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ABSTRACT

Inelastic Structural Response and FRP Retrofitting of

Reinforced Concrete Core Walls

Hamid Arabzadeh, Ph.D.
Concordia University, 2018

The use of C-shaped reinforced concrete (RC) core walls as the main lateral force resisting
system for building structures is a popular choice for medium- to high-rise buildings. These
cores are typically closed on three sides (C-shaped) and are either open or partially open on the
fourth side. Despite the frequent use of C-shaped RC core walls as the primary seismic force
resisting system (SFRS) for multi-story buildings, there are still challenges in estimating their
inelastic seismic response, whether they are separate or coupled C-shaped walls. The eccentricity
between the centre of mass and the centre of rigidity tends to induce a significant torsional
seismic demand on such walls. To address this issue, several design codes have proposed
recommendations for evaluating the effect of this eccentricity. Although National Building Code
of Canada (NBCC, 2015) specifies provisions to consider the accidental eccentricity and the
torsional sensitivity of the structure in the design, there is a gap in the knowledge of the inelastic
structural response of C-shaped RC core walls for new buildings. On the other hand, many
existing RC C-shaped walls are in need for retrofitting in order to meet current seismic design
codes, or to meet increased demands due to change in the use and occupancy of the building, or
to retrofit post-earthquake damages. In recent years, application of fibre-reinforced polymer
(FRP) composites in retrofitting of RC walls has considerably increased due to its advantages

such as high strength to weight ratio and its fast and easy installation.

The objectives of this thesis are to: (i) investigate, numerically, the effectiveness of FRP

retrofitting on the seismic performance of RC shear wall systems, (ii) evaluate the deficiency of
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seismic design provisions of C-shaped shear wall structures with high torsional sensitivity, (iii)
examine, experimentally, the seismic response of FRP-retrofitted C-shaped RC walls to quantify

the efficiency of the FRP retrofitting in repairing the RC core walls.

To achieve the first objective, a simplified modelling approach was proposed for analyzing
the FRP retrofitted RC walls in order to be used as a simple and efficient method in practice.
Nonlinear Incremental Dynamic Analysis (IDA) of a typical twelve story RC building structure,
following the FEMA P695 methodology, showed that although the increase of torsional
sensitivity has no significant effect on the inter-story drift ratios of the building, it could

significantly decrease the Collapse Margin Ratio (CMR).

To achieve the second objective, building structures with different levels of height and
torsional sensitivity were studied. Results showed that although response spectrum analysis
(RSA) provides consistent predictions for story shear demand in regular buildings, significant
underestimation of design forces might be obtained for buildings with a torsional sensitivity of B
> 2.0. Dual Plastic Hinge (DPH) method was found to be an efficient alternative in reducing the
story shear demand in structures with high torsional sensitivity, compared to structures designed

based on the common Single Plastic Hinge (SPH) method.

To achieve the third objective, a previously tested large-scale C-shaped RC wall was
retrofitted using carbon fibre-reinforced polymer (CFRP) composite sheets and was tested under
the same condition and loading protocol of the original wall to quantify the efficacy of FRP
retrofitting on the wall’s response. Furthermore, multi-directional cyclic tests were conducted in
order to evaluate the complete nonlinear response of the FRP retrofitted C-shaped wall up to
failure. The assessment was based on experimental measurements and observations in terms of
3D displacements, strains (both from strain gauges and Digital Image Correlation, DIC, system),
crack pattern, ductility, curvature profiles and mode of failures. The test showed that the FRP
retrofitting scheme used in the current work performed very well by enhancing both the strength
and ductility of the retrofitted wall from its damaged state, while holding its stiffness very close,

compared to those of the control wall.
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CHAPTER 1

Introduction

1.1 Background and Problem Definition

Reinforced concrete (RC) shear walls are frequently selected as the lateral load resisting
system for medium- and high-rise buildings. Shear wall resists lateral loads by its flexural and
shear deformations. Based on the study by Paulay and Priestley (1992), walls with the height-to-
length ratio (h,/l,) greater than 3.0 will have a flexural dominant behaviour, whereas RC shear
walls with h,/l,, less than 1.5, often referred to as squat walls, are mainly governed by shear
behaviour. The Canadian Concrete Handbook (CSA A23.3, 2014) uses the A,/l,, ratio of 2 as the
delineation between the flexural and shear dominated response for RC wall. There is an
increasing tendency on choosing RC shear walls as a Seismic Force Resisting System (SFRS)
due to their capability of controlling the inter-story drift ratio. Hence, RC shear wall system was
found advantageous in terms of reducing the damages to non-structural elements (Carrillo and
Alcocer, 2012).

Most of the research studies on the structural response of RC shear wall systems focused on
rectangular cross-section walls. Despite being widely used as an SFRS in buildings, the seismic
response of non-planar wall systems, particularly C-shaped walls, did not receive proportionate
attention from researchers. Most current design guidelines are developed based on the results of
rectangular RC walls, and there are no specific prescriptions for design/analysis of C-shaped RC
wall systems. Hence, it is essential to investigate the non-linear seismic behaviour of C-shaped
RC walls.

Many existing concrete structures are in need for retrofitting because of different reasons,
among which the two main reasons are the loss of required capacity due to ageing/deterioration
or damages from the past earthquakes, and the need to withstand higher lateral loads. The latter

is often because of continuous advancement of seismic design provisions. Fibre-reinforced
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polymer (FRP) composite materials are becoming popular in repair, strengthening, retrofitting
and upgrading of reinforced concrete structures, while the investigations reported in the literature
about their efficiency are limited. Hence, there is a need for more numerical and experimental
studies in order to quantify the effectiveness of FRP retrofit systems in the enhancement of
structural performance of RC walls. The experimental tests would contribute to

calibration/validation of the numerical models.

1.2 Research Significance and Motivation

Klemencic et al. (2007) reported an increasing trend of construction of mid- and high-rise
buildings in high seismic regions of Canada and worldwide. RC structural walls including C-
shaped core walls are common structural systems in the design of these buildings, which need
robust and reliable computational tools in practice. Developing numerical models for estimating
the nonlinear response, lateral load, and displacement capacity, and failure mechanisms of RC C-
shaped walls under earthquake loads was found by Lu (2014) to be of significant interest to both
practising engineers and researchers.

An essential step of the seismic design of RC wall buildings is estimating the wall’s
complete force-displacement response. However, the nonlinear behaviour of RC walls is often
affected by flexure-shear interaction (FSI), which is associated with multi-axial stress states and
coupling of nonlinearities of the wall’s constituent components, i.e. concrete and steel
reinforcement. Flexure-shear interaction was found to be the most challenging part of the
response in numerical simulation of RC wall buildings, and in some cases, it leads to the
significant problem of inaccuracy for buildings with coupled wall system. Non-planar walls such
as the common RC core walls around the elevator shaft are often subjected to significant FSI,
because of which a considerable effect on the nonlinear response of the wall is expected. This is
due to the non-uniform response of wall segments when the three-dimensional (3D)

deformations occur in a non-planar wall.



Moreover, load-displacement response estimation is challenging when a cyclic multi-axial
loading representative of earthquake excitations is applied. A series of experimental tests by
Oesterle et al. (1976) have shown that the load history can notably affect the lateral load-
deformation response in terms of capacity and strength degradation. These findings were
recently supported by Lu (2014) where it was shown that the influence of loading history is
especially important in analysis of non-planar walls, during which the stress-strain state in a
section of the non-planar wall can change significantly depending on the angle and direction of
load application. In seismic analysis of buildings with RC wall systems, this can result in
significant underestimation/overestimation of lateral load and deformation capacity.

Another critical step of the design of RC walls is identifying the most likely failure mode
and estimating the wall’s cyclic strength and deformation capacity accordingly. Moreover,
identifying different failure modes of RC wall systems is essential for retrofitting purposes.
Hence, considering the limited studies conducted on C-shaped core walls, it is important to
investigate their failure modes during the seismic excitations.

Nonlinear deformations in cantilever walls occur preferably in flexure in regions defined as
plastic hinges, which are generally selected to develop at the base of the walls. Significant
inelastic deformation and large shear forces at the maximum considered earthquake (MCE) level
were observed in recent studies by Calugaru (2013) and Calugaru and Panagiotou (2014), by
assessing RC walls in high-rise buildings. This increases the damage potential of RC walls,
especially the failure of walls under eccentric loads (e.g. torsionally sensitive buildings) which
cannot be captured by using simplified beam-column elements available in common numerical
tools such as ETABS, SAP2000 and SeismoStruct. This has been barely investigated in the
literature.

As previously mentioned, some of the existing RC wall structures (C-shaped core walls
included) need retrofitting during their lifespan. Among different retrofitting techniques, FRP
retrofitting has proven to be an efficient alternative for seismic retrofitting of RC wall structures.

There is, however, no study on retrofitting of C-shaped RC walls reported in the literature, which



necessitates investigating the efficiency of FRP retrofitting solutions for enhancing the seismic
response of these types of walls.

In summary, an accurate modelling approach capable is required in order to investigate the
three-dimensional inelastic structural response of reinforced concrete core wall buildings.
Moreover, due to non-uniform response of C-shaped RC wall segments compared to that of
planar walls, both intact and FRP retrofitted C-shaped RC walls need to be further investigated,
especially under eccentric loading conditions. The aim of the current study is to address the
aforementioned research significances by using both numerical analyses as well as by conducting

experimental tests.

1.3 Objectives and Scope of Work

The objectives of this thesis are to: (i) investigate, numerically, the effectiveness of FRP
retrofitting on the seismic performance of RC shear wall systems, (ii) evaluate the deficiency of
seismic design provisions of C-shaped shear wall structures with high torsional sensitivity, (iii)
examine, experimentally, the seismic response of FRP-retrofitted C-shaped RC walls to quantify
the efficiency of the FRP retrofitting in repairing the RC core walls. In order to achieve the

objectives of this research, the scope of research is as follows:

Developing and validating a precise modelling approach to reliably predict the

nonlinear response of FRP retrofitted RC walls

- Evaluating different FRP retrofitting schemes for enhancing the performance of coupled
C-shaped RC walls

- Conducting incremental dynamic analysis (IDA) and seismic assessment of FRP
retrofitted RC walls using the proposed method by FEMA P695 (2009)

- Evaluating the seismic response of C-shaped RC wall systems with different torsional

sensitivity subjected to combined loading



Hybrid testing of FRP-retrofitted C-shaped RC core wall system subjected to bi-
directional earthquake ground motions
Cyclic testing of FRP-retrofitted C-shaped RC core wall under multi-directional loading

protocol

1.4 Thesis Layout

The thesis is divided into seven chapters as followings:

Chapter 1 consists of introduction; research significance and motivation; objectives
and scope of work; including a brief literature review.

Chapter 2 includes the literature review including the failure modes of RC shear walls,
different retrofit techniques used for RC walls, and the numerical micro and macro
models proposed for the simulation of the seismic behaviour of RC walls.

Chapter 3 consists of numerical investigation of the effectiveness of FRP wraps for
retrofitting of existing RC shear walls. First, finite and fibre element RC models for
nonlinear cyclic analysis of C-shaped shear wall are evaluated. Results of different
modelling approaches are compared to highlight advantages/disadvantages of each
method. Then, investigation on the effectiveness of FRP wraps for retrofitting of
existing RC shear walls are performed using finite element analysis.

Chapter 4 investigates the “Seismic Collapse Risk Assessment and FRP Retrofitting of
RC Coupled C-Shaped Core Walls using the FEMA P695 Methodology”. The
proposed numerical macro-model of the RC core walls is described in this chapter.
Chapter 5 consists of “Seismic Response Analysis of RC C-Shaped Core Walls
Subjected to Combined Flexure, Shear and Torsion”. Evaluation of seismic force
demand in different levels of torsional sensitivity and effectiveness of using the dual
plastic hinge method in controlling the seismic shear force demand of RC C-Shaped

core walls are described in this chapter.



Chapter 6 describes the details of the experimental tests and the results including the
test setup, wall specimen design and construction, and the FRP-rehabilitation scheme
used. A comparison of the results of the FRP retrofitted wall and the original wall is
presented to show the efficiency of the FRP retrofitting method in enhancing the
structural response of the C-shaped RC wall.

Chapter 7 includes the summary of the research project, the main contributions and

conclusions, and the recommendations for future work.



