%. After the wall yielding, more
horizontal fine cracks were observed, and they began to propagate (Figure 6.1). These
cracks did not widen, whereas it was observed that only the base crack became wider
with the increased wall displacement. As can be seen from Figure 6.2, the wall did not
show an increase in its lateral strength beyond the load cycle at a displacement of 4.2 mm
(ua = 3.0). The ultimate strength measured for the control wall at that displacement level
was +61 kN in the push direction, and -57 kN in the pull direction. The repetition of each
loading cycle resulted in strength deterioration and stiffness degradation of about 6% due
to the crack opening and closure mechanism in the respective second cycles. Concrete
crushing was observed at the toe of the wall on the compression side at a lateral
displacement of 11.2 mm, which corresponds to pa = 8.0 and drift ratio of 1.08%. The
control specimen was able to sustain a lateral displacement of 14 mm, which corresponds
to pa = 10.0 and drift ratio of 1.34%, with no strength deterioration. At the repeated cycle
of the 14 mm load cycle in the push direction, the extreme flexure reinforcement bar
ruptured and the lateral load dropped to +37 kN; i.e., the wall reached its failure limit at
this level. At the repeated cycle of the 15.4 mm (ua = 11.0) load cycle in the pull
direction, the other extreme flexure reinforcement bar ruptured and the load dropped to -
32.5 kN. The test was stopped after completing the 15.4 mm loading cycle as the wall had
reached almost 65% of its capacity in both the push and pull directions. The maximum
lateral drift that the control wall reached before failure was 1.34% at 14 mm lateral
displacement, which corresponds to a displacement ductility of px = 10.0. Figure 6.3

shows the relationship between lateral displacement measured at the wall mid-height and
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the applied lateral load. The wall mid-height displacement was measured to be, on
average, 50% of the corresponding top displacement; however the relationship is very
similar in shape to the wall’s top displacement plot. The failure mechanism of the control
wall was rupture of the extreme flexure reinforcement bars accompanied by concrete

crushing of the wall toes, as shown in Figure 6.4.

Figure 6.1 Crack pattern of the CW at failure.
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Figure 6.4 Concrete toe crushing of the CW.

6.2.2 Top Rotations of CW

The wall’s top rotation, 0, was calculated using two high accuracy displacement
transducers, P1 and P4, shown in Figure 5.8. The two transducers were fixed to the
foundation block and attached to the wall’s top block. The wall’s top rotation was
calculated from the readings of P1 and P4 using Equation 5-3, where the distance
between the transducers, a, was measured to be 1500 mm for the control wall CW. Figure
6.5 shows the variation of the wall rotation with the applied lateral load. The wall rotation
at the yield load was measured to be 0.0013 rad. This figure shows that the maximum
rotation of the wall before failure was 0.0114 rad in the push direction and -0.0133 in the
pull direction. The wall rotational ductility, pe, is defined as the ratio of the wall rotation

at certain load level to the wall rotation at the yield load. Hence, the wall was able to
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achieve a rotational ductility at failure, po, of 8.70 in the push direction and 10.2 in the

pull direction.

Push
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Figure 6.5 Lateral load-top rotation relationship for the CW.

6.2.3 Shear Deformation of CW

The shear deformation, A, was calculated using the readings of the diagonal position
transducers P2 and P3, indicated in Figure 5.8, using Equation 5-4. The distances b and ¢
in the figure were measured to be 1380 and 1640 mm, respectively. Figure 6.6 shows the
wall shear displacement plotted against the applied lateral load. The wall shear
displacement at failure was measured to be 3.9 mm at a lateral load of +61 kN in the push

direction, and -5.8 mm at a lateral load of =57 kN in the pull direction.
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Figure 6.6 Lateral load-shear displacement relationship of the CW.

6.2.4 Strains in steel reinforcement of CW

The maximum strains along the flexure rebars' lengths were recorded by the strain
gauges, SG1 and SG2, installed on the outermost flexure reinforcement bars at the wall
base as shown in Figure 5.8. The readings of SG1 and SG2, confirmed by the change in
stiffness of the lateral load-deformation relationship, were used to determine the yield
load of the specimen. The measured strains from SG1 and SG2 plotted versus the applied
lateral load are shown in Figures 6.7 and 6.8, respectively. The strain values for these two
gauges increased rapidly when the wall reached lateral displacement of 2.8 mm (pa = 2.0)
and the operational range of the gauges were exceeded (15000 micro-strain). For strain

gauges SG3 and SG4, the operational ranges were exceeded at a lateral displacement of
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4.2 mm (pa = 3.0). Figure 6.9 shows the reading of SG7 (located at the top of the wall)
versus the applied lateral load. This figure shows that the wall flexure reinforcement
yielded at the top at a lateral load of 55 kN. The maximum strain reached at the top was
almost 1.1 times the yield strain. This indicates that most of the wall nonlinearity

occurred at the wall base, as was observed during the test.

SG1||

Lateral load (kN)

CW

-80 -

Strain (microstrain)

Figure 6.7 Strain gauge SG1 readings for control wall CW.
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Figure 6.9 Strain gauge SG7 readings for control wall CW.
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The strains in the horizontal reinforcement bars were not significant, as can be observed
in Figure 6.10. The maximum strain reached in the shear reinforcement was measured to
be 550 micro-strain, which is almost 18% of the shear reinforcement yield strain (3100
micro-strain). This is attributed to the fact that the wall’s concrete contribution to the
nominal shear capacity, V., calculated according to CSA-A23.3 (2004), was 92.7 kN --

almost 50% greater than the shear force that corresponds to the wall’s flexural capacity.
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Figure 6.10 Strain gauge SG11 for control wall CW.
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6.3 RETROFITTED WALL RW1

This untested wall specimen was strengthened by applying vertical CFRP strips at the
wall extremities (boundary element zones) that are anchored to the wall’s top and bottom
blocks (representing top and bottom slabs); in addition to two overlapping horizontal C-
shaped CFRP wraps. The FRP-retrofitted wall was tested by applying lateral loads at the
top of the wall of 20 and 40 kN in force control mode to check the proper functioning of
the instrumentation. The load was then increased in a force control mode until the load
that corresponded to the yielding of flexure reinforcement was reached. The strain gauges
SG5 and SG6 installed on the flexure reinforcement at the wall mid-height (shown in
Figure 5.8) were used to monitor the strains in order to identify the yield load of the
retrofitted wall. These gauges were used because the strain gauges installed on the flexure
reinforcement bars near the wall base, SG1 and SG2, read lower values than the mid-
height gauges due to the presence of FRP anchors at their level. The yield load was
determined to be 59 kN, occurring at a lateral displacement of 1.5 mm which corresponds
to a lateral drift ratio of 0.144 %. After reaching the yield point, the wall was tested in
displacement control mode up to failure. The wall was subjected to cyclic displacements
with increasing displacement ductility levels, pa, of 1.33, 1.67, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 9.0 and 10.0. Each cycle was repeated twice until a
displacement ductility of 5.5 was reached, afterwards, each cycle was applied only once

until the test was stopped.
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6.3.1 Lateral Displacements of RW1

The relationship between the applied lateral load and the wall’s top displacement is
shown in Figure 6.11. From the figure, it can be seen that after the yield load, the wall
started to gain strength with a relatively high stiffness (as compared to the control wall
CW) upon increasing the cyclic lateral displacement. This type of gain is due to the
contribution of the vertically anchored FRP strips. The retrofitted wall RW1 was able to
reach a lateral load of +109 kN in the push direction and -103 kN in the pull direction at a
lateral displacement of 6.75 mm, corresponding to px = 4.5 and lateral drift of 0.65%. For
this wall, it was not possible to track the formation of cracks in the concrete underneath
because the wall was completely covered by FRP sheets, except for a small portion near
the wall top block at the foundation block. At the maximum lateral load level (109 kN),
cracks at the wall base were not visible due to the presence of FRP anchors that were
stitching the cracks at this level. However, cracking of the wall footing near the FRP
anchors started to propagate at this high level of force as shown in Figure 6.12, which
marked the beginning of a local footing failure due to pull out of the FRP anchors. The
repetition of each load cycle resulted in a strength deterioration and stiffness degradation

of about 4 to 5%. This value is less than the 6% value of the control wall CW.