CHAPTER 2

Literature Review

2.1  Background

Shear walls i1s a common seismic force resisting system (SFRS) in many RC
office/residential buildings in North America that use flat plate / flat slab system for gravity
loads. They are also used in industrial buildings and nuclear power plant facilities. The behaviour
of RC walls is a complex phenomenon, especially when considering the cyclic and dynamic
nature of lateral loads that they resist. Several factors affect the seismic behaviour and ductility
of an RC shear wall, particularly its shear span-to-depth ratio and its shear capacity in relation to
the wall’s flexural capacity. Although the term ‘“shear wall” implies that response is shear-
dominated, the desired response is ductile flexural behaviour, with shear controlled by capacity

design measures.

Rectangular RC structural walls provide high in-plane stiffness for the structural system,
which helps to decrease the structural damage by limiting the drift during seismic events. Many
researchers (e.g. Paulay, 1988; and Fintel, 1995) have reported the efficient earthquake
performance of shear wall building structures in the literature. Observations from post-
earthquake investigations such as in Chile 1985 (Wyllie et al., 1986) showed that the shear wall
structures constructed in Chile performed extremely well, with little to no apparent damage in
the majority of buildings. Reinforced concrete shear walls have the advantage of withstanding
severe earthquakes while minimizing the damage to non-structural elements, compared to frame-
type structures that undergo large drift because of their lower stiffness. Conversely, some other
investigations by Kim (2004) on the past earthquakes showed that RC walls governed by shear
failure have performed poorly due to probable brittle-type failures with low ductility. Fig. 2.1

shows sample failures of RC shear walls in the past earthquakes.
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Fig. 2.1. Failure of RC shear walls in: a) Taiwan earthquake 1999 (Yin, 2000), b) Chilean
earthquake of 1985 (Wyllie et al., 1986)

In terms of structural behaviour, RC shear walls are typically designed to respond in an
elastic manner for insignificant excitations, be it from the wind or small frequent earthquakes.
RC shear walls are preferred to be designed in the way that ensures flexural failure mechanism
and precludes all brittle mechanisms during larger less frequent earthquakes while resisting
lateral loads. According to Paulay and Priestly (1992), RC shear walls also perform better in
terms of dissipating the seismic energy imparted by the earthquake if designed to be ductile.

Design of ductile RC shear wall systems should ensure a desirable ductility in the wall’s
lateral response, mainly provided when the structure’s response is dominated by inelastic
flexural yielding. This is crucial to minimize the loss of strength in buildings. In other words,
structures must be capable of sustaining a high proportion of their initial strength under large
deformations that may be beyond elastic deformations. Ductility is a characterizing property of
structures subjected to reversed cyclic loads. Priestly et al. (2007) characterized the ductility as
the ability of the structure to sustain large inelastic deformations and dissipate the input energy
by its hysteretic behaviour.

Increasing ductility can be by limiting strength degradations associated with large

deformations, which highly corresponds to the mechanical properties of materials used in the



structural element and their detailing. Therefore, precautions have to be considered to ensure that
the materials that are supplied are of the correct quality specification. Moreover, carefully
detailed plastic hinge zones should be considered, where other non-ductile failure modes have to
be inhibited (e.g. diagonal tension or compression failure, sliding failure, and bond failure of
reinforcement in lap splices).

Canadian design code CSA A23.3 (2014) states that reinforced concrete shear walls shall be
designed to respond with various ductility levels by ensuring that, for all ductility levels, the
failure mode at ultimate limit state is dominated by flexure failure; due to yielding of the flexural
steel reinforcement, prior to shear failure. This structure is expected to undergo reversed cyclic
inelastic deformations without significant loss of strength and is detailed to develop the

appropriate level of ductility while remaining structurally stable.

2.2  Common Failure Modes of RC Shear Walls

Paulay and Priestley (1992) categorized the common failure modes of a cantilever RC shear
wall system subjected to lateral loads (Fig. 2.2.a) into two categories as the followings:

1. Flexure-dominated failure modes
This group of failures includes axial-flexural concrete crushing, longitudinal steel bar
fracture, longitudinal steel bar buckling and longitudinal steel bar pull-out (Fig. 2.2.b). A
combination of these failure modes may also happen at a certain load/displacement
(Fig. 2.2.e).

il. Shear-dominated failure modes
Failure modes dominated by shear are quite common in squat shear walls, which have the
height to length ratio (h,/1,,) less than 1.5. Diagonal-tension failure (Fig. 2.2.c), diagonal-
compression failure, and sliding shear failure (Fig. 2.2.d) are included in this category.

The principal source of energy dissipation in a laterally loaded cantilever wall must be the

yielding of the flexural reinforcement in the plastic hinge regions. In an RC wall with



undesirable shear dominated response, the major drawback is the steady reduction of strength

and ability to energy dissipation capability of the RC wall.
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Fig. 2.2. Common modes of failure in an RC shear wall (Paulay and Priestley, 1992)

2.3  Response Assessment of RC Shear Walls

In order to study the behaviour of shear walls and its failure modes, a review of effective
parameters on shear wall behaviour is discussed. Typically, the seismic performance of an RC
shear wall can be evaluated experimentally through assessing its hysteretic lateral force-
displacement relationships. Many experimental studies have been conducted in the recent
decades to investigate the lateral behaviour of RC shear walls (examples shown in Fig. 2.3).
Although experimental testing is seen to be the most evident approach to assess the performance
of a shear wall, numerical simulation was found to be a valuable tool for parametric studies and
collapse assessments of RC shear wall systems in multi-story buildings.

Regarding numerical simulations, investigation of the inelastic response of RC wall systems
involves using a reliable modelling approach that is capable of coupling important interactions
and response parameters (e.g., nonlinear flexural-shear behaviour, confinement effects, and
sliding of cracked surfaces). The layout and parameters of the numerical model require
substantial technical expertise, especially when the entire building has to be modelled and
analyzed, and not just the structural wall. A variety of software tools are available that conduct

non-linear macro- and micro-modelling and analysis of reinforced concrete structural elements.
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Fig. 2.3. Examples of experimental studies on the lateral response of RC shear walls:
a) El-Sokkary and Galal (2013), b) Burgueiio et al. (2014)

Detailed solid finite elements (FE) models (i.e. ANSYS, ABAQUS) using built-in
constitutive models are able to capture the local stress-strain responses, quantify low cycle
fatigue, steel reinforcement bond slip in addition to the global force-displacement responses.
These programs require the definition of several material parameters according to the
constitutive model and failure envelope used (i.e. smeared vs. discrete steel reinforcement,
concrete confinement). Additional parameters to drive the nonlinear solution algorithms to
convergence are also of major importance. FE models are also often used to calibrate the
nonlinear stiffness and strength properties of macro models (e.g. fibre element models developed
by OpenSEES and SeismoStruct) that could be used in a computationally effective way to assess
the global nonlinear response of complete building structures (i.e. formation of plastic hinges).
The predictions of both FE and fibre element models need to be compared to experimental data
to validate their performance for both ductile (flexural) and brittle (shear) failure mechanisms.

The main objective of many recent studies was to develop and validate micro/macro models

for reinforced concrete walls subjected to cyclic reversals. Some also developed simplified
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models that can be used by engineering practitioners. Modelling approaches addressing the
required elements and corresponding material constitutive models were explained in detail, and
the process for calibration of parameters was highlighted in some cases. As for simulation of RC
shear walls, the numerical models have to be able to efficiently track the flexure-shear
interactions of the walls. An overview of the common macro models for numerical simulation of
RC shear walls is presented in Fig. 2.4.

Comparison of the results from the analysis of the walls subjected to both monotonic and
reversed cyclic loading protocols with the corresponding test data assessed the efficiency and
limitations of various proposed modelling approaches. Results showed that some models are able
to take into the account both stiffness and strength degradations. Moreover, the proposed models
are often able to capture the strain histories of the concrete and reinforcement with an acceptable

level of accuracy.
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Fig. 2.4. Overview of available macro modelling approaches: a) A typical RC shear wall, b)
Wide column model (Millard, 1993), ¢) Multiple vertical line element model (Vulcano et al.,
1988), and d) Truss model (Panagiotou and Restrepo, 2011)

24  Structural Response of Non-Planar C-Shaped RC Shear Walls

Despite the frequent use of C-shaped reinforced concrete (RC) cores as the primary force
resisting system of multi-story buildings, there are still challenges in estimating their inelastic

seismic response, especially when they are used as coupled wall system.
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Several researchers have conducted both experimental and analytical investigations to
identify the behaviour of coupled rectangular walls and to improve the performance of this
system. The C-shaped coupled wall system (i.e. core wall) is one of the simplest and is a popular
arrangement used in practice. Despite their popularity, however, there have been relatively few
studies on the seismic behaviour of C-shaped RC structures such as the experimental tests by
Beyer et al. (2008-a), necessitating research on the seismic performance of C-shaped cores. One
of the most important characteristics of these non-planar wall systems is their response when the
structure is subjected to torsional efforts due to the eccentricity of lateral forces. Torsional effects
become more significant when there is large eccentricity between the centre of mass and centre
of rigidity. This type of building configuration is prone to have large torsional response during a
severe earthquake. Hart (1975) and Esteva (1987) reported the structural damages due to
torsional effects in the past earthquake events. Dizhur et al. (2011) reported more recent
observations of damage, which was most likely caused by a “torsionally sensitive response”,
after the Christchurch earthquake in 2011.

Most of the research studies carried out in the past (Colotti, 1993; Zhang and Xu, 2009;
Beyer et al.,, 2011; Panagiotou and Restrepo, 2011; Fischinger et al., 2012) focused on the
behaviour of planar RC walls, and various approaches have been proposed to capture the
observed coupling between nonlinear flexural and shear behaviour of walls. These approaches
were mostly based on fibre-section elements such as multiple-vertical-line-elements (MVLE)
proposed by Vulcano et al. (1988). The biaxial behaviour of concrete material (e.g. modified
compression field theory; Vecchio and Collins, 1986) was also considered in some of these
approaches.

On the contrary, very little experimental research has been carried out on the performance of
non-planar (e.g. C-shaped) RC walls subjected to lateral loads. In one of the first attempts, Ile
and Reynouard (2005) examined three full-scale U-shaped RC walls subjected to uniaxial and
biaxial cyclic lateral loading. The tests aimed at studying the behaviour of U-shaped walls in
uniaxial and biaxial bending and shear, and compared the alternative design requirements of two

versions of EC8. Beyer et al. (2008-a) performed bi-directional quasi-static cyclic testing of two
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U-shaped walls with different thickness, built at half-scale and designed for high ductility. The
tests were performed at the structural engineering laboratories of the ETH Zurich. The tests
mainly focused on the flexural behaviour of walls, considering different directions of loading
(two orthogonal as well as diagonal). Results showed that the most critical direction was the
diagonal one, in which the maximum attained moment was less than what plastic hinge analysis
would predict. Moreover, the displacement capacity of the wall in diagonal direction was found

to be smaller than the other two orthogonal directions.
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Fig. 2.5. Experimental tests on C-shaped RC walls (Beyer et al., 2008)

A simplified numerical model was also developed by Beyer et al. (2008-b) including
practical recommendations for setting up wide-column models of U-shaped walls subjected to
large inelastic deformations (Fig. 2.6). The approach has been shown to produce a reasonable
estimation of the ratio between shear and flexural deformations for slender walls. Constantin and
Beyer (2012) used a 3D multilayered shell element model for U-shaped walls to capture their
local as well as the global behaviour under diagonal loading. The model was developed using the

software VecTor4 developed by Wong and Vecchio (2003) at University of Toronto, and was
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Fig. 2.6. Simplified wide column model proposed by Beyer et al. (2008-b)

found to be accurate in terms of loading capacity of the wall, but not for its displacement
ductility.

Lowes et al. (2013) examined three 1/3 scale C-shaped wall specimens, representing a part
of a coupled RC core system, under biaxial loading protocols (Fig. 2.7). Results of cyclic tests
showed that bidirectional loading significantly affected the response for displacement cycles in
excess of the yield displacement. At these displacement levels, bidirectional loading resulted in a
significant reduction in the stiffness of the wall in the direction parallel to the web of the wall
(loading activating strong-axis bending).

Recently, Lu and Panagiotou (2013) presented a three-dimensional (3D) cyclic model for
non-planar RC walls, based on beam-truss analogy. The model was able to predict the effects of
flexure-shear interaction, considering the biaxial behaviour of concrete, and account for mesh-
size effects. Although the proposed model has been revised several times and was validated for
three reinforced concrete T-shaped, C-shaped, and I-shaped section wall configurations, a study
by Kolozvari (2013) showed that the modelling approach is complicated in terms of calibration
of truss members and material properties. The results were also sensitive for achieving accurate

displacement responses over a broad range of response amplitudes.
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Fig. 2.7. Experimental tests on C-shaped RC walls (Lowes et al., 2013)

2.5  Design Provisions for RC Shear Walls

In the design of RC shear walls, the fundamental design equations are mainly based on the
assumption that plane sections remain plane, where shear lag effects associated with flexure and
warping torsion are not captured. These effects may be significant in non-planar (C-, I- or T-
shaped) wall configurations, and might affect the response of the structural system in seismic
excitations. A study by Boivin and Paultre (2010) assessing the seismic performance of multi-
story ductile RC shear walls designed according to the 2005 NBCC and the CSA Standard
A23.3-04 found that the wall’s shear demand can be largely underestimated, especially at the
wall base. The issue would result from a deficiency of the current capacity design methods in
accounting for the higher mode amplification effects. Based on the investigations by Adebar et
al. (2014), in the evaluation of the story force demands, contributions of the higher modes in the
seismic response of the structure should be taken into account.

In the seismic design of a multi-story ductile RC wall, this can produce design strength
envelopes that largely underestimate the seismic force demand. Hence, more studies need to be
conducted on the seismic performance of C-shaped RC shear wall systems and the effectiveness
of available retrofitting methods, both of which were investigated in the current study. A recent

research by Pelletier and Léger (2017) showed that the dynamic shear amplification factor

16



introduced in recent CSA A23.3-14 allows a more realistic seismic shear force demand to be
obtained for RC shear walls. This factor should be applied to prevent brittle shear failure and to
account for the inelastic effects of higher modes.

Planar and non-planar RC shear walls represent the typical seismic force resisting systems
(SFRSs) associated with RC building structure. These walls should be located in the plan of the
building in the way that creates no excessive torsional flexibility of the structure. Fig. 2.8 shows
the 3D view of a numerical model developed by Penneton et al. (2006) for analyzing an eight-
story RC wall building with unsymmetric plan located in Montreal, Canada. According to the
National Building Code of Canada (NBCC, 2015), buildings can be considered torsionally
sensitive when the largest ratio of the maximum displacement to the average of the
displacements at the extreme points of the structure, among all the stories, exceeds 1.7.
According to the NBCC 2015, for torsionally sensitive building structures, design forces resulted
from the static analysis are not valid, and a dynamic analysis is required. Buildings with
unsymmetric distribution of the elements of the lateral load resisting system, such as the building
structure presented in Fig. 2.8 are more prone to higher torsional sensitivity levels.

Moreover, although most ductile cantilever RC wall structures are designed to develop a
single plastic hinge at the base of the wall, a dual plastic hinge method can be employed to
design RC walls with a second plastic hinge in the mid-height of the wall. Based on the method
developed by Panagiotou and Restrepo (2009), a study on the effect of the dual plastic hinge
system on controlling the story forces in an RC wall structure is presented in Chapter 5 of the

current work.
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Fig. 2.8. Layout of the numerical model of an eight-story reinforced concrete building with an
unsymmetric plan (Penneton et al., 2006)

2.6  Strengthening and Rehabilitation of RC Shear Wall Structures

Last decades witnessed the development of several retrofitting methods for deficient RC
shear walls towards improving their seismic performance in terms of the overall strength,
ductility, and energy dissipation capacities. Among these, fibre-reinforced polymer (FRP)
composite materials have received increasing attention in the past few years as an effective
material for retrofitting of existing RC structures.

FRP composite materials offer various forms of products for structural applications where
high strength-to-weight and stiffness-to-weight ratios are required. According to a study by
Meier (1987), the use of FRP composites for the rehabilitation of beams and slabs started in the

1980s with the pioneering research performed at the Swiss Federal Laboratories for Materials
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Testing and Research, or EMPA. Afterwards, FRP materials have been widely used as a solution
to enhance the ductility of beam members in RC structures. Because of the high cost of FRP
materials in the past, most applications of these materials were for rehabilitation purposes and
externally bonding of members in RC structures. However, due to the increase in using of FRP
materials, the costs dropped significantly, which led to more applications in constructions and
rehabilitation projects.

The use of externally bonded fibre-reinforced polymers (FRPs) has been receiving particular
attention in the past decades due to the recognized advantages of low weight/strength ratio,
relatively low invasiveness in terms of geometric modification of the existing structure,
corrosion protection, and more simplified installation processes. Table 2.1 shows a summary of
selected experimental studies on the FRP retrofitting of RC walls. FRP composites were used in
different configurations and retrofitting schemes such as vertical strips, horizontal strips,
horizontal wrapping and bi-axial FRP sheets.

Successful enhancements of the wall’s structural response by using FRP composites were
reported by the researchers in the literature. Compared to the results of the original RC walls (i.e.
control specimens), improvements were observed in both the strength and ductility of the walls.
As it can be seen in Table 2.1, RC walls with different aspect ratios have been tested and the
extensive results highlight the efficiency of FRP composites in retrofitting of RC walls with
different configurations. However, there has been no research work examining the efficiency of
FRP retrofitting on the structural response of C-shaped RC walls. Hence, in the current work, a
series of hybrid and cyclic tests were conducted to quantify the effect of FRP retrofitting in the
enhancement of the seismic response of C-shaped RC walls.

Though FRP materials have gained much acceptance from both the research community and
the industry as a retrofit method of RC structures and various research efforts reported in the
literature in proposing different FRP-retrofitting methods for existing RC shear walls, there is
still a need to thoroughly investigate the effect of major design parameters. These include the
material properties, geometry, the arrangement of reinforcement bars and additional external

reinforcement on the overall seismic performance of the system.
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Table 2.1. Selected experimental works on the FRP retrofitting of RC walls

Research study Wall aspect FRP retrofitting configuration
ratio
1 Lombard et al. (2000) 1.33 Horizontal and vertical and FRP sheets on both
cracked and intact specimens
2 | Antoniades et al. (2003) 1 Vertical strips and FRP jacketing on heavily cracked
walls as well as one intact specimen
3 | Peterson and Mitchell 2.7to 3.1 |Horizontal FRP strips wrapped around the wall
(2003)
4 Hiotakis et al. (2004) 1.33 Horizontal and vertical and FRP sheets on both
cracked and intact specimens
5 Hwang et al. (2004) 0.43 Vertical only and a combination of horizontal and
vertical FRP sheets
6 Ghobara and Khalil 1.1 Bi-axial FRP sheets on both sides and horizontal uni-
(2005) axial FRP layers around boundary regions
7 Haroun et al. (2005) 1 Single/Dual layer FRP wraps as well as Horizontal
FRP strips
8 Kobayashi (2005) 0.4 Using FRP bands for repair of cracked RC walls
9 Elnady (2008) 1.1 Bi-axial FRP sheets on both sides and horizontal uni-
axial FRP layers around boundary regions
10 Liand Lim (2010) 1.125 and |FRP sheets on the surface and U-shaped wrapping of
1.75 the boundary elements
11 | El-Sokkary et al. (2012) 6.43 Vertical FRP strips at the boundary regions and
horizontal FRP wrapping
12 | El-Sokkary and Galal 0.87 Vertical FRP strips and horizontal FRP wrapping as
(2013) well as X-FRP bracing
13| Nguyenetal (2014) | 0.67 and 2.5 |Vertical and horizontal FRP strips
14 Luccio et al. (2017) 2.5 Vertical and horizontal FRP strips
15 Woods et al. (2017) 1.2 Horizontal and vertical and FRP sheets on both sides
16 Todut et al. (2017) 0.66 with  |Vertical and horizontal FRP strips, as well as short
opening  |strips at the corners

Chapter 3 of the current work includes a parametric study on the effectiveness of using FRP

wraps for retrofitting of rectangular RC walls. The efficacy of FRP retrofitting method in

enhancing the seismic response of RC shear walls was recently proved by some researchers, both

numerically and experimentally. Experimental tests conducted by El-Sokkary and Galal (2013)

showed improvement in lateral load resistance of retrofitted walls, both in terms of strength and

ductility (Fig. 2.9). Moreover, experimental tests by El-Sokkary et al. (2012) showed that the

FRP rehabilitation could lead to notable improvement in the seismic response of multi-story

walls (Fig. 2.10).
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Fig. 2.9. Experimental tests on FRP strengthened RC shear walls (El-Sokkary and Galal,

21

Horizontal C- shaped CFRP
wraps

=

Verical FRP
~strip )

_ 200 mm

Vertical FRP
——anchors

Horizontal C-shaped
(( FRP wraps

Chamfered at

¥ l() mm I’ﬂalll'\
O E;

ra= |
&)

(b)

2013)



(@) (b)

Fig. 2.10. Details of the test assembly on the shake table of Ecole Polytechnique de Montreal
and the rehabilitated 8-story walls tested in El-Sokkary et al. (2012)

Alternatively, some researchers developed numerical models to investigate the effectiveness
of FRP retrofitting on the structural response of RC walls. Different modeling approaches were
proposed by the researchers using macro- and micro- modeling techniques, examples of which
are shown in the Figures 2.11 and 2.12. Table 2.2 shows a summary of selected numerical works
on the FRP retrofitting of RC wall. As it can be seen from Table 2.2, numerical investigations on
the FRP retrofitting of RC walls included rectangular walls only and, to best of authors’
knowledge, FRP retrofitting of non-planar walls (e.g. C-shaped walls) has never been studied by

other researchers.
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Fig. 2.11. Finite element model developed by El-khoriby et al. (2016)
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Table 2.2. Selected numerical works on the FRP retrofitting of RC walls

Research study Wall aspect Numerical model
ratio
1 Elnady (2008) 1.1 Macro modeling of FRP retrofitted rectangular RC
walls using IDARC and OpenSEES
2 Cortés-Puentes & 1.2and 2 |Micro modeling of FRP retrofitted rectangular RC
Palermo (2011) walls using Vector2
3 Cortés-Puentes & 24 Micro modeling of FRP retrofitted rectangular RC
Palermo (2011) walls using Vector2
4 | Mostofinejad and Anaei |1.37 and 7.49 |Micro modeling of FRP retrofitted rectangular RC wa
(2012) 1ls using ABAQUS
5 Rezaiefar (2013) I and 1.73 |Micro modeling of FRP retrofitted rectangular RC
walls using ANSYS
6 Nguyen et al. (2014) | 0.67 and 2.5 Micro modeling of FRP retrofitted rectangular RC
walls by developing 3D cracking models for concrete
7 Saher et al. (2016) 1.5 Micro modeling of rectangular RC walls retrofitted
with FRP X-bracing using ABAQUS
8 Risan et al. (2017) 1 Micro modeling of FRP retrofitted rectangular RC
walls with opening using ABAQUS
9 Behfarnia and 1 Micro modeling of FRP retrofitted rectangular RC
Shirneshana (2017) walls with opening using ABAQUS
10 |Aslani and Kohnehpooshi 1.27 Micro modeling of FRP retrofitted rectangular RC
(2018) walls with opening using ABAQUS

In the current work, considering the different FRP retrofitting schemes proposed by El-

Sokkary and Galal (2013), seismic collapse risk assessment of RC coupled C-shaped core walls

retrofitted with different FRP retrofitting schemes was conducted and the results are presented in

Chapter 4 of the current work. The methodology proposed by FEMA P695 was employed for the

seismic collapse risk assessment using 44 ground motion records. Moreover, experimental tests

were conducted on a C-shaped RC wall retrofitted with FRP composites. Results of the

experimental tests are presented in Chapter 6.