At a lateral displacement of 7.5 mm (pa = 5.0), the wall strength started to degrade
in both the push and pull directions, and the local cracks in the wall’s bottom block
started to widen. Displacements corresponding to 20% strength degradation (Agg,) are
usually taken as an acceptable ultimate performance level (Priestley et al. 1996, Priestley

et al. 2007). At a displacement ductility of 5.5, the wall strength degraded to 78% of the
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wall ultimate strength in the push direction and 75% in the pull direction, which can be
identified as the wall’s failure displacement ductility level at a drift ratio of 0.79%. The
wall was considered to reach its failure capacity at this level, but the test was continued as
the wall was able to sustain higher displacement. However, the loading cycle was only
applied once after that level. At a lateral displacement of 9.0 mm (pa = 6.0), the strength
of the retrofitted wall RW1 almost reached that of the control wall in the pull direction.
At a lateral displacement of 10.5 mm (pa = 7.0), the wall behaviour was similar to the
control wall behaviour, and a complete pull out of the FRP anchors occurred. The test
was stopped when the wall reached a lateral displacement of 19.5 mm due to the severe
damage of the wall footing. No rupture or debonding of FRP anchors or FRP sheets was
observed. The failure mode of the retrofitted wall RW1 was pull out of the FRP anchors
at the wall base accompanied by a local concrete cone failure of the wall footing, as
illustrated in Figure 6.13. Figure 6.14 shows the wall’s lateral displacement measured at
its mid-height plotted against the applied lateral load. Similar to the control wall CW, the
wall mid-height displacement of the retrofitted wall RW1 was measured to be, on

average, 50% of the corresponding top displacement.
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Figure 6.11 Lateral load-top displacement relationship of the retrofitted wall RW1.

Figure 6.12 Local cracking of the footing of the retrofitted wall RW1 at its maximum
load.
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Figure 6.13 Failure of the FRP-retrofitted wall RW1.
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6.3.2 Top Rotations of RW1

Figure 6.15 shows the hysteretic lateral load-wall’s top rotation relationship of the
retrofitted wall RW 1. The wall rotation at the yield load was measured to be 0.0017 rad in
the push direction and -0.0021 rad in the pull direction. The figure shows that the wall
rotation at the peak load was measured to be 0.0067 in the push direction and -0.0077 in
the pull direction. The wall rotation at 80% of the wall’s ultimate capacity was 0.0072 rad
in the push direction and -0.0081 rad in the pull direction. Therefore, the wall was able to
sustain a rotational ductility, pg, of 4.2 in the push direction and 3.9 in the pull direction.
The displacement transducers that were attached to the wall’s footing were removed at a
displacement ductility of 6.0 due to local failure of the wall footing which marked the

wall’s failure limit.
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Figure 6.15 Lateral load-top rotation relationship for the retrofitted wall RW1.
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6.3.3 Shear Deformation of RW1

Figure 6.16 shows the lateral load-shear displacement (A;) relationship. In the calculation
of the wall shear displacement, the values of b and ¢ in Equation 5-4 were measured to be
1360 and 1600 mm, respectively. The wall shear displacement at the ultimate load was
measured to be 0.36 mm in the push direction and -0.82 mm in the pull direction. The
shear displacement measured at 80% of the maximum load was 1.16 mm in the push

direction and -1.70 mm in the pull direction.
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Figure 6.16 Lateral load-shear displacement relationship for the retrofitted wall RW1.
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6.3.4 Strains in steel reinforcement of RW1

The maximum strains in the flexural reinforcement of the FRP-retrofitted wall RW1 were
recorded from the strain gauges installed on the outermost flexure reinforcement rebars at
the wall mid-height, SG5 and SG6, (as depicted in Figure 5.8). The recorded strain
readings from SG1 and SG2 at the wall base were smaller than those of SG5 and SG6 due
to the presence of FRP anchors that acted as additional local reinforcement at the wall
base, which reduced the strain values in the adjacent steel reinforcement at that level. The
yield load was determined according to the reading of SG5 and SG6. Figures 6.17 and
6.18 show the measured strains from SG1 and SGS5, respectively, plotted versus the
applied lateral load. The maximum recorded strain in the horizontal reinforcement bars at
SG12 was 624 micro-strain, as shown in Figure 6.19. This small strain value in the shear
reinforcement rebars was mainly due to the contribution of the CFRP wraps as shear

reinforcement.
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Figure 6.17 Strain gauge SG1 readings for retrofitted wall RW1.
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Figure 6.18 Strain gauge SG5 readings for retrofitted wall RW1.
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Figure 6.19 Strain gauge SG12 readings for retrofitted wall RW1.
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6.3.5 Strains in FRP sheets of RW1

Figures 6.20 to 6.22 show the readings of the strain gauges installed on the vertical FRP
strips at different locations. The readings indicated that the pull out of the FRP anchors
occurred before the FRP sheets reached their ultimate rupture strain capacity (10500
micro-strain). The maximum recorded vertical strain of the vertical FRP strips was 5300
micro-strain, which is almost half the composite ultimate strain. As can be seen in the
figures, the vertical FRP strips stretched when the wall was pushed in one direction, and
then the strips were compressed when the load was reversed. By comparing the readings
of FRP-SG4 and FRP-SG12, a minor difference in the strain readings can be noticed,
which indicates that there was no significant out-of-plane deformations that could have
resulted from misalignment or asymmetry. Figure 6.23 shows the horizontal strain
reading in the confining CFRP sheet wrapped around the wall’s boundary zones. The
figure indicates that the maximum horizontal strain recorded near the wall toe was 1230
micro-strain. The strains in the CFRP horizontal wraps were insignificant (maximum of

160 micro-strain), mainly because the wall behaviour was not dominated by shear.
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Figure 6.20 Strain gauge FRP-SG1 readings for retrofitted wall RW1.
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Figure 6.21 Strain gauge FRP-SG4 readings for retrofitted wall RW1.
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Figure 6.22 Strain gauge FRP-SG12 readings for retrofitted wall RW1.
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Figure 6.23 Strain gauge FRP-SGS8 readings for retrofitted wall RW1.
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6.4 RETROFITTED WALL RW2

This untested wall was strengthened by applying diagonal CFRP strips that are anchored
to the wall top and bottom blocks, in addition to horizontal C-shaped CFRP strips at the
wall top and base. The FRP-retrofitted wall RW2 was tested by applying cyclic force-
controlled lateral load excitations at the top of the wall of 20 kN and 40 kN, followed by a
load cycle to the yield load. The control mode was then switched to displacement control.
The wall’s first crack was observed after the pull cycle of -20 kN at almost the mid-height
of the wall panel, as can be observed in Figure 6.24. The yield load was determined using
the strain gauges installed on the flexure reinforcement at the wall mid-height, SG5 and
SG6, (as shown in Figure 5.8) similar to wall RW1. The load at yielding of flexure
reinforcement was 48 kN at a lateral displacement of 1.5 mm, which corresponds to a
lateral drift ratio of 0.144%. After reaching the yield load, the wall was tested in
displacement control mode up to failure. The wall cyclic displacement was increased to
displacement ductility levels, pa, of 1.33, 1.67, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0,
6.5, 7.0, 8.0, 9.0 and 10.0, similar to wall RW1. Each cycle was repeated twice until a
displacement ductility of 7.0 was reached; each cycle was then applied only once until the

test was stopped.