2.7

Summary

RC shear walls are best known as efficient lateral resisting systems in buildings because of

their high stiffness and their high flexural and shear capacities. Many studies have been carried

out to investigate the structural response of RC wall systems with different geometries. However,
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since the majority of the tests were conducted on planar (rectangular) RC walls, investigation of
the nonlinear response of non-planar RC walls is still necessary. Moreover, continuous
advancements in seismic design codes and regulations and the ageing and deterioration of
existing RC structures are two major reasons for the necessity of seismic strengthening and
retrofitting of shear wall structures. In this respect, different retrofitting methods have been
proposed, but reliable means of estimating the behaviour of RC shear walls are required to
choose the most effective retrofit method. Therefore numerical and experimental studies need to
be conducted to propose the required design equations and the most efficient strengthening
scheme. FRP retrofitted C-shaped RC walls have never been tested by other researchers in the
literature. In Chapter 6 of the current work, hybrid time-history, characterization and cyclic tests

are conducted on a C-shaped FRP retrofitted RC wall.
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CHAPTER 3
Numerical Investigation on Effectiveness of FRP Wraps for

Retrofitting of Existing RC Shear Walls

3.1 Evaluation of Finite and Fiber Elements RC Models for Nonlinear

Cyclic Analysis of C-Shaped Shear Wall

3.1.1 Abstract

Reinforced concrete (RC) shear wall buildings are a very common type of construction
worldwide. Nonlinear dynamic analyses of this type of structural systems are used more and
more by the engineering profession in the context of performance-based design or safety
assessment of existing buildings designed using older codes/standards. Researchers are also
working to improve advanced RC cyclic constitutive models especially under three dimensional
(3D) excitations involving axial, moment, shear and torsional interactions. Several computer
programs are available to perform nonlinear seismic analysis of reinforced concrete structures.
Detailed solid finite elements (FE) models (i.e. ANSYS, ABAQUS) using built-in constitutive
models are able to capture the local stress-strain responses, quantify low cycle fatigue, steel
reinforcement bond slip in addition to the global force-displacement responses. These programs
require the definition of several material parameters according to the constitutive model and
failure envelope used (i.e. smeared vs discrete steel reinforcement, concrete confinement).
Additional parameters to drive the nonlinear solution algorithms to convergence are also of
major importance. FE models are also often used to calibrate the nonlinear stiffness and strength
properties of fibre elements (i.e. OpenSees, SeismoStruct) that could be used in a
computationally effective way to assess the global nonlinear response of a complete building

structure (i.e. formation of plastic hinges). The predictions of both FE and fibre elements models
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need to be compared to experimental data to validate their performance for both ductile (flexural)
and brittle (shear) failure mechanisms.

This section describes the developments of FE (ANSYS, ABAQUS) and fibre element
(OpenSees, SeismoStruct, SAP2000) models of C-shaped shear walls (2.72m high, 1.30m x
1.05m footprint and 100 mm thick) tested by other researchers under axial and reversed cyclic
bi-directional flexural loading. Guidelines are provided for a proper definition of the FE and
fibre elements modelling parameters using five different computer programs to satisfactorily
reproduce the given experimental results, up to a drift percentage of 2.5%. The capabilities of the
different models to predict failure mechanisms are also investigated. The advantages and
limitations of the different computational tools are discussed. The results of this study are very
useful for researchers and practitioners working in the field of seismic safety evaluation of RC

shear wall buildings using predictive computational tools.

3.1.2 Introduction

In a Reinforced Concrete (RC) building, the seismic-force-resisting system is often
concentrated in relatively few walls that are distributed around floors, or within non-planar RC
wall systems, to provide desirable shear resistance and limit lateral deformations of the building
to acceptable levels. Coupled RC U-shaped walls (hereinafter referred to as core walls) can
efficiently resist the majority of seismic lateral forces and improve the design flexibility of RC
buildings. Substantial lateral strength and stiffness, in addition to deformation capacity, to meet
the demands of strong seismic excitations, make core walls a desired option for seismic force-
resisting system of RC buildings. In general, structural walls are designed to prevent collapse and
loss of life under severe earthquakes. The reason for adopting such a strategy is that it is
extremely expensive to design structures to respond elastically under such severe events, which

may not occur during their expected life; therefore, inelastic wall deformations are expected.
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The seismic behaviour of shear walls in buildings can be affected by many variables such as
shear span ratio, interacting nonlinear axial-shear-flexural behaviour, boundary elements, and the
interaction with other structural members. Since structural walls are the primary, and in some
cases the only, seismic-force resisting elements, robust analytical tools for nonlinear analysis of
multi-story buildings are essential for reliable seismic performance design or assessment. These
tools must include models capable of estimating the global seismic demands of the building and
capturing the hysteretic behaviour of structural walls. Moreover, multi-storey core walls are
sensitive to 3D seismic effects, thus requiring modelling tools that can account for these
phenomena while providing results with an acceptable accuracy and within a reasonable
computational time (Sedgh et al., 2015).

A large number of computer programs have been developed for nonlinear modelling and
analysis of building structures. These tools are becoming more and more popular in engineering
offices thanks to the growing performance of material constitutive laws and efficiency of
numerical formulations. Different modelling approaches can be used, ranging from macro-scale
models such as concentrated inelasticity, multi-axial spring models, truss models and combined
models, up to micro-models such as finite element (FE) models and fibre models.

Although RC micro modelling using solid FE models (e.g. ANSYS, ABAQUS) can
generally provide more detailed and precise results, the relevant expertise required to build such
models and to ensure analysis convergence and good quality of the results is still rather highly
specialized. In addition, micro modelling is practically inapplicable to large building systems.
The need for implementing several material parameters required by selected constitutive laws
and/or failure envelopes can be another limitation imposed by built-in material laws in many of
the tools available for nonlinear analyses of RC buildings. Understanding of these limitations is
crucial for critical assessment of the results of numerical calculations, especially for the cyclic
response of the structure.

Macro modelling is more convenient and generally easier than micro modelling and also has
rather less calculation process. However, the efficiency of both FE and fibre element models

needs to be validated against the experimental data to ensure their reliability for predicting both
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the global and local behaviour of RC shear walls. Clough et al. (1965) proposed the first
nonlinear macro model for numerical modelling of RC elements. Afterward, the first application
of the finite element method of analysis in RC elements was proposed Ngo and Scordelis (1967).
Since then several advancements were done in the area of modelling of RC elements including
shear walls.

In comparison with planar walls, very little experimental research has been carried out on the
performance of C-shaped RC walls subjected to lateral loads. In one of the first attempts, Ile and
Reynouard (2005) examined three full-scale U-shaped RC walls subjected to uniaxial and biaxial
cyclic lateral loading. The tests aimed at studying the behaviour of U-shaped wall in uniaxial and
biaxial bending and shear, and compared the alternative design requirements of two versions of
EC8. Beyer et al. (2008-a) performed bi-directional quasi-static cyclic testing of two U-shaped
walls with different thickness, built at half-scale and designed for high ductility. The tests mainly
focused on the flexural behaviour of walls, considering different directions of loading (two
orthogonal as well as diagonal). Results showed that the most critical direction was the diagonal
one, in which the maximum attained moment was less than what plastic hinge analysis would
predict. Moreover, the displacement capacity of the wall in the diagonal direction is smaller than
the other two orthogonal directions.

In this study, numerical models of an RC core wall are developed using different micro and
macro modelling approaches, including fibre element-based concentrated and distributed
inelasticity models, as well as finite elements. Different computer programs implementing these
approaches are used to model a C-shaped shear wall tested by Constantin and Beyer (2016)
under axial and reversed cyclic bi-directional flexural loading. The predictions of the numerical
models are compared to available experimental data to highlight the advantages and

disadvantages of each modelling approach.
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3.1.3 Review of numerical approaches for seismic safety assessment of RC shear walls

3.1.3.1 Concentrated and distributed inelasticity models

Concentrated inelasticity models, i.e. lumped plastic hinges, are among the simplest and
earliest nonlinear formulations for building seismic analyses (Clough et al., 1965). They assume
that most significant inelastic deformations occur at the critical zones, such as the ends of beam-
column members, while the other parts of the structure remain elastic. Plastic hinges can be
accounted for through discrete- or fibre-based formulations (Scott and Fenves, 2006). The fibre-
based approach, generally considered as more accurate, is used herein. It consists of using fibre
elements which are beams composed of multiple fibres discretized within a certain number of
integration sections located along the whole length of a structural member. When applied in a
concentrated inelasticity model, this approach directly takes account of the geometry of the
structure and material properties. The length of the plastic hinge and its position should be
determined prior to analysis (Bae and Bayrak, 2008). Fibre-based formulations can be split into:
displacement-based (DB) or force-based (FB) techniques (Neuenhofer and Filippou, 1997).
A DB-based simulation uses an interpolation of displacements or curvatures along each fibre
element, which may fail to adequately represent highly nonlinear behaviour. DB solutions can be
improved by increasing the mesh density but at the expense of higher computational cost. The
FB approach is generally preferred as it uses interpolation functions that are chosen to
correspond to the exact solution of the internal forces in the elements (Calabrese et al., 2010). It
is then possible to represent a structural member using a single FB element without the need for
refinement, except for the number of integration sections which can enhance convergence and
solution quality. However, FB simulation assumes that plane sections remain plane, which
prevents from appropriately accounting for the effects of shear deformations and flexure-shear
interactions.

As opposed to concentrated inelasticity models, distributed inelasticity models do not
localize inelastic deformations in critical zones, but rather account for their spreading along

beam-column members (Soleimani et al., 1979). In this work, the distributed inelasticity
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approach is combined with the Wide Column Model (WCM) Analogy (Beyer et al., 2008-a) to
simulate the nonlinear response of the core wall. As for lumped hinges, fibre-based elements are
available either as DB or FB formulations. Due to the multiple segments of the WCM of the
studied core wall, only DB elements are used to avoid localization effects, i.e. strong dependence
of the obtained nonlinear response on finer mesh discretization and does not converge into one
single solution (Calabrese et al., 2010). The same limitations of fibre elements discussed above
apply to the WCM, i.e. fibre elements are infinitely rigid in shear and torsion as they account
only for compression and flexure. To attenuate this limitation and partially account for the effect
of horizontal steel rebars on the shear resistance of the core wall, springs with rigidities
determined in a way to simulate shear deformations at these locations, can be assigned between

the multiple members of the WCM.

3.1.3.2 Finite elements

In FE analysis of RC shear walls, both shell and solid elements can be used in combination
with nonlinear material constitutive laws available in the numerical tool. The main benefits of
shell elements are relatively accurate consideration of 3D stress states and internal forces,
simplicity and low computational costs. In some cases, however, shell finite elements do not
allow adequate consideration of steel rebars in RC structures. Modelling such structures using
3D-solid finite elements is more straightforward, and detailed models of the rebars can be
developed regardless of the bar geometry and direction (e.g. longitudinal bars, hoops, and
transverse bars in an RC wall). This can lead to more accurate account of local effects such as
rebar buckling. However, the associated computational cost can be prohibitive for large-scale
problems. Convergence of the analysis is always an issue that needs to be addressed
appropriately in FE analysis of concrete members. Static and Dynamic/Implicit or Explicit
analyses can be used depending on the software and type of loading applied (ANSYS, 2010;
Hibbit, 2007). Implicit static and dynamic analyses sometimes suffer from the low rate of
convergence because of contact or material complexities, resulting in a large number of

iterations. This is one of the most drawbacks of these FE analyses, which usually happens in
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nonlinear analysis of RC members with large inelastic displacements corresponding to the

concrete cracking (Hibbit, 2007).

3.1.4 RC constitutive models and used software

3.1.4.1 Software used for concentrated and distributed inelasticity models

Three software packages were used to build the concentrated and distributed inelasticity
models: SeismoStruct (Seismosoft, 2014), SAP2000 (CSI, 2015) and OpenSees (Mazzoni et al.,
2006). SeismoStruct is a fibre element-based software, allowing both DB or FB modelling
approaches, as well as concentrated or distributed inelasticity modelling (Seismosoft, 2014).
Gauss-Legendre and Gauss-Lobatto numerical integration quadrature rules are used for DB and
FB elements, respectively. Four concrete and four steel constitutive laws are available, e.g.
Trilinear constitutive law and Mander et al. (1988) for concrete, and bilinear and Menegotto-
Pinto (1973) for steel rebars.

SAP2000 (CSI, 2015) is widely used for the design and analysis of any kind of structures,
such as buildings and bridges. It is particularly suited for linear analyses, but can also account for
geometric nonlinearity through P-delta effects and for material nonlinearity by using plastic
hinges or nonlinear link elements (CSI, 2015). Gauss-Legendre numerical integration quadrature
is used. Stress-strain curves can be defined as Simple and Park models for steel rebars, and
Simple and Mander models for concrete material (CSI, 2015; Mander et al., 1988). Hysteresis
types for nonlinear cyclic analysis are somewhat limited as only a select few are available in the
software, including kinematic (CSI, 2015) for steel rebars and Takeda (Takeda et al., 1970) for
concrete material.

OpenSees is an open source program for seismic response analysis of structural and
geotechnical problems (Mazzoni et al., 2006). Both DB and FB formulations are available for
fibre-based beam-column elements. The default numerical integration quadrature rules are
Gauss-Legendre and Gauss-Lobatto for DB and FB elements, respectively. A wide range of

uniaxial materials and section models are available for beam-columns, such as bilinear and
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Giuffré-Menegotto-Pinto (1973) for steel rebars, and Kent-Scott-Park (Mazzoni et al., 2006) and

Linear Tension Softening (Mazzoni et al., 2006) for concrete material.

3.1.4.2 Finite Elements

Finite element modelling is carried out herein using two software packages: ANSYS (2010)
and ABAQUS (Hibbit, 2007). ANSYS offers a specific solid element for RC members, i.e.
SOLIDG65, which is an eight-noded solid element capable of modelling cracking in tension and
crushing in compression and it is well suited for the 3D modelling of solids with or without
reinforcement materials (ANSYS, 2010). Cracking is supported at any surface along any
direction by means of the angle between the normal of the crack surface to the global directions.
Steel reinforcement can be considered as smeared throughout the concrete element or using
discrete steel rebar elements bonded to the concrete elements. The material constitutive law
provided in ANSYS for considering the cyclic response of the concrete medium include smeared
cracking and crushing model to add a certain cracking and crushing limit under tensile and
compressive stresses respectively. Also, shear transfer coefficients f; and f. are provided for
crack openings and closures respectively, which represent the shear strength reduction factors for
those subsequent loads which induce sliding (shear) across the crack face. These parameters can
have significant effects on the cyclic response of RC members subjected to severe shear
demands.

ABAQUS has a variety of elements that can be used to model concrete, including both
continuum and structural elements. Three different constitutive laws for the concrete material
including Brittle Cracking (BC), Smeared Cracking (SC) and Concrete Damage Plasticity (CDP)
can be employed. The latter appears to be the most comprehensive model for RC structures, as it
can represent all compressive crushing, tensile cracking and tension stiffening behaviours.
Moreover, CDP is the only constitutive model that can be used in both Implicit and Explicit
analysis. Though the SC constitutive model in ABAQUS uses the same theory as ANSYS does,
there is no feature available in ABAQUS to consider the shear reduction because of crack

opening/closing. As for the steel reinforcement, there is no smeared reinforcement option
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provided in the solid elements in ABAQUS. However, discretized reinforcement modelled using
truss or beam elements can be effortlessly embedded into the concrete medium.

Although the ABAQUS/Explicit is the usual choice for a seismic analysis, it can be used for
certain static or quasi-static problems. Typically, these are problems that would be solved with
ABAQUS/Standard but may have difficulty converging, making them computationally
expensive. ABAQUS/Explicit determines the solution without iterating by explicitly advancing
the kinematic state from the previous increment (Hibbit, 2007), results in a more efficient
analysis depending on the case. Substantial disk space and memory savings of
ABAQUS/Explicit are other advantages which make it more practical. However, specific
considerations such as smooth stepping and loading rate should be taken into account to achieve

reasonable results using the Explicit solver.

3.1.5 Experimental data for comparisons of RC constitutive models

To evaluate the performance of RC models, validation of numerical predictions against the
data from experimental tests by Constantin and Beyer (2016) are performed. For the sake of
brevity, only an overview of these tests is provided herein, detailed information can be found in
Constantin and Beyer (2016). The tests were carried to evaluate the lateral capacity of RC core
walls subjected to bi-directional loading. One of the tested C-shaped RC core walls, denoted as
TUC, is considered here for validation of the numerical approaches described above. Three
actuators, two acting along the NS (flanges) direction, and one along the EW (web) direction,
were attached to the collar at the top of the wall. Three types of steel rebars, i.e. D6, D8 and D12,
having 6, 8 and 12 mm diameters, respectively, were used. To assess the effects of reinforcement
distribution on the response, the vertical reinforcement of one flange was uniformly distributed,
while it was concentrated in the boundary elements of the other flange. The core wall was
subjected to an axial load kept constant during cyclic tests, and to various protocols of
bidirectional loads applied through cycles corresponding to different drift ratios from 0.1% to

3.0%.
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3.1.6 Hysteretic cyclic responses

The numerical strategies presented in the previous sections are applied next to evaluate the
response of the core wall tested by Constantin and Beyer (2016). The results obtained are
compared to their experimental findings to highlight the advantages and limitations of each

modelling approach.

3.1.6.1 Predictions using concentrated inelasticity models

This section describes the concentrated inelasticity models developed using SeismoStruct
and SAP2000. The core wall is modelled as a single beam element with a plastic hinge located at
the base. The length of the plastic hinge is determined as proposed in the Canadian code CSA
A23.3-14 (2014):

L,=0.5Ly+0.1h (1.1)

where L,, denotes the length of the wall in the studied direction and 4 the total height of the
building in the studied direction, considered as the distance between the base of the wall and the
location of the actuators in the present case. Eq. (1.1) yields plastic hinge lengths of 985 mm and
820 mm along the EW and NS directions, respectively, obtained using Ly, = 1.3 m and h = 3.35
m in the EW direction, and Ly, = 1.05 m and 2 = 2.95 m in the NS direction. For the sake of
simplicity, a mean value of 900 mm is used as plastic hinge length. The collar is modelled using
elastic elements that also serve to connect the actuators to the wall. Considering that only
concentrated loads are applied to the core wall, internal forces are interpolated linearly in the FB
elements.

Sensitivity analysis was performed to adjust the discretization level of the section in
SeismoStruct. Moreover, in the current version of SeismoStruct, it is not possible to model steel
rebars with different mechanical properties in a single section. To circumvent this limitation, the
mechanical properties of the rebars are defined in proportion to the actual quantity of each rebar
type in the section. The constitutive laws of Menegotto-Pinto (1973) and Mander et al. (1988)

are used to model steel and concrete, respectively. For practical purposes, the NS actuators are
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merged into a single one. The cyclic displacements imposed by actuators are applied to the wall
through a static time history analysis.

In SAP2000, each rebar is assigned its own mechanical properties, including a nonlinear
stress-strain curve with kinematic hardening, including an elastic, a perfectly plastic (which has
been removed in our case), an empirical strain hardening, and a softening region. Mander et al.
(1988) and Park constitutive laws are used respectively for the concrete and the steel materials.
The hysteresis behaviours used for the materials are Takeda et al. (1970) for concrete and
kinematic for steel since they are the only ones available that are nonlinear. Confinement has
been added manually to the section of the model. Cyclic displacements are applied as a
Nonlinear Direct Integration History load case. No mass is assigned to the model and a small
stiffness proportional damping is considered to enhance convergence. The Hilber-Hughes-Taylor
method (1977) with the parameters y=0.5, f=0.25 and o= — 0.0005 is used with time increments
of 10 s.

Figure 3.1.a illustrates the concentrated inelasticity models built using SeismoStruct and
SAP2000. The fibre discretization of the wall cross-section using SeismoStruct is presented in

Fig. 3.1.b, as well as the directions used for the bidirectional cyclic loading protocol.
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Fig. 3.1. Concentrated inelasticity model: (a) Model components in SeismoStruct and SAP2000;
(b) Fiber discretization of the wall cross-section using SeismoStruct.

36



The hysteretic cyclic response of the core wall along E-F direction (Positions E and F)
obtained using concentrated inelasticity models in SeismoStruct (Seismosoft, 2014) and
SAP2000 (CSI, 2015) are illustrated in Fig. 3.2 along with experimental data from Constantin
and Beyer (2016). A smoothing technique was applied to the SAP2000 results to reduce jagged
effects on the graph data. The initial stiffness predicted by SeismoStruct is slightly higher than
measured, which can be attributed to shear deformations not being fully accounted for in the
model. This effect could be attenuated partially by using link elements assigned a stiffness
corresponding to the shear stiffness of the wall along each direction. However, this would
increase the computational effort and lessen the attractive feature of using a single FB element
per structural member. This procedure is also limited depending on the plastic hinge length since
the hinge can only be placed on a single member.

The model seems to reproduce the slight strength-hardening observed in experimental
results. However, it does not account for 3D local behaviour along the wall cross-section, i.e.
warping effects, which might contribute to the predicted overstrength of the wall, especially at
position E along both principal directions. Two other reasons for the discrepancies between
predictions and experimental results in. Fig. 3.2.a & b are: (i) that a single set of mean
mechanical properties had to be used to represent the three different steel rebars, i.e. D6, D8 and
D12, and (ii) that confinement zones had to be predefined as being equal for certain regions of
the wall section which is not always the case in the actual wall. Moreover, the model was not
able to accurately capture the failure mechanism of the tested C-shaped RC wall.

For the SAP2000 model, a similar behaviour to the SeismoStruct predictions is observed, but
in a more amplified way; i.e. the initial stiffness is too high, and an increased overstrength is
observed for both directions (Fig. 3.2.c & d) compared to the predictions of SeismoStruct and
experimental data. Many of the same discrepancies are observed as in the SeismoStruct model,
but in a more amplified way; i.e. the initial stiffness is too high, and an increased overstrength is
observed for both directions (Fig. 3.2.c & d). Reasons such as material definitions, somehow
limited in the program, and the use of the Section Designer module (along with confined
concrete) could explain part of these differences. Numerical tests have shown slight differences
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between pushover analyses between a square RC column using the Section Designer module and
the standard module in the program. The in-cycle strength degradation observed are mainly
caused by the smoothing technique used along both EW and NS actuators and is not considered
as a discrepancy. The in-cycle strength degradation observed is mainly caused by the smoothing

technique used along both EW and NS actuators.
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Fig. 3.2. Predictions of the hysteretic cyclic response of the core wall along E-F direction using
concentrated inelasticity models vs experimental data: (a) and (b) SeismoStruct; (c) and (d)
SAP2000.

3.1.6.2 Predictions using distributed inelasticity models

The distributed inelasticity models are built using SeismoStruct and OpenSees (Fig. 3.3). In
both cases, the wall is modelled according to the Wide Column Model Analogy (WCM)
proposed by Beyer et al. (2008-a) and steel and concrete materials are modelled using

Menegotto-Pinto (1973) and Mander et al. (1988), respectively. In SeismoStruct, the mechanical
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properties of the rebars are defined in proportion to the actual quantity of each rebar type in a
given cross-section as previously, while these properties are assigned individually to each rebar
in OpenSees. The vertical elements defining each wall panel are modelled using inelastic DB
fibre elements. The collar is modelled using elastic elements as before. Zero-length link elements
with elastic concrete properties corresponding to a fraction of the gross section of the wall are
used between every two vertical elements to approximately account for shear deformations of the
wall (Beyer et al., 2008-a). Horizontal link elements are included to connect the three wall
panels. These elements have elastic concrete properties of a fraction of the wall gross section and
are only flexible in torsion and out-of-plane flexure (Beyer et al., 2008-a; Pelletier and Leger,
2017)). The collar and wall parts of the model are connected using rigid links located at the three
top nodes of the core wall. The cyclic displacements imposed by actuators are applied to the wall
through a static time history analysis. The analysis is run as a static analysis. The algorithm used
is Krylov-Newton (Scott and Fenves, 2010). The hysteretic cyclic response of the core wall
along E-F direction obtained using a Wide Column Model approach with distributed inelasticity
models in SeismoStruct (Seismosoft, 2014) and OpenSees (Mazzoni et al., 2006) are illustrated

in Fig. 3.4 along with experimental data from Constantin and Beyer (2016).
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Fig. 3.3. Fibre element-based WCM model: (a) Components of the WCM used in SeismoStruct
and OpenSees; (b) Undeformed WCM and deformed configuration along EF direction obtained
using SeismoStruct.
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Fig. 3.4. Predictions of the hysteretic cyclic response of the core wall along E-F direction using
distributed inelasticity elements and wide column models vs experimental data: (a) and (b)
SeismoStruct; (c) and (d) OpenSees.

Fig. 3.4.a & b show that the initial stiffness is well predicted by the SeismoStruct distributed
inelasticity elements models. The initial overstrength at the E position on the graph for both
actuators can be at least partly explained by the fact that a mean value of mechanical properties
had to be used for the west flange (composed of 3 different rebar sizes). Still, the general
behaviour is somewhat well represented by the model.