6.4.1 Lateral Displacements of RW?2

The hysteretic relationship between the applied lateral load and the wall’s top
displacement is shown in Figure 6.25. From the figure, it can be seen that after reaching
the yield load, the wall continued to gain strength with relatively high stiffness while

increasing the lateral displacement due to the contribution of the diagonal FRP strips as
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well as the strain hardening of the flexural steel reinforcement. Upon cyclic loading,
several cracks were developed in the wall and they continued to propagate until the wall
reached a lateral displacement of 3.75 mm (pa = 2.5) as shown in Figure 6.24. Upon
increasing the wall cyclic displacement above this level, no further crack propagation or
initiation occurred, but the existing cracks widened especially the crack just above the
bottom CFRP wraps. It is believed that widening of the main crack above the horizontal
CFREP strip and its opening and closure during successive cycles resulted in maintaining a
relatively stable lateral load resistance of the wall while increasing its ductility and energy
dissipation capacity. The retrofitted wall was able to resist a lateral load of +92 kN in the
push direction and -84 kN in the pull direction at a lateral displacement of 6.75 mm,
corresponding to a displacement ductility pa = 4.5 and lateral drift of 0.65%. The
repetition of each load cycle resulted in a strength deterioration and stiffness degradation
of about 3 to 4% due to the second cycle. This value is less than the 6% value of the
control wall CW, and less than the 4 to 5% for the retrofitted wall RW1. At a lateral
displacement of 9.75 mm (corresponding to pa = 6.5), the CFRP diagonal strips debonded
from the concrete surface while they were still properly attached to the top and bottom
FRP anchors with no signs of pull out or local cracks at the anchorage zones. At a lateral
displacement of 12.0 mm (pa = 8.0), crushing of the concrete above the well-confined end
zones by means of the horizontal CFRP wraps was noticed, and a small portion of the
diagonal FRP strip started to rupture. At this displacement level, the wall strength started
to degrade in the push direction but the wall was still able to resist more than 80% of its
ultimate strength. Therefore, the wall was able to sustain a displacement ductility of 8.0 in
the push direction corresponding to a lateral drift ratio of 1.15%. At a lateral displacement

of 13.5 mm (ua = 9.0), the wall strength degraded significantly and more portions of the
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diagonal FRP strips resisting the pull cycles ruptured. At this displacement ductility level,
cracking of the wall footing was observed at the right side of the wall, which indicated the
pull out of FRP anchors at that location, accompanied by a local concrete cone failure of
the wall footing. The wall was considered to reach its failure capacity at this level, but the
test continued as the wall was still capable of undergoing higher displacement levels. At a
lateral displacement of 15.0 mm (pua = 10.0), a complete rupture of the FRP diagonal
strips in one direction occurred and the concrete experienced more damage in both the
pull and push directions. However, the wall was able to carry 82% of its ultimate strength
in the pull direction at this displacement. This resulted in a displacement ductility of the
wall in the pull direction of 10.0 corresponding to a lateral drift ratio of 1.43%. Figure
6.26 shows the rupture of the FRP diagonal sheets of the retrofitted wall RW2. Buckling
of the outermost flexure reinforcement bars was observed, as indicated in Figure 6.27.
The wall reached 66% of its ultimate strength and the test was stopped at that level due to

the severe damage occurred.

The failure mechanism of the retrofitted wall RW2 was identified as a rupture of the
diagonal FRP strips resisting the pull cycles and pull out of the FRP anchors resisting the
push cycles, as shown in Figure 6.28. The failure was accompanied by concrete crushing
above the confined concrete zone wrapped with horizontal CFRP wraps, and buckling of
the steel reinforcement bars at both sides of the wall. Figure 6.29 shows the wall’s
hysteretic lateral load-mid-height displacement relationship. From the figure, it can be
seen that the wall displacement at the mid-height was almost 40% of the wall top

displacement at different displacement levels.
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Figure 6.24 Crack pattern of the FRP-retrofitted wall RW2.
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Figure 6.25 Lateral load-top displacement relationship for the retrofitted wall RW2.
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Figure 6.27 Concrete crushing and buckling of the flexure reinforcement.
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Figure 6.28 Pull-out of FRP anchors for the retrofitted wall RW2.
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Figure 6.29 Lateral load-mid-height displacement relationship for the retrofitted wall

RW2.
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6.4.2 Top Rotations of RW2

Figure 6.30 shows the hysteretic lateral load—rotation relationship of the retrofitted wall
RW?2. The rotation of the wall at the onset of yielding of the longitudinal reinforcement
bars was measured to be 0.002 radian in both the push and pull directions. The wall
rotation at the ultimate load was measured to be 0.008 in both directions. The wall
rotation at 80% of the wall’s ultimate capacity was measured to be 0.0132 radian in the
push direction and 0.0194 rad in the pull direction. Therefore, the wall was able to sustain
a rotational ductility, g, of 6.6 in the push direction and of 9.7 in the pull direction. The
unsymmetrical rotation of the wall occurred at the last two cycles at displacements of
13.5 and 15.0 mm due to the excessive buckling of the wall flexure reinforcement rebar
on the wall’s right side -- more than the on left side, which resulted in higher rotational

demand of the wall during the pull cycle.
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Figure 6.30 Lateral load-top rotation relationship for the retrofitted wall RW2.
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6.4.3 Shear Deformation of RW2

Figure 6.31 shows the hysteretic shear displacement, A, variation with the applied lateral
load. In the calculation of the wall’s shear displacement, the values of b and ¢ in Equation
5-4 were measured to be 1360 and 1600 mm, respectively. The wall shear displacement at
the ultimate load was measured to be 0.15 mm in the push direction and -0.24 mm in the
pull direction. The shear deformation measured at 80% of the ultimate load was 1.14 mm

in the push direction and -2.10 mm in the pull direction.
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Figure 6.31 Lateral load-shear displacement relationship for the retrofitted wall RW2.
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6.4.4 Strains in steel reinforcement of RW2

Similar to the retrofitted wall RW1, the maximum strains in the flexural reinforcement of
FRP-retrofitted wall RW2 were recorded from the strain gauges installed on the
outermost rebars at the wall mid-height, SG5 and SG6 (Figure 5.8). The strain readings
from SG1 and SG2 at the wall base were smaller due to the presence of FRP anchors. The
yield load was determined according to the reading of SG5 and SG6. Figures 6.32 and
6.33 show the variation of the measured strains from SG1 and SG5 plotted with the
applied lateral load, respectively. From the figures, it can be seen that SG1 recorded a
strain value of 2200 micro-strain at the peak load, whereas for SGS5, the strain value at the
peak load reached 7750 micro-strain. For SG1 and SGS, the operational range of the
gauges was exceeded after a lateral displacement of 10.5 mm and 9 mm, respectively.
The maximum strain in the horizontal reinforcement bars was recorded at SG13 and was
880 micro-strain. Figure 6.34 shows the variation of the measured strain from SG13 with

respect to the applied lateral load.
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Figure 6.32 Strain gauge SG1 readings for retrofitted wall RW2.
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Figure 6.33 Strain gauge SG5 readings for retrofitted wall RW2.
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Figure 6.34 Strain gauge SG13 readings for retrofitted wall RW2.
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6.4.5 Strains in FRP sheets of RW2

Figures 6.35 to 6.38 show the readings of the strain gauges installed on the diagonal FRP
strips at different locations. The readings indicate that the FRP diagonal strips reached a
strain of 13500 and 12200 micro-strain for the strips that experienced rupture, which
exceeded the manufacturer’s typical test value for the composite. The other FRP strips
reached a maximum strain of 7300 micro-strain, which is almost 70% of the typical
manufacturer test values. As can be seen in the figures, the diagonal CFRP strips were
elongated while the wall was pushed in one direction, and then the strips were still
elongated with a smaller strain when the load was reversed. This behaviour is different
than the behaviour of the vertical CFRP strips observed in the retrofitted wall RW1
(Figures 6.20 to 6.22). A major difference in the shape of load-strain curves of the
vertical CFRP strips of RW1 and the diagonal strips of RW2 can be also observed. Figure
6.39 shows the strain reading in the confining CFRP sheet around the wall’s boundary
zones. The figure indicates that the maximum strain recorded near the wall toe was 1050
micro-strain. The maximum recorded strain in the FRP horizontal wraps was insignificant

(160 micro-strain), as the wall behaviour was not dominated by shear.
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Figure 6.35 Strain gauge FRP-SG3 readings for retrofitted wall RW2.
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Figure 6.36 Strain gauge FRP-SG2 readings for retrofitted wall RW2.
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Figure 6.37 Strain gauge FRP-SG9 readings for retrofitted wall RW2.