For the EW direction, a slight hardening is observed in later stages of the nonlinear cycles at
the E position. This behaviour can be attributed to multiple factors, such as definitions of
materials and confinement areas, i.e. they must be specified as symmetric in rectangular shapes
in SeismoStruct and a compromise has to be made. In-cycle strength degradation and cyclic
strength degradation seem to describe better the behaviour of the core wall in NS direction. This

kind of response can happen because of concrete crushing at the ends of the flanges. As was the
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case in the EW direction, approximations of confinement regions could play a role in this
behaviour. The OpenSees models seem to give reasonable results for the F position, while the
prediction in the E position is again less accurate. Definitions of the mechanical properties and
confinement regions are more precise in this case. The results seem to confirm the overstrength
in the E position, but it is less obvious than predicted by SeismoStruct model. The model
globally reproduces the behaviour of the wall relatively well. Limited in-cycle strength
degradation and cyclic strength degradation are also observed for the E position along the NS

direction.

3.1.6.3 Predictions using finite element models

Figure 3.5 shows 3D views of FE mesh used in ANSYS and ABAQUS models. In ANSYS,
SOLIDG65 elements are used to model the concrete, while BEAM188 elements are used to model
discretized steel rebars. Smeared Cracking (SC) model and a plastic regime with isotropic
hardening are assigned for concrete and steel materials, respectively. Similar configurations are
used for model implementation in ABAQUS, i.e. C3D8R solids and beam elements, except the
SC model, which is replaced by CDP model. Full bond interaction between the concrete and
steel rebars is considered in the numerical models. Mesh sensitivity analysis are performed to
adjust the mesh size in the FE models, and same sizes are used in both ANSYS and ABAQUS
for comparison purposes. The deformed shape of the core wall FE models and the stress
distributions are presented in Fig. 3.5.c & d. The force-displacement curves for both NS and EW
actuators obtained using FE analyses are compared to experimental results in Fig. 3.6. As it is
depicted in the figure, the observed responses from the ANSYS FE model are in acceptable
agreement with the test data in both loading and unloading parts of the cycles. The initial
stiffness of the curves match well for both NS and EW directions, and the FE models showed a
reasonable precision in predicting core wall capacity and maximum displacements at failure.
Possible reasons for the observed discrepancies could be the loss of tension stiffening effects
under reversed cyclic load conditions, and the degradation in the bond and anchorage of the

reinforcement, particularly at the base. Figures 3.6.c & d show that though the ABAQUS FE
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model closely predicts the initial stiffness in both directions, it fails in reproducing the cyclic
response of the core wall. First, the model overestimates the lateral capacity of the wall.
Moreover, while the calculated unloading stiffness of the model is close to the elastic stiffness,
the degradation of the unloading stiffness could not be captured. In fact, the model is unable to
capture sliding between the already cracked concrete surfaces. Little effects on the hysteretic
force-displacement response were observed by adjusting the stiffness recovery parameter
available in CDP model. The numerical model exhibits fat hysteresis loops with very low
pinching, due to the lack of a proper shear reduction algorithm, which induces shear sliding
across crack faces. Shear sliding effects at the time of crack closure upon load reversal can
significantly affect cyclic loops and lead to pinching effects in the cyclic response of the core
wall.

Figures 3.6.e & f present a comparison between the results of pushover analysis of the core
wall using both implicit and explicit solvers implemented in ABAQUS. For the explicit analysis,
smooth stepping feature in ABAQUS is used to avoid the waving effects in the response of the
core wall. A slow loading rate of 0.1 mm/s is also adopted in the explicit analysis to simulate
quasi-static loads and satisfy the recommendations in ACI 374.2R (2013). A mass scaling
technique is used with a scaling factor of 16 to expedite the computations, after performing
sensitivity analyses. Both implicit and explicit analyses result in a reasonable prediction of the
monotonic response of the core wall. The observed discrepancies between the numerical and
experimental results, specifically at the strength degradation stage, mainly come from cyclic
degradation effects which are the fundamental difference between the nature of two loading
protocols. The explicit solver decreases computational time up to 60% in the investigated case.
This difference can be even higher in cases when a relatively fine mesh and significantly small

time increments are required to address convergence difficulties.
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Fig. 3.6. (a) to (d) Hysteretic cyclic response of the FE models: ANSYS and ABAQUS; (e) to (f)
Comparison between the monotonic results of ABAQUS/Implicit and ABAQUS/Explicit (EF
direction)

3.1.7 Planned experimental testing program — Multiaxial loading of C-shaped walls

An experimental testing program was planned to be conducted at the Structures Laboratory
of Polytechnique Montréal. The main objectives of this program were to develop enhanced
numerical models to account for 3D seismic effects on C-shaped walls. The results of the tests,
obtained from planned cyclic tests of C-shaped walls subjected to multidirectional loads

including torsional effects, can be used to validate numerical models for investigating the multi-
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directional response of RC core walls. High-Performance Multiaxial Loading System available at
the Structures Laboratory of Polytechnique Montréal was used for this purpose. The tested core
wall was then retrofitted using FRP (Fiber Reinforced Polymers) sheets, and then re-tested under
multiaxial cyclic loads. Results of the test specimens (i.e. Original and retrofitted wall) were
planned to be compared to quantify the efficiency of the scheduled retrofitting method in

strengthening the wall.
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Fig. 3.7. Planned experimental testing program: (a) C-shaped shear wall to be tested using
the Multiaxial Loading System available at Polytechnique Montréal, (b) Simulation of the tests
using SeismoStruct.
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3.1.8 Conclusions

A variety of finite and fibre element RC models for nonlinear cyclic analysis of RC core
walls were evaluated in this paper, using different computer programs. The main results are
summarized as follows:

- The concentrated plasticity models, created herein using SeismoStruct and SAP2000,
have the advantage of being very simple to create. This type of analysis requires a
shorter amount of time than the others in terms of building the models and running the
analyses. This economy can be to the cost of precision, however; i.e. warping and
shear deformations are not taken into account.

- The distributed plasticity models combined with the WCM analogy, created herein
using SeismoStruct and OpenSees, are relatively simple to use including features to
enhance precision such as shear flexibility.

- FE modelling using the software such as ANSYS and ABAQUS could be as an
accurate tool for structural analysis. However, calibration/validation of the results is
necessary because of the probable uncertainties.

- By using the shear reduction feature provided by ANSYS, it can perform well in
predicting the cyclic behaviour of the RC U-shaped wall, as well as its capacity and
the maximum displacement at failure. On the contrary, though it is claimed that CDP
model in ABAQUS can capture the cyclic response of RC elements, this seems to be
true only in well detailed concrete elements with no pinching. In any case that
pinching behaviour is not expected, CDP model can be used.

- In contrast to cyclic loading, results of the CDP model under monotonic loads from
both Implicit and Explicit analyses are well in agreement with experimental ones.
Hence, Explicit analysis can be successfully used in the quasi-static analysis of RC

members.
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3.2 Numerical Investigation on Effectiveness of FRP Wraps for Retrofitting
of Existing RC Shear Walls

3.2.1 Abstract

Reinforced concrete (RC) shear walls are best known as efficient lateral resisting systems in
buildings because of their high stiffness and their high flexural and shear capacities. Continuous
advancements in seismic design codes and regulations and the ageing and deterioration of
existing RC structures are two major reasons for the necessity of seismic strengthening and
retrofitting of shear wall structures. In this respect, different retrofitting methods have been
proposed, but reliable means of estimating the behaviour of RC shear walls are required to
choose the most effective retrofit method. In this article, the response of FRP-retrofitted RC
shear walls subjected to lateral loads is studied using the general-purpose finite element code
ABAQUS. The numerical modelling is first validated against available experimental results from
the literature, and the numerical results in terms of the load—displacements are in good agreement
with experimental data. Squat shear walls and walls with intermediate aspect ratio having
different dominant behaviour including flexural, shear and sliding are considered in the study.
Geometric and material nonlinearities in the concrete wall, steel rebars and FRP wraps have been
taken into consideration. Shear walls with different geometries were modelled in order to study
the effectiveness of FRP wraps with different configurations on the wall’s behaviour in terms of
strength and ductility. It was found that the addition of an external layer of vertical FRP layer
results in increased wall’s ultimate load bearing capacity without a significant increase in the
stiffness in both squat and flexural walls, especially in walls with weak boundary elements. The
displacement ductility of squat walls and walls with intermediate aspect ratio are affected

differently by the addition of a vertical or horizontal FRP layer.
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3.2.2 Introduction

Reinforced concrete (RC) shear walls have been widely used as lateral load resisting systems
in buildings. Past earthquakes reconnaissance showed that RC walls governed by shear failure
have performed poorly due to probable brittle-type failures with low ductility (Kim, 2004). In
past two decades, researchers have performed various investigations to develop proper methods
for designing shear walls that have ductile behaviour while providing high shear capacity in
proportion to flexural capacity (Mousavi, 2008). On the other hand, many studies focused on
strengthening and repairing RC shear walls by using other methods such as steel jacketing and
fibre reinforced polymer (FRP) composite wrapping.

Adding vertical FRP layer(s) around the wall’s boundary regions was found to be an
effective way for improving RC shear walls performance, which can enhance both the ultimate
load-bearing capacity and ductility of shear wall system (Khalil and Gobarah, 2005,
Mostofinejad and Anaei, 2012, El-Sokkary and Galal, 2013). This retrofit method can be
effective for RC shear walls with weak boundary elements (Woods, 2014).

In addition to the vertical FRP layers, using horizontal wraps around the bottom part of a
wall system could improve the shear resistance of the wall. As such, local debonding of the
vertical FRP layers, as well as the undesirable shear sliding mode of failure, could be prevented.

The present study focuses on investigating the effectiveness of FRP strengthening on the
pushover behaviour of RC shear walls using finite element (FE) modelling technique. The FE
meshes, boundary conditions, and nonlinearity implementation methods have been
calibrated/validated by comparing the predictions of the closest available experimental data.
Subsequently, effects from FRP strengthening on the lateral response of RC shear walls were
studied. Two groups of walls, known as squat and walls with intermediate aspect ratio according
to ASCE-41 (2013), have been selected to investigate the effect of FRP strengthening method on
the lateral response of RC shear walls. Geometrical and material nonlinearities in the concrete

material, steel reinforcements and also FRP wraps have been taken into consideration. Effects of
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the variation of FRP covered area of wall on the ultimate load capacity, as well as the ultimate

drift, energy dissipation and ductility, have been evaluated.

3.2.3 Numerical Modelling

The software package used for FE modelling in this study was the general-purpose nonlinear
finite element package ABAQUS, which offers a comprehensive material constitutive law for
simulation of concrete material. This section describes the modelling approach used for the finite

element analyses.

3.2.3.1 Geometry and Mesh

Eight-node three-dimensional reduced integration elements with a Gaussian integration point
in the element C3D8R have been used for simulating the concrete medium in the numerical
model. Using lower integration point can help to reduce the time of analysis. However, using this
procedure can cause zero-energy mode called hourglassing, which leads to severe flexibility and
no straining at the integration points. ABAQUS uses a small artificial stiffness to prevent this
phenomenon (Hibbitt, 2007). Steel reinforcements are modelled using truss elements T3D2 and
positioned in the exact locations as in the experimental works. Adjacent nodes have then been
coupled using embedment constraint. For simulating the FRP layers, four node reduced-
integration shell elements S4R were used with compatible element sizes to avoid convergence
issues.

The solid elements located in boundary regions and also in the bottom part of the wall have a
dimension of approximately 1% of wall length in all three directions. This leads to a quite fine
mesh in concrete. To optimize the computational efforts, a relatively coarser mesh up to 5%
percent of the wall length was adapted for the rest of the model. Compatible meshes were also
considered for steel reinforcements and FRP layers. Fig. 3.8.a shows the employed mesh in the

finite element model.
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Fig. 3.8. a) Finite element mesh, b) Schematic FRP bond-slip relationship model proposed by Lu
et al. (2005)

3.2.3.2 Material Constitutive Laws

There are a number of concrete constitutive models available in the literature based on
principles of elasticity, plasticity and continuum damage mechanics. In the current study,
Concrete Damage Plasticity (CDP) model was used to define the mechanical properties of
concrete in the model. Modified Hognestad equation is used to define the compressive stress-
strain behaviour of concrete material. The tensile strength of concrete (f;) is considered to be
equal to 0.3 fc*” according to the CEO-FIB2010 (fib, 2013). In addition to the user-defined
compressive and tensile responses, two other parameters are required to define the yield function
for the CDP model. The ratio of initial biaxial compressive yield stress to initial uniaxial
compressive yield stress (oo / 6c0) was considered equal to 1.16. The ratio of the second
deviatoric stress invariant on the tensile meridian to that on the compressive meridian (K.) was
used equal to 0.67 for the analyses (Lubliner et al., 1989). The dilation angle of concrete material
was also set equal to 55 degrees as proposed by Dey (2014).