Strain (microstrain)

136

5000

-
s
s

‘ F

RPSGI2 )
N |

////

RW2-Back

Figure 6.38 Strain gauge FRP-SG12 readings for retrofitted wall RW2.
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Figure 6.39 Strain gauge FRP-SGS readings for retrofitted wall RW2.

137



6.5 COMPARISON OF TEST RESULTS

In the following sub-sections, the measured responses of the three tested wall panel
specimens are compared. The seismic performance enhancement of the studied wall
panels is evaluated in terms of strength, stiffness, ductility, energy dissipation,

displacements, strains and rotations.

6.5.1 Envelope of lateral load-drift relationship

Figure 6.40 shows the envelope of the lateral load-drift ratio relationships for the three
tested walls. This envelope shows that the control wall was characterized by ductile
behaviour with an average flexural capacity (for both push and pull cycles) of 59 kN and
a drift ratio of 1.47%. The control wall was able to reach a displacement ductility value,
pa, of 10.0, measured at 20% strength degradation after the peak load. The retrofitted
wall RW1 showed an increase of 80% in the flexural capacity compared to the control
wall, accompanied by a decrease of the wall’s displacement ductility. The retrofitted
wall RW1 reached a displacement ductility of 5.5, measured at 20% strength degradation
after the peak load. The yield load was measured to be 46% higher than the control wall
at a 7% higher yield displacement. The load-drift relationship for wall RW1 is the
typical relationship expected for any FRP-retrofitted element where the flexural capacity
is to be increased. The sudden post-peak strength degradation could arise from the brittle
rupture of FRP sheets, debonding, rupture of FRP anchors, or pull out of FRP anchors
accompanied by concrete cone failure, as was the case for wall RW1. The main target of

the retrofit scheme for RW1 was to increase the wall flexural capacity at levels that were
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subjected to demands higher than the design ones. Therefore, the wall ductility is

considered to be a secondary parameter that can be overlooked.

120 ~
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Lateral load (kN)

—&— Control wall CW
—=— Retrofitted wall RW1
-90 —a— Retrofitted wall RW2

Pull

-120 -
Drift (%)

Figure 6.40 Envelope for lateral load-drift ratio relationships for the tested walls.

The retrofitted wall, RW2, showed a 50% increase of flexural capacity compared to the
control wall, accompanied by similar displacement ductility. The retrofitted wall RW2
reached a displacement ductility of 9.0 measured at 20% strength degradation after the
peak load. The yield load was 19% higher than that of the control wall, at 7% higher
yield displacement. The retrofitted wall RW2 was designed to have the same flexural
capacity of wall RW1. Interestingly, RW2 was found to have less flexural capacity with
much higher displacement ductility, as can be observed in Figure 6.40. This unique

behaviour of RW2 combines both the benefits desired; the high strength of wall RW1
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and the high ductility of the control wall CW. This observed behaviour serves to
promote the adoption of similar retrofit schemes at the plastic hinge regions where
higher flexural capacity is required without sacrificing the wall ductility and energy

dissipation capacity.

The flexural capacity of wall RW2 was measured to be less than the capacity of RW1
due to the fact that both diagonal FRP strips for RW2 were being stretched while the
wall was pushed (or pulled), as can be seen from the strain gauge readings in Figures
6.35 to 6.38. This is different than the behaviour of wall RW1, where the vertical FRP
strips were stretched on one side of the wall while being compressed on the other side,
as represented in Figures 6.20 to 6.22. This specific behaviour of RW2 is attributed to
the wide cracks propagated between the top and bottom horizontal CFRP wraps along
the wall height. These wide cracks did not close completely when the load reversed and
the concrete came under compression, which resulted in a residual elongation of the FRP
diagonal strips. This phenomenon is explained using the schematic diagram in Figure
6.41. The figure shows the relation between the strains of the diagonal FRP strips during
a certain load cycle. From the figure, it can be seen that while the diagonal CFRP strip A

is being stretched with a high strain value, €, due to the pull cycle shown, the other
diagonal strip B is also stretched with a smaller strain value, &€,, due to the residual

elongation in the fibres caused by the wall cracking. This means that the FRP strips were
acting against each other and that the net effective FRP contribution, F,, to the total

shear force, F, can be obtained using the following formulas:
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F, =€ 2B Agp (6-1)

Fy = &5 pEa Ay (6-2)
F.. =F, cos0—F;cos0=(gg , —€;) E; Ay cOsO, (6-3)
Foat = €10 E Ay, 086, (6-4)
where g, is the equivalent net strain of the FRP strips which is equal to the difference

between &, and &, Egp is the elastic modulus of the fibre composite, Ay is the

fibre cross sectional area, and 0 is the angle between the fibre direction and the

horizontal axis.

The maximum average net strain &,, measured for wall RW2 at the maximum load

prior to the wall strength degradation was 0.004. However, for RW1, the maximum
average strain of the vertical CFRP strips was 0.0054. This resulted in a lower flexural
capacity of the retrofitted wall RW2 compared to wall RW1, despite the higher FRP
strains observed for RW2. The accumulation of permanent strains in the flexure steel
reinforcement, the opening of RW2’s horizontal cracks above the horizontal FRP strips,
and the ability of the diagonal FRP strips to stretch as the cracks widen allowed the
retrofitted wall RW2 to sustain high lateral displacements while maintaining its strength.
On the other hand, the vertical CFRP strips of wall RW1 controlled the opening of
RW1’s horizontal cracks as the cracks were normal to the fibre direction (observed from
the control wall specimen), resulting in a lower displacement ductility capacity of the

wall. The maximum average strain of the vertical CFRP strips of wall RW1 was 37%
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higher than the average net strain of the diagonal FRP strips for wall RW2, and was

measured at half the displacement ductility of RW2.

=]
AM Fg; FAA
e R F 2 2
L__ N T __
F
[VERN //
AN Ry
} \\\ > } 3 !5 - !
N/ >
|
| A N\ B | 8frpA 8frpB
| /// \\\
0 N\ 8A SB
| | ) ‘

Figure 6.41 The strain in the FRP diagonal strips for the retrofitted wall RW?2 at a certain
load cycle.

It is also worth noting that the nominal capacities of the retrofitted walls, RW1 and
RW2, were measured as higher than those calculated using section analysis and strain
compatibility at the same net strain measured during the tests. This is attributed to the
mechanical properties of the FRP sheets, which were found to be higher than those
provided by the manufacturer. The measured forces and strains of the retrofitted walls
showed that the product of fibre cross sectional area Ag, times the elastic modulus of the
fibre composite Egp, was estimated to be 160% higher than the typical value provided by
the manufacturer. Table 6.1 shows the calculated nominal capacities of the retrofitted
walls using typical manufacturer mechanical properties alongside the proposed ones

compared to the experimental nominal capacities.
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Table 6.1. Measured and calculated capacities for the retrofitted walls.

E imental Experimental Analytical V, Analytical V,
Wall X\I/)er;:;ell 21| FRP net strain (kN) (kN)
u (kN) (Enet) (manufacturer) (proposed)
RW1 106.0 0.0054 70.0 101.0
RW2 88.0 0.004 63.5 85.5

* Average capacity of push and pull cycles

6.5.2 Peak-to-peak lateral stiffness

The peak-to-peak lateral stiffness of the control wall and the FRP-retrofitted walls are
shown in Figure 6.42 and Table 6.2, both of which clearly indicate the continuous
reduction of the walls' lateral stiffness with the lateral drift increase. Table 6.2 also
shows the stiffness degradation that occurred due to the second cycle of loading. The
figure shows that the retrofitted wall RW1 had the highest stiffness due to the presence
of the vertical FRP strips, up to a lateral drift of 0.71%. It can be seen from the table that
the retrofitted wall RW1 had on average a 50% higher stiffness than the control wall CW
after the yield load and prior to failure of RWI1. This higher stiffness would result in
higher seismic forces being attracted to the wall during the ground motion excitation, as
was observed during the shake table tests described in Chapter 4. It should be noted that
the strengthened walls tested in the cyclic tests had higher stiffness than the rehabilitated
ones tested in the shake table tests due to the damage that occurred to the latter walls

prior to the rehabilitation process.
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It can be also observed that the retrofitted wall RW1 had on average a 15% higher
stiffness than wall RW2, which would result in higher seismic forces being attracted to
wall RW1 compared to RW2. However, in this study, the retrofitted wall using vertical
FRP strips, RW1, attained almost 20% higher strength than the one using diagonal strips
RW2, which may be sufficient to withstand the additional forces attracted to the wall

due to the higher stiffness.

—— Control wall CW
—a— Retrofitted wall RW1
—e— Retrofitted wall RW2

Peak-to-peak lateral stiffness (kN/mm)
w B
o o

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Drift (%)

Figure 6.42 Peak-to-peak lateral stiffness-drift ratio relationships of the tested wall
panels.
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Table 6.2 Experimentally measured peak-to-peak lateral stiffness (kN/mm).

Wall | Cycle | 0.5A, | A, | 2A, | 2.5A, | 3A, | 3.5A, | 4A, | 45A, | 5A, | 554, | 6A, | 6.5A, | 7A, | 8A, | 9A, | 10A
1| 326 | 272 | 176 60 | 53 | 47 | 41
CcW
| 318 | 264 | 168 57 | 50 | 45 | 34
1% | 69.6 | 351 | 265 | 238 | 212 | 19.1 | 173 | 156 | 120 | 86
RW1
| 689 | 345 | 259 | 227 | 206 | 186 | 168 | 146 | 108 | 8.0
1% | 444 | 311 | 244 | 212 | 184 | 163 | 145 | 130 | 11.7 | 105 | 95 | 88 | 82 | 67 | 54 | 44
RW2
2 | 440 | 300 | 234 | 203 | 178 | 157 | 141 | 125 | 113 | 101 | 92 | 86 | 78
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6.5.3 Top Rotations

Figure 6.43 shows the envelope of the lateral load-top rotation relationships for the three
tested walls. This figure shows that retrofitted wall RW2 was able to sustain higher
rotation at the wall top compared to the control wall CW, whereas the retrofitted wall
RWI1 was only able to sustain 65% of the rotation of the control wall. This indicates that
the retrofit scheme used for RW2 is able to improve the overall rotational ductility
capacity of the wall while increasing its flexural capacity. Therefore, such a retrofit
scheme will be efficient in the retrofit of multi-storey RC walls at the plastic hinge
regions. On the other hand, the retrofit scheme used for wall RW1 is not recommended

for cases where the wall rotational ductility capacity is to be maintained.
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Figure 6.43 Envelope for lateral load-top rotation relationships for the tested walls.
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6.5.4 Shear Deformations

Figure 6.44 shows the envelope for the lateral load-shear displacement relationship for
the three tested walls. The figure shows that the shear deformations of the retrofitted
wall RW2 was almost 30% of the shear deformation of the control wall, although they
did reach similar lateral displacement. This result is attributed to the application of the
X-FRP strips, which increased the shear resistance of the retrofitted wall and hence
reduced its shear deformations. The figure also indicates that the retrofit scheme of RW1

was able to reduce the wall’s shear deformation by about 70% compared to the control

wall.
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Figure 6.44 Envelope for lateral load-shear displacement relationships of the tested walls.
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6.5.5 Energy Dissipation

The energy dissipated by each of the tested walls for each load cycle was calculated using
the area enclosed by the load-displacement hysteretic loop. The cumulative energy
dissipated by the tested walls was calculated at each displacement level and plotted in
Figure 6.45. From that figure, it can be concluded that the three walls dissipated almost
the same energy at the same displacement level up to a lateral displacement of 7.5 mm
when the retrofitted wall RW1 reached 80% of its maximum load. The retrofitted wall
RW2 was able to dissipate almost 3.4 times the energy of wall RW1 when it reached a
lateral displacement of 12 mm. At this lateral displacement level, the retrofitted wall
RW2 was able to dissipate 92% of the energy dissipated by the control wall CW at the
same lateral displacement. Figures 6.46 and 6.47 illustrate the lateral load-top
displacement hysteretic loop for one cycle of the retrofitted walls RW1 and RW2
compared to the control wall CW, respectively. These figures show that the hysteretic
loops for the FRP-retrofitted walls are narrower due to the elastic behaviour of the FRP
composite material, while the peak loads for the FRP-retrofitted walls are higher. This
resulted in almost equal energy dissipated for each cycle of the control wall and of the
FRP-retrofitted ones. From the figures, it can be also seen that the FRP-retrofitted walls
exhibited less pinched behaviour than the control wall. This response is attributed to the
application of the vertical or diagonal CFRP strips that controlled the concrete cracking
which decreased the pinching effect. In Figure 6.47, some pinching can be observed for
the retrofitted wall RW2 due to the closure of the wide concrete cracks observed for RW2

during the test, as was discussed earlier.
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Figure 6.45 Cumulative energy dissipation of the tested wall panels.
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Figure 6.46 Lateral load-top displacement relationship for one cycle of RW1 compared
to CW.
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Figure 6.47 Lateral load-top displacement relationship for one cycle of RW2 compared
to CW.

6.5.6 Permanent Deformation Control

Controlling the wall’s permanent deformations after a severe ground motion is an
important aspect of a proper seismic retrofit technique, as was discussed in Chapter 2
(Figure 2.1). By comparing the lateral load-top displacement relationships of the control
wall CW and the FRP-retrofitted wall RW2 shown in Figures 6.2 and 6.25, it can be seen
that the diagonal FRP braces of RW2 were able to control the wall’s residual
deformations after reaching a high displacement ductility level. These figures show that
the control wall CW had a residual displacement of 8.3 mm (average of pull and push
cycles) at the load cycle of 12.6 mm (9A,), whereas the retrofitted wall RW2 had a
residual displacement of just 4.8 mm at a similar load cycle of 12.0 mm (8A,). This

indicates that the retrofit scheme of RW2 allowed the retrofitted wall to deform well
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before failure similar to the control wall but with fewer permanent deformations. On the
other hand, it is worth noting that the RW1 retrofit scheme was able to significantly
control the wall’s permanent deformations but it did not allow the wall to reach the same
ductility levels as those of the control wall CW or of the second FRP-retrofitted wall,

RW2.

6.5.7 Seismic Force Modification Factors

Seismic force modification factors are being used in several codes to reduce the seismic
forces calculated based on the elastic behaviour of a structure. These factors take into
account the ductility and the energy dissipation capacities of a structure’s seismic force
resisting system (SFRS). In the National Building Code of Canada (NBCC 2005), a
ductility-related force modification factor,R,, and an overstrength-related force
modification factor, R, , are utilized. The equal displacement approach can be used to
determine the structure inelastic deformations based on the calculated elastic
deformations and the modification factors R,,R, (Mitchel et al. 2003). The equal
displacement approach is employed in most force-based design codes to calculate the
factor R, according to the displacement ductility level reached experimentally by the
SFRS (Priestley et al. 2007). In the calculation of R,, the nonlinear load-displacement
relationship of the tested wall can be idealized to a bilinear relationship in order to have a
common basis while comparing the walls' behaviour, as shown in Figure 6.48. The R,

value is defined as the ratio of the elastic lateral load V. to the idealized ultimate wall

capacity V,, which is equal to the ratio of Agg, and A, by similar triangles as shown in
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Figure 6.48, where A g, is the lateral displacement measured at 80% of the wall ultimate

load and A, is the idealized yield displacement.