For steel reinforcements, combined hardening plasticity was considered by providing the
nonlinear half cycle stress-strain data equal to reported values in the experimental tests.

FRP material is considered orthotropic and transversely isotropic, i.e. the mechanical

properties are the same in any direction perpendicular to the fibres. In this study, FRP material
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was modelled by defining lamina type of elasticity along with failure sub option offered by
ABAQUS. Table 3.1 shows the mechanical properties of CFRP wraps used by El-Sokkary and
Galal (2013). Same material properties are considered in evaluating the effectiveness of FRP

strengthening of shear walls in the next section.

Table 3.1. FRP Material Properties

Parameter Value
Tensile Strength ( MPa) 1062
Elastic Modulus (MPa) 102000
Rupture Strain (%) 1.05

3.2.3.3 FRP-Concrete Interaction

The bond interface between concrete and FRP sheets, which was generated by utilizing a
layer of epoxy resin as adhesive material, has a significant effect on the seismic performance of
the strengthened shear wall (Rezaiefar, 2013). In some experimental works, mechanical
anchorage devices also used to ensure the prevention of de-bonding (Hiotakis et al., 2004),
(Ghobarah and Khalil, 2004), (Elnady, 2008). In the simulations of the adherence between FRP
layers and the concrete surface, some other researchers (Kezmane et al., 2012) have used a
perfect adherence. Some others also used the method of penalizing to model the contact between
two surfaces with a coefficient of friction acting between the master surface and slave surface.

In cases where the epoxy resin is the only adhesive medium, debonding failure mechanism
should be considered into the model corresponding to the mechanical properties of concrete and
FRP material. The bond-slip relationship model proposed by Lu et al. (2005) has been
implemented into the model by using nonlinear connector elements in ABAQUS. A schematic of

the proposed relationship is depicted in Fig. 3.8.b. Tributary area of adjacent nodes are calculated
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using a Matlab script. Then, different slip based relationships are defined to couple the adjacent

concrete-FRP nodes in the model.

3.2.3.4 Numerical Analysis

To perform a quasi-static pushover analysis, either a static or a dynamic analysis could be
used. In order to reduce the convergence issues, Dynamic/Explicit analysis in ABAQUS is used
in this study. Sensitivity analysis was done and a total time equal to 10 seconds was found to be
long enough to prevent dynamic waving effect in the results. Displacement controlled analysis
was defined by applying a smooth stepping mode through the analysis in the way that provides a
quasi-static situation for the analysis. This method was also previously employed by other
researchers (Rafiei, 2011, Dhanasekar and Haider, 2008) and was found to be able to achieve

reasonable results.

3.2.4 Model Validation

In this section, the validation of the proposed model for accurate following of the response of
RC shear walls under lateral loads has been performed by comparing the simulation results with
available experimental data. Recently, few researchers (Rafiei, 2011, Woods, 2014) validated the
capability of ABAQUS to simulate the lateral response of RC shear wall systems subjected to
lateral loads.

To ensure the precision of modelling approach, validation of numerical predictions against
two experimental tests by Lefas et al. (1990) were performed. The tests were carried out for
examining the lateral capacity of RC shear walls with different slenderness ratios. Moreover, to
ensure that the strengthened wall response would be also covered by the numerical model, a
comparison between the pushover numerical results and test records of an FRP strengthened
shear wall by Elsokkary and Galal (2013) was also performed in the second part.

Two wall specimens SW15 and SW22 from the tests by Lefas et al. (1990) with slenderness
ratio (i.e. height/shear span) equal to 1 and 2 respectively were selected to be used in the model

validation stage. Wall SW15 was an RC shear wall constructed with 40 MPa concrete (cube
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strength) and 470 MPa and 520 MPa yield strength steel reinforcement for vertical and
horizontal reinforcement, respectively. The wall had 750mm height, 750mm length, and 70mm
thickness. The wall reinforcement consisted of two layers of reinforcement, d8mm @ 60mm and
d6.25mm @ 80mm bars, providing a reinforcement ratio of 2.4% and 1.1% in the vertical and
the horizontal directions, respectively. Wall SW22 has 1300mm height, 650mm length, and
65mm thickness, constructed with 50.6 MPa concrete (cube strength). The wall reinforcement
consisted of two layers of reinforcement, d8mm @ 62mm and d6.25mm @ 115mm bars,
providing a reinforcement ratio of 2.5% and 0.8% in vertical and horizontal direction
respectively. Both walls were first subjected to a normalized axial load equal to 0.1, then the
lateral load was applied in displacement control situation. These two walls were used as control
wall in the current study to investigate the effect of FRP strengthening in the lateral response of
RC shear walls.

Wall RW1 was also selected from tests by El-Sokkary and Galal (2013), which had 1200mm
height, 1045mm length, and 80mm thickness. The wall was constructed with 37MPa concrete
(cylinder) and grade 400, 10M steel bars for the reinforcement. Details of mechanical properties
of the materials were presented in the Section 2.2. Normalized axial force equal to 0.02 was
acting on the wall during the test.

Modelling approach presented in the previous section was used for simulation and analysis
of the aforementioned specimens. Fig. 3.9 illustrates the comparison between numerical
predictions and experimental data. As it can be observed in the figure, the numerical model can
reasonably predict the lateral response of RC shear walls. For original shear walls SW15 and
SW22, very good agreement was observed between the results. Small discrepancies between the
results might be because of some uncertainties in material strength and also effect of some
residual stresses because of probable imperfections. These effects have not been considered in
the numerical model.

Numerical results for strengthened wall RW1 are also presented in Fig. 3.9.b which shows a
very reasonable agreement with the experimentally measured response. In fact, although there is

a difference between the descending branches of force-deformation curves, the general trends are
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quite similar. Moreover, the model successfully predicted the initial stiffness, ultimate load and
corresponding drift, and ultimate drift of the strengthened wall. Numerical models are then

utilized to perform a parametric study on FRP-strengthening of RC shear walls.

3.2.5 Results of Numerical Analysis

3.2.5.1 Wall Strengthening Schemes

Five different levels of FRP strengthening were investigated for both SW15 and SW22 walls
in this study, which consist of walls with the area covered by horizontal FRP wraps equal to 10
to 100 percent on each side of the wall. All walls had vertical FRP layers on both sides of their
boundary elements with the width equal to 20% of wall length. The strengthening schemes are as
follows:

- Original walls with no FRP strengthening

- Walls with vertical layer and 0.1/ horizontal wraps at bottom

- Walls with vertical layer and 0.1/ horizontal wraps at bottom and top

- Walls with vertical layer and 0.2/ horizontal wraps at bottom
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Fig. 3.9. Verification of Numerical Model, a) Concrete Shear Walls Tested by Lefas et al.
(1990), b) Retrofitted Wall Tested by El-Sokkary and Galal (2013)
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- Walls with vertical layer and 0.24 horizontal wraps at bottom and top

- Walls with vertical layer and horizontal wraps fully covered the wall

where h represents the height of the wall. Fig. 3.10 presents a typical strengthening scheme
of the wall with vertical and horizontal FRP wraps. It should be mentioned that, for walls with
extremely low (or high) geometrical aspect ratio, more than two vertical (or horizontal) FRP

layer could be used for strengthening the wall as proposed by Nguyen et al. (2014).
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Fig. 3.10. Strengthening Scheme of Walls by using FRP Wraps

3.2.5.2 Pushover Behavior

In this section, lateral responses of the studied walls are retrieved in order to evaluate the
effectiveness of FRP strengthening on enhancing the wall lateral resistance. Load-displacement
pushover curves for both squat walls and walls with intermediate aspect ratio are presented in
Fig. 3.11. In general, the FRP strengthening schemes have enhanced the lateral resistance of
walls, but in different levels, as expected. Moreover, similar strengthening configurations led to
different improvements in the walls. It should also be noted that although both walls achieved
higher resistance, the enhancement in the wall strength seems to be more affected by the vertical

FRP strips. As it can be seen, the results obtained from the case of covering 0.1h at the bottom of

55



the wall is so close to the case of covering 0.1h at bottom and top. By increasing the height of
horizontal FRP wraps, higher stiffness, as well as higher ultimate drift, are obtained from both
walls. However, differences in walls with intermediate aspect ratio are not significant.

A quantitative comparison between results is presented in Table 2. Evaluating the results
shows that 7 to 45 percent increase in the ultimate load capacity of the squat wall is achieved by
using the studied strengthening schemes. This corresponds to 9 to 41 percent increase in the
ultimate drift of squat wall before failure point. In the walls with intermediate aspect ratio, using
the studied strengthening schemes improved the ultimate load capacity from 26 to 49 percent in

comparison with the original shear wall. Corresponding ultimate drifts were increased by 6 to 13

percent.
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Fig. 3.11. Pushover Response of Walls, a) Squat Walls, b) Walls with Intermediate Aspect Ratio

In the walls with intermediate aspect ratio, using the proposed strengthening schemes
improves the ultimate load capacity by about 26 to 49 percent in comparison with the original
shear wall. Corresponding ultimate drifts were increased by 6 to 13 percent. A side-by-side
comparison could be done between strengthening schemes “FRP-V&0.1h-Bottom&Top” and
“FRP-V &0.2h-Bottom”. Both cases have the same covered area equal to 20%, but the latter
presents a better improvement in the wall response in both squat and intermediate aspect ratio

mode. This represents the bottom side of the wall as a critical region, especially in squat walls,
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where a relative increase in the wall capacity (in comparison with the corresponding value in the

original wall) is almost 60% higher (i.e. 10% and 16%, respectively).

3.2.5.3 Energy Dissipation

In terms of lateral resisting systems, the energy dissipation during the lateral effort of the
system is one of the main characteristics. In this section, a comparison between energy
dissipation capabilities of walls is performed through energy-drift curves as presented in
Fig. 3.12. As previously observed in the pushover curves, by increasing the area of the wall
strengthened by FRP wraps, more energy needs to be dissipated by the wall system at a certain
drift level. Highest contribution in energy dissipation results from the specimens fully covered by
horizontal FRP wraps, in which 135% and 67% increase in the energy dissipation are observed
for squat walls and walls with intermediate aspect ratio respectively. More explicitly, the
remarkable influence from horizontal FRP wraps on squat walls is observed.

For presenting the results in a more tangible way, dissipated energy by the walls was
categorized in two structural performance levels according to FEMA 356 (2000); Immediate
Occupancy (10) and Life Safety (LS). FEMA 356 recommends drift limits equal to 0.5% and 1%
as IO and LS performance levels respectively. These levels are indicated in Fig. 3.12 with red
and blue dashed vertical lines respectively. Results are compared for two wall groups in
Fig. 3.13.

As shown in Fig. 3.13.a for squat walls, the effectiveness of FRP strengthening on increasing
the energy dissipation capability is relatively significant in both IO and LS performance levels,
ranging from 2% to 68% and 14% to 65% respectively. A similar comparison is performed for
walls with an intermediate aspect ratio in Fig. 3.13.b, in which a lower effectiveness from FRP
strengthening can be observed. The increase in energy dissipation capability ranges from 16% to

29% and 23% to 42% in 1O and LS performance level respectively.
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Table 2 — Results of Pushover Analysis of Walls

Energy
FRP Drift at Energy Total Energy
Ultimate Ultimate | Dissipated
Specimen | Strengthening Scheme | Covered Ultimate Dissipated at| Dissipated
Load (kN) Drift at I0
Area Load LS (kN.m) (kN.m)
(kKN.m)
No FRP Strengthening 0% 330.1 1.09% | 1.09% 315 815 917
FRP-V &0.1h-Bottom 10% 354.5 1.16% | 1.18% 322 932 1170
FRP-V&O0.1h-
20% 364.5 1.19% | 1.19% 350 979 1230
Bottom&Top
SW15
FRP-V &0.2h-Bottom 20% 383.0 1.29% | 1.29% 390 1034 1465
FRP-V &0.2h-
40% 390.3 0.58% | 1.35% 439 1156 1658
Bottom&Top
FRP-V&Full h 100% 477.1 0.51% | 1.54% 529 1345 2152
No FRP Strengthening | 0% 139.6 | 1.35% | 1.35% 251 676 76
V&O0.1h-Bottom 10% 176.5 1.42% | 1.42% 291 832 100
FRP-V&O0.1h-
20% 178.4 1.39% | 1.41% 297 853 101
Bottom&Top
SwW22
FRP-V &0.2h-Bottom 20% 186.4 1.43% | 1.43% 306 879 107
FRP-V &0.2h-
40% 190.2 0.89% | 1.47% 311 905 113
Bottom&Top
FRP-V&Full h 100% 208.2 0.68% | 1.52% 323 961 127
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Fig. 3.12. Energy Dissipation in Walls, a) Squat Walls, b) Walls with Intermediate Aspect Ratio
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Fig. 3.13. Energy Dissipated by Walls in Immediate Occupancy and Life Safety levels,
a) Squat Walls, b) Walls with Intermediate Aspect Ratio

3.2.5.4 Evaluating the Ductility of Strengthened Walls

Since the relation between strength and deformation of RC members may not have a well-
defined yield point, some approximate levels should be used to define yield and ultimate limits.
In the current study, the proposed approach by Carrillo et al. (2014) called uo 35 method was used
to evaluate the ductility of wall specimens. This method defines the ductility (¢ = Au/Ay) as the
ratio between ultimate displacement and the displacement corresponding to 0.85 of maximum

load on the ascending branch of the monotonic envelope (Todut et al., 2014). The term Adu
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corresponds to drift ratio at the point that horizontal load value falls to 80% of the maximum
horizontal force (i.e. 20% degradation).

Fig. 3.14 shows the variation of ductility coefficient of wall specimens. Taking into account
only squat wall specimens, it can be concluded that there is a direct relation between the wrapped
area of the wall and the wall ductility coefficient; increase in the wrapped area significantly
increases the ductility coefficient. This seems to be reasonable since the lateral behaviours of
squat shear walls are mainly controlled by shear. This conclusion was also supported by the

results of other researchers, such as Kheyroddin and Naderpour (2008).
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Fig. 3.14. Evaluating the Displacement Ductility of Walls, a) Squat Walls, b) Walls with
Intermediate Aspect Ratio

Results for walls with an intermediate aspect ratio in Fig. 3.14.b demonstrate that FRP
strengthening has no significant effect on the ductility of these walls. Moreover, in this case, the
wall fully covered by FRP wraps has developed a lower ductility compared to a wall with 20%
covered area. Hence, full horizontal FRP wrapping is recommended for squat walls.

A quantitative comparison shows that by using studied FRP strengthening schemes, the
ductility of the wall could be raised by up to 198% and 9% in squat walls and walls with

intermediate aspect ratio respectively.
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3.2.6

Conclusions

The effectiveness of FRP-strengthening on lateral response of RC shear walls was

investigated in the current study, using nonlinear FE analyses. Pushover analyses of shear walls

were performed, and results showed that:

FRP strengthening can enhance the lateral performance of RC shear wall by increasing
the wall ultimate load capacity up to 49%, as well as the ultimate drift, energy dissipation
and ductility.

Energy dissipation capability of walls improved in both IO and LS performance levels.
Total energy dissipation increased up to 135% and 67% for squat walls and walls with
intermediate aspect ratio, respectively.

By using the proposed strengthening schemes, the ductility of squat walls jumped by up
to 198% increase, while only 9% increase was observed in walls with intermediate aspect
ratio.

Energy dissipation capability of walls improved in both IO and LS performance levels.
Total energy dissipation increased up to 135% and 67% for squat walls and walls with
intermediate aspect ratio, respectively.

By using the proposed strengthening schemes, the ductility of squat walls jumped by up
to 198% increase, while only 9% increase was observed in walls with intermediate aspect

ratio.

In further studies, the effect of FRP-strengthening on the response of non-planar shear walls

with different geometries and rebar configurations can be conducted. Furthermore, the modelling

approach can also be used in predicting the behaviour of repaired walls subjected to minor

damages during the earthquakes.
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CHAPTER 4
Seismic Collapse Risk Assessment and FRP Retrofitting of RC
Coupled C-Shaped Core Walls using the FEMA P695 Methodology

4.1 Abstract

Despite the frequent use of C-shaped reinforced concrete (RC) cores as the primary force
resisting system of multi-story buildings, there are still challenges in estimating their inelastic
seismic response, especially when they are used as coupled wall system. Recent studies showed
the inadequacy of old code provisions in predicting the seismic shear demands of these systems.
This deems many existing RC cores structurally deficient and needs to be retrofitted. One
alternative is to retrofit RC shear walls using FRP composite materials to enhance the capacity
and the ductility of the system. The current paper focuses on two aspects of coupled C-shaped
RC core systems: (i) seismic collapse of the system for different torsional sensitivities, and (ii)
effectiveness of FRP retrofitting on the seismic response of the structure. Modifications were
proposed to the wide column model recently proposed by other researchers to accurately capture
the inelastic torsional behaviour of RC cores, including different modes of failure. Moreover, a
simplified spring model is proposed to consider the effect of Fiber Reinforced Polymer (FRP)
retrofitting with vertical strips as well as X-bracing. The proposed modelling approach is
validated against available experimental data. Nonlinear Incremental Dynamic Analysis (IDA) of
a typical twelve story RC building structure located in Eastern North America was performed
using OpenSEES, following the FEMA P695 methodology. It was shown that although the
torsional sensitivity has no significant effect on the inter-story drift ratios of the building, it could
significantly decrease the Collapse Margin Ratio (CMR). Combined Shear/Flexural failure was
found to be the most common failure mode. Observed results also confirmed that the FRP

strengthening could be used as an efficient method for enhancing the collapse resistance of RC
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core wall systems. By using a proper strengthening scheme with FRP material, more than 60%

increase in the CMR can be achieved for the structural system.

4.2 Introduction

Reinforced Concrete (RC) walls are often used as coupled systems in construction of multi-
story buildings because of their advantages in comparison with individual walls such as higher
lateral stiffness, lower bending moments on each individual wall, and higher energy dissipation
because of the inelastic deformations of coupling beams (EI Tawil et al., 2010). These elements
have been extensively utilized in medium-rise and high-rise building structures within the past
decades. Nowadays, RC coupled shear walls are popular lateral force resisting systems,
especially in high-risk seismic zones (Farhidzadeh et al., 2013). The reason behind this trend is
that RC coupled walls are significantly capable of controlling the inter-story drift ratio, which
has been frequently used as a performance indicator in the design of structures (Carrillo and
Alcocer, 2012). Similarly, these structural systems are quite efficient in reducing the associated
implication of non-structural elements damage.

The expected energy dissipation mechanism of a ductile RC wall system under lateral
deformations is flexural yielding (i.e. plastic hinges) at the base of both the cantilever and
coupled wall systems, and at both ends of each coupling beam in a coupled wall system (Boivin
and Paultre, 2012). Series of design provisions are specified in the current codes to confine the
inelastic response at the wall base. These are aimed at ensuring enough strength against
undesirable modes of failure like brittle shear failure (Ghorbanirenani et al., 2012).

Many researchers have conducted both experimental and analytical investigations to identify
the behaviour of coupled walls and to improve the performance of these systems. The C-shaped
coupled wall system (i.e. core wall) is one of the simplest and is a popular arrangement used in
practice. Despite their popularity, however, there have been relatively few studies on the seismic
behaviour of these RC structures (Beyer et al. 2008), necessitating research on the seismic

performance of C-shaped cores. One of the most important characteristics of these nonplanar
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wall systems is their response when the structure is subjected to torsional efforts due to the
eccentricity of lateral forces. This will be more significant when the structural system is
asymmetric in the plan regarding the lateral stiffness and strength distribution. Such a
configuration in the plan of a building is prone to have large torsional response during a severe
earthquake. Reports and field observations after the past earthquakes showed severe structural
damages because of torsional effects (Hart, 1975; Esteva, 1987). A recent investigation by
Dizhur et al. (2011) reported significant structural damages, which was apparently caused by a
“torsionally sensitive response”, after the Christchurch earthquake in 2011.

Most of the researches carried out in the past focused on the behavior of planar RC walls,
including various proposed approaches for predicting their nonlinear flexure-shear interaction
behavior (Colotti, 1993; Elwood, 2002; Massone et al., 2006 and 2009; Mullapudi and Ayoub,
2009; Zhang and Xu, 2009; Jiang and Kurama, 2010; Beyer et al., 2011; Panagiotou and
Restrepo, 2011; Fischinger et al., 2012). These approaches were mostly based on fibre-section
elements such as multiple-vertical-line-elements (MVLE) proposed by Vulcano et al. (1988).
The biaxial behaviour of concrete material (e.g. modified compression field theory; Vecchio and
Collins, 1986) was also considered in some of these approaches.

On the contrary, experimental researches on the performance of non-planar (e.g. C-shaped)
RC walls subjected to lateral loads are very limited. In one of the first attempts, Ile and
Reynouard (2005) examined three full-scale U-shaped RC walls under cyclic lateral loading. The
purpose of the study was to investigate the behaviour of U-shaped walls against uniaxial and
biaxial bending and shear and to compare the design provisions required by two versions of
Eurocode 8. A shell model was also developed for simulation of non-planar RC walls. Beyer et
al. (2008-a) investigated the bi-directional quasi-static cyclic response of ductile U-shaped RC
walls by conducting experimental tests on two half-scale specimens with different thicknesses.
The tests mainly focused on the flexural behaviour of walls, considering different directions of
loading (two orthogonal as well as diagonal). Results showed the diagonal direction as the most
critical direction, in which the maximum moment resisted by the wall was less than the

corresponding value calculated by the plastic hinge analysis. Moreover, the displacement
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capacity of the wall in diagonal direction was found to be smaller than the other two orthogonal
directions. A simplified numerical model was also developed by Beyer et al. (2008-b), and a
practical approach was proposed for implementation and analysis of U-shaped walls. The
numerical approach was based on wide-column analogy and has been shown to produce a
reasonable estimation of the inelastic displacement response for slender walls. Constantin and
Beyer (2012) used a three dimensional (3D) multilayered shell element model for U-shaped
walls to capture their local as well as the global behaviour under diagonal loading. The model
was developed using the software VecTor4 developed at the University of Toronto (Wong and
Vecchio, 2003), and was found to be accurate in terms of loading capacity of the wall, but not for
its displacement ductility.

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

Recently, Lu and Panagiotou (2014) presented a three-dimensional (3D) cyclic model for
non-planar RC walls, based on beam-truss analogy. The model was able to predict the effects of
flexure-shear interaction, considering the biaxial behaviour of the concrete material, and account
for mesh-size effects. Although the proposed model has been revised several times and they
validated the model for three reinforced concrete T-shaped, C-shaped, and I-shaped section wall
specimens, the modelling approach was found to be complicated in terms of calibration of truss
members and material properties (Kolozvari, 2013). The results were also sensitive for precisely
tracking the displacement responses of walls in a wide-amplitude.

In the design of RC shear walls, the fundamental design equations are mainly based on the
“plane sections remain plane” assumption, which is unable to capture the shear lag effects related
to flexure and warping torsion. Such effects can be substantial in non-planar (C-, I- or T-shaped)

wall configurations, and might affect the response of the structural system in seismic excitations.
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A study Boivin and Paultre (2010) was shown that the seismic provisions proposed by NBCC
2005 and the CSA standard A23.3-04 (2014) for the design of ductile RC shear walls buildings
could considerably underestimate the shear demand, especially at the base of the shear wall
system. This issue would be due to the fact that the amplification effects from the higher modes
of vibration cannot be efficiently taken into account by the current capacity design methods. In
the seismic design of a multi-story ductile RC wall, this can result in a considerable
underestimation of the seismic force demand. Hence, more studies need to be conducted on the
seismic performance of these structural systems and effectiveness of available retrofitting
methods, both of which were investigated in the current study. A recent research on the seismic
design of RC shear