The R, value is defined as the ratio between the wall ultimate load V, and the design
capacity V4 amplified by 5% to account for a conservative design due to restricted
dimensions and bar sizes, and which was measured as between 5 to 10% according to
Mitchel et al. (2003). The design capacities of the tested walls were calculated according
to the CSA A23.3-04 (2004) specifications. The contribution of the compression steel
reinforcement to the wall capacity was included in the calculation to reach a conservative
estimate of R,. The concrete and steel material properties were calculated using the
concrete cylinder tests and the steel coupon tests described in Chapter 5. The CFRP
composite mechanical properties provided by the manufacturer were used in the design.
Table 6.3 shows the seismic force modification factors calculated for the three tested
walls and the parameters used in their calculation. From the table, it can be seen that
the R,.R value for the control wall CW was calculated to be more than three times the
value of 2.8 used in the NBCC 2005 for moderately ductile shear walls. This was
attributed to the high displacement ductility observed for the control wall during the test
which resulted in a high value of R,. For the retrofitted wall RW1, the R,.R value was
82% higher than the NBCC value for moderately ductile walls. For wall RW2, the

R, .R value exceeded the NBCC value for ductile walls, which is 5.6. It should be noted

that the displacement ductility, pa, of the retrofitted walls would have been higher if the
walls were subjected to partial damage before the FRP-retrofit, as was the case for the 8-

storey walls tested using the shake table. Therefore, it is recommended that more
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experiments should be conducted to confirm the values of seismic force modification

factors for FRP-retrofitted walls.
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Figure 6.48 Definition of ductility-related and overstrength-related modification factors.

Table 6.3 Seismic response modification factors.

Design . Force modification
. Experimental results
Wall capacity factors
Vd Vy Ay Ke Vu A0.8
(kN) (kN) | (mm) |(kN/mm) | (kN) (mn;l) Paosu| Ra | Ro | RaR,

Cw 47.2 40.5 1.4 289 59 14.4 10.3 7.2 1.25 9.0

RW1 57.5 59 1.5 39.3 106 8.0 53 2.67 | 1.94 5.1

RW2 57.5 48 1.5 32.0 88 12.7 85 | 433 | 1.60 6.9
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CHAPTER 7

NUMERICAL MODELING OF FRP-RETROFITTED WALL
PANELS

7.1 INTRODUCTION

This chapter discusses the numerical macro-model used to simulate the seismic behaviour
of the tested control wall panel and the FRP-retrofitted panels. The constitutive material
models and the properties of each model are presented along with the modeling
assumptions. The numerical model was calibrated using the experimental results of the

cyclic loading tests presented in Chapter 6.

7.2 NONLINEAR ANALYSIS OF THE TESTED WALL PANELS

Non-linear static analysis was conducted for the control wall CW and the FRP-
retrofitted walls RW1 and RW2. A macro-modeling software for three-dimensional
nonlinear static and dynamic structural analysis CANNY (Li 2008) was selected for the
analysis. The software was used to simulate the seismic response of existing non-ductile
RC frame structures rehabilitated using FRP for increased ductility of members (Galal
and El-Sokkary 2008) as well as in the analysis of non-ductile RC frame structures

rehabilitated using RC shear walls (El-Sokkary and Galal 2009).

7.2.1 Program description
CANNY (Li 2008) is capable of performing different types of nonlinear analyses,
e.g. push over analysis, dynamic analysis, pseudo dynamic analysis, etc. The program has

a library of linear and nonlinear models that can represent different types of backbone
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curves: linear, bilinear, tri-linear and degradation models. Different hysteretic behaviour
can be represented using these models, as well as stiffness degradation, strength
deterioration and pinching behaviour. The software is able to account for P-A effect in the

analysis.

7.2.2 Selected models for analysis
7.2.2.1 Multi-axial spring model (MS model)

The multi-axial spring model is able to represent the interaction of flexural and
axial (tension or compression) deformations of column or wall elements. In this model,
shear deformations can be represented using a shear spring, in which shear deformations
can be linear or nonlinear according to the hysteretic rule used for that spring. A column
or wall element is modeled as a linear element with nonlinear multi-axial spring elements
at its ends, as shown in Figure 7.1. The spring properties can represent the constitutive
material (i.e. concrete and steel) stress-strain relationship. The initial stiffness of the

spring is based on equivalent plastic zone stiffness, which can be calculated by:

K, = E4, (for the i" spring) e (7-1)
nL,
f.=0.4,, (for concrete) e (7-2)
fy=04,4;, d =¢&.nL, (forsteel) e (7-3)
where

K, is the initial stiffness of the springs;

E, is the material Young’s modulus;

A, is the area represented by the springs;
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£ are the concrete material compressive strength and corresponding strain;

€., are the steel material yield stress and strain;

sy> ©sy
n is the ratio of the plastic zone length to the member clear length, and is
taken empirically as half the depth of the member cross-section; and
L, is the clear length of the member.

y"’ i-spring
/
® —i
X;
(@] i
— O
o o
@ @

Line
element Lo

a) Columns with MS element b) MS element and the forces
and displacements (positive)

Figure 7.1 Multi-axial spring model (Li 2008).
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7.2.2.2 Linear elastic models (link element)

These models are able to represent the tension/compression force-displacement
relationship of a link element with no bending, such as truss or brace members. The link
element is modeled as a linear elastic line element with two single-component axial
springs. The main input data for this model is the element’s force-displacement backbone
curve. In this study, the link element was used to represent the FRP vertical or diagonal

strips used in the retrofit.

7.2.3 Proposed model

The RC wall panel was modeled using CANNY wall element whereas the FRP
strips were modeled using link elements as shown in Figure 7.2. The wall element has
four nodes at the corners in addition to an optional node that can be located at the mid
points of the top and bottom boundaries. The adjacent panels have compatible
deformations at their common three nodes that connect them. A multi-axial spring model
is used to represent the flexural and axial tension/compression interaction of the wall
elements. The shear deformations can be idealized using a shear spring. Multi-linear
curves are used to represent the stress-strain (or force-deformation) relationship for the
concrete and steel materials. In the current analysis, the shear deformations were assumed
to be linear, as the walls' behaviour was governed by flexure. The moment-to-shear ratio
(M/VL) for the tested wall panels was taken into account by adding an additional rigid
wall panel that would behave elastically on top of the studied panel. The lateral
displacement was applied at the top of the rigid panel, which resulted in a moment at the

top of the studied panel corresponding to the top moment applied during the cyclic tests.
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Figure 7.2 The macro-models used for the tested wall panels.

7.2.3.1 Concrete model CS4

Figure 7.3 shows the CS4 model, used to represent the concrete material. This
model has a compression ascending part in the linear elastic curve. After reaching the
maximum strength, the step-down rule is applied for the descending branch on the
compression and on the tension sides to solve for negative stiffness. In this rule, the
software uses a very slight positive stiffness (almost equal to zero) and evaluates the
element resistance in negative stiffness, and then the unbalanced force which is the
difference between the element resistance and the required force for equilibrium is
corrected in the next iteration.

The unloading stiffness degradation is calculated as follows:
KCU (dC /dm )7 ljf dm >dC

K if d,<d,
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cu

K, if $=0

¢‘fc +fm . _
YRR if d <d. . (7-5)
PSS :
611K, +d, if dy) d.

The tensile strength of concrete is considered only if the tensile strength f; and the

parameter T are specified. T > 3.0 represents the tension descending portion after reaching

the maximum tensile strength f;.

Our model utilized the following parameters:

Strain at maximum compressive strength = 0.002 mm/mm

Ultimate strain/strain at maximum compressive strength ratio p = 1.75
Post-peak residual strength/maximum compressive strength ratio A = 0.4
Post-peak unloading stiffness parameter y = 0.2

Tension descending part after tension crack t = 3.0

Unloading stiffness parameter before peak stress ¢ = 2.0

Maximum tensile strength f; =4.0 MPa.
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Figure 7.3 Concrete model, CS4, used to represent the concrete material. (a) Skeleton
curve, (b) Compression reloading before cracks closing (Li 2008).
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7.2.3.2 Steel model SS3

Figure 7.4 shows the trilinear/bilinear model SS3 that is used to represent the steel
material. This model is able to represent the stiffness degradation of the whole section
before yielding, which can result from cracking or bond slippage of tension
reinforcement. The stiffness is reduced before reaching the yielding point by reducing the
yielding point from point P; to point P, and then the curve is connected to point P; which

corresponds to a spring yield displacement « d_,, where k is equal to 1.0 for a bilinear

sy?

curve. The trilinear model was used to simulate the yielding and strain hardening of the

steel material.

The unloading stiffness calculation depends on whether both the tension and

compression steel has yielded or not; if yielding has not occurred then:

Su—0f, fu—0f,
or

d —of /K d —of IK o0
K - e (7-6)

K if ¢=0

s

min of

where ¢ defines the target points A, 4" as shown in Figure 7.5. If ¢ is set to zero then no

unloading stiffness degradation occurs before yielding. If yielding has occurred in either

tension or compression then:

fo—0f, or fo—0f,

min of 7 F K 7 K if ¢ ) 0
Kd — i ! Kd _— ; ;
K, = v~ Ty R R (7-7)
K if ¢=0
sl —xd )
K,=K,| ———| ,whered, >xd, ,d, <x'd, ... (7-8)
u u dm —d:n m sy m sy
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When the compression unloading curve passes the horizontal axis and F <8.f,,, then the

loading toward tension maximum point, M', where 0 is the factor defining the unloading
end point. The parameters taken for this model in our study are as follows:

Skeleton curve parameters v and x = 0.8 and 4.0

Post-yielding parameter 8 = 0.01

Parameter ¢ to direct the unloading = 1.0

Unloading stiffness degradation parameter y = 0.3

Unloading control parameter 6 =0.5
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Figure 7.5 Unloading before yielding for steel model SS3 (Li 2008).
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7.2.3.3 Model for FRP strips CP4

Figure 7.6 shows the backbone curves for the FRP models used for the retrofitted

walls RW1 and RW2. The FRP properties used for the numerical models are the modified

ones proposed in the analysis of cyclic test results in Chapter 6 (Table 6.1). Table 7.1

shows the parameters used for the vertical and diagonal FRP strip models of retrofitted

walls RW1 and RW2, respectively. The CP4 deterioration model in CANNY was used to

represent the FRP vertical and diagonal strips in the nonlinear models of RW1 and RW2.

The CP4 model allows the representation of the combined behaviour of the FRP strip and

the RC wall that was observed during the cyclic tests due to the wall cracking and the

permanent strains of the steel flexural reinforcement. The CP4 model was used to

simulate the behaviour of tension only member by adjusting the values of f, and f,,

shown in Figure 7.7, to zero. The unloading rules for the CP4 model are:

Unloading before yielding:

K, if |, <|£)] K,

K, = ; Ky =
f,—rf. . fo=f.
e R e

Unloading after yielding:

" d' 4 _ v) d 4
Kg,Km:M(%j ; K(,,K“:M[—yj
d,—d \d,

if |f,| C|£]

if |f,| = |f)

.(7-9)

where v is the unloading stiffness degradation parameter (value of 0.7 was assumed)

164



Figure 7.6 The backbone curves for the FRP models of RW1 and RW2.

Table 7.1 Parameters of the FRP models for the retrofitted walls RW1 and RW?2.

Wall RW1 RW2
K, (N.mm) 33,000 66,000
£, (kN) 165 173
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Figure 7.7 Hysteretic behaviour of the CP4 model (Li 2008).
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7.3 ANALYSIS RESULTS

The validation and accuracy of the proposed model was checked using the experimental
data obtained from the cyclic tests. Figures 7.8 to 7.10 show the experimental hysteretic
lateral load-top displacements of the control wall CW and of the FRP-retrofitted walls
RW1 and RW2 plotted against the output from CANNY. From the figures, it can be seen
that a good agreement between the experimental results and the numerical model has
been achieved. Envelopes of the experimental lateral load-top displacement relationships
and the numerical ones using CANNY are compared in Figures 7.11 to 7.13. The
comparisons showed that the numerical model was able to simulate the monotonic and
cyclic behaviour of the tested wall panels with a reasonable accuracy. The numerical
model took into account the moment-to-shear ratio of the tested wall panels. Therefore,
the proposed model can be used to predict the behaviour of the tested wall panels in
multi-storey RC walls when subjected to simulated ground motions. The proposed model
would act as a seed for an extensive parametric study that would cover the effect of the
wall dimensions, the width of the FRP strips, the number of layers, the FRP composite
material properties. It should be noted that such a numerical parametric study could
require more experimental tests or nonlinear finite element analysis to validate the

findings.
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Figure 7.8 Lateral load-top displacement relationship for the control wall CW.
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Figure 7.9 Lateral load-top displacement relationship for the retrofitted wall RW1.
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Figure 7.10 Lateral load-top displacement relationship for the retrofitted wall RW2.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 SUMMARY

The seismic behaviour of reinforced concrete (RC) shear walls retrofitted using carbon
fibre-reinforced polymers (CFRP) was investigated. The retrofit schemes aimed at
increasing the flexural and shear capacities of the retrofitted walls. The experimental
program included shake table testing of two FRP-retrofitted 8-storey RC walls under the
simulated ground motion excitation from a shake table, as well as cyclic load testing of
three RC wall panels. In the first phase of the experimental program, the two 8-storey RC
shear walls tested by Ghorbanirenani et al. (2012) were rehabilitated and retested by the
author. The original walls were subjected to several levels of ground motion excitation to
investigate the effect of higher modes of vibration on the seismic performance of multi-
storey shear walls. The damaged walls were rehabilitated and re-subjected to the same
intensities of the ground motion excitation. The rehabilitation scheme aimed to increase
the flexural and shear capacities of the 6" storey panel (top plastic hinge) by applying
vertical and horizontal CFRP strips, whereas the base panel was confined using CFRP
sheets to increase the wall’s ductility capacity without increasing its strength. The second
phase of the experimental program included testing three RC wall panels under lateral
cyclic loading up to failure. The walls were subjected to a constant axial load along with
synchronized cyclic moment and shear force at the top of each panel. These wall panels
were each designed to simulate the 6™ storey panel of the 8-storey wall tested under

lateral ground motion excitation. The wall panels represent the control wall and two FRP-
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retrofitted walls using two different retrofit schemes. The main target of the retrofit
schemes was to increase the flexural capacity of the wall section as well as its shear
capacity to conform to the capacity design philosophy. The first retrofit scheme was
similar to the one used in the rehabilitation of the two 8-storey walls. In the second
retrofit scheme, the flexural and shear capacities were increased by applying diagonal
CFRP strips as well as horizontal overlapping CFRP wraps. A comparison between the
original walls and the FRP-retrofitted walls was presented and the effectiveness of two
FRP-retrofit schemes was evaluated in terms of wall strength, deformations, strains, and
energy dissipation capacity. A numerical macro-model was proposed to simulate the

seismic behaviour of the RC wall panels tested under cyclic loading.

8.2 CONCLUSIONS

The following conclusions were drawn from the results of the experimental and analytical

study:

1. The FRP-rehabilitated 8-storey walls performed efficiently, showing an improved
flexural behaviour at the top plastic hinge 6" storey panel). The FRP rehabilitation
reduced the walls' rotation at this location by about 28% for the first wall (tested at
120% intensity), by 22% for the second wall (tested at 150% intensity) and by 26%
for the second wall (at 200% intensity), while the bending moment demands

increased slightly at that floor level.
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The FRP rehabilitation of the two walls reduced the first and second periods of
vibration due to the additional stiffness at the top plastic hinge. This resulted in a

slight increase of both the base shear and overturning moment due to rehabilitation.

The FRP-retrofit of the top plastic hinge decreased the maximum interstorey drift
(LD.) ratio at the 6" storey level. However, the FRP-retrofit scheme did not have a
significant effect on the maximum roof drift of the tested walls. On the other hand,
the maximum L.D. ratio increased at the lower storeys due to the higher demands as

well as the accumulated damage.

A noticeable reduction of the longitudinal reinforcement strains at the top plastic
hinge region occurred due to the application of the vertical FRP strips at that level,
which led to a reduction of the wall rotational demands. On the other hand, the strain
values of the longitudinal steel reinforcement at the wall base did not decrease, as no

vertical FRP sheets were applied at the base.

The vertical FRP strips at the top plastic hinge of the 8-storey FRP-rehabilitated
walls reached a strain of about 2000 p strain (almost 33% of the FRP material’s
design capacity) at 120% of the ground motion intensity. No FRP anchorage failure

or debonding was detected.

The FRP-rehabilitated wall was able to achieve the main design target, even at 120%

of the design ground motion intensity.

The horizontal CFRP sheets applied at the base panel of the 8-storey FRP-

rehabilitated walls, where the high shear demands were observed, were able to reduce
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1.

the strains in the transverse steel reinforcement at that location by almost 50%

compared to the original wall.

It is recommended to install FRP anchors similar to those used for the first
rehabilitated 8-storey wall, despite the difficulty of drilling holes through the wall
thickness. If, however, the anchors must be installed as the detail of the second wall,
the designer then has to ensure that the FRP anchor is detailed such that it only
elongates in the direction parallel to its axis without any undesired outwards

deformations that would waste part of the anchor’s longitudinal strains.

The bending moment demands increased for some storeys by about 3-13% after
rehabilitation at the 150 and 200% intensity. The shear force demands at the base
panel increased by about 10-12% after rehabilitation at the 120 and 200% intensity.
Therefore, with the flexure rehabilitation of one wall panel, other panels may need to

be rehabilitated if the rehabilitation leads to a significant increase in their demands.

Three RC wall panels were tested under static cyclic loading. The walls represent the
control wall and two FRP-retrofitted walls. The control specimen was able to sustain
a lateral displacement of 14 mm with no strength deterioration, which corresponds to
displacement ductility, pa, of 10.0 and drift ratio of 1.34% at an average lateral load

of 59 kN.

The yield load of the retrofitted wall panel using vertical FRP strips was measured to
be about 46% higher than the control wall at a 7% higher yield displacement. The
tested wall panel showed an increase of the flexural capacity of about 80% compared

to the control wall, accompanied by a decrease of the wall’s displacement ductility.
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13.

14.

15.

The wall panel reached displacement ductility, pa, of 5.5 measured at 20% strength

degradation after the peak load.

The vertical CFRP strips of the first retrofit scheme of the tested wall panels
controlled the opening of horizontal cracks, as the cracks were normal to the fibre
direction (observed from the control wall specimen); this resulted in a lower

displacement ductility capacity.

The yield load of the retrofitted wall using diagonal FRP strips was 19% higher than
the control wall at 7% higher yield displacement. The wall showed an increase of the
flexural capacity of about 50% compared to the control wall, accompanied by similar
displacement ductility. The wall reached displacement ductility, pa, of 9.0 measured

at 20% strength degradation after the peak load.

The failure of the retrofitted wall panel using diagonal FRP strips was due to rupture
of the FRP diagonal strips resisting the pull cycles, and to pull out of the FRP
anchors resisting the push cycles. The failure was accompanied by concrete crushing
above the confined end zones wrapped with horizontal CFRP straps and by buckling

of the steel reinforcement bars at both sides of the wall.

The wall panel retrofitted using diagonal FRP strips showed less flexural capacity
than the wall retrofitted using vertical FRP strips; this was mainly due to the
propagation of wide cracks along the wall height. These cracks did not close
completely when the load reversed, which caused a residual elongation of the FRP

diagonal strips. This led to a situation where the horizontal force components of the
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17.

18.

19.

20.

two diagonal FRP strips were acting against each other, which reduced the resultant

wall’s load capacity.

For the wall panel retrofitted using diagonal FRP strips, the opening of horizontal
cracks above the bottom horizontal FRP strips and the ability of the diagonal FRP
strips to stretch as the cracks widened allowed the wall to sustain high lateral

displacements while maintaining its strength.

The mechanical properties of the FRP sheets were found to be higher than those
provided by the manufacturer, which led to higher measured nominal capacities than
those calculated for both retrofitted walls. This also led to the premature pullout of

the FRP anchors at the wall base for both retrofitted walls.

The wall panel retrofitted using vertical FRP strips had higher stiffness up to lateral
drift of 0.71%. On average, the wall panel had about 50% higher stiffness than the
control wall after the yield load and prior to its failure, and about 15% higher
stiffness than the retrofitted wall using diagonal strips. Therefore, this would result in

higher seismic forces attracted to the wall retrofitted using vertical strips.

The wall panel retrofitted using diagonal FRP strips was able to sustain higher
rotation at the wall top compared to the control wall, whereas the wall retrofitted
using vertical FRP strips was only able to sustain 65% of the rotation of the control

wall.

The vertical FRP strips were able to reduce the wall’s shear deformation of the

retrofitted wall panel by about 70% compared to the control wall. The shear
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22.

23.

24.

25.

deformations of the retrofitted wall panel using diagonal strips were almost 30% of
the shear deformation of the control wall, although they reached similar lateral

displacement.

The retrofitted wall using diagonal strips was able to dissipate almost 3.4 times the
energy that the wall with vertical strips could when the former reached a lateral
displacement of 12 mm. At this lateral displacement level, the wall with diagonal
strips was able to dissipate 92% of the energy dissipated by the control wall CW at

the same lateral displacement.

The FRP-retrofitted walls showed less pinched behaviour than the control wall. This
is attributed to the application of the vertical or diagonal CFRP strips that controlled
the concrete cracking which decreased the pinching effect. However, some pinching
was noticed for the wall panel retrofitted using diagonal strips due to closure of the

wide concrete cracks observed during the test.

The retrofit scheme using diagonal strips allowed the retrofitted wall to reach high
deformation levels before failure. This response is similar to that of the control wall

but with less permanent deformations.

The findings of the experimental work prove the viability of using the proposed
retrofit schemes, even for older design codes, provided that capacity design concepts

are respected.

The numerical macro-model was able to simulate the seismic behaviour of the tested

wall panels with a reasonable accuracy for both monotonic and cyclic loading. The
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numerical model took into account the moment-to-shear ratio of the tested wall
panels, and therefore, is able to simulate the seismic behaviour of multi-storey RC

walls.

8.3 RECOMMENDATIONS FOR FUTURE WORK

I- More experiments should be conducted to investigate the behaviour of the FRP-
retrofitted wall RW1 with smaller areas of vertical FRP strips to examine the FRP
rupture mode of failure.

2- More tests should be conducted to examine the effect of complete FRP wrapping
along the height of wall RW2 on the concrete confinement at the wall boundary
ends.

3- Further experiments should be considered to obtain the seismic force modification
factors for FRP-retrofitted walls for both retrofit schemes.

4- The proposed macro-model can be extended to simulate the behaviour of multi-

storey RC shear wall structures when subjected to simulated ground motions.
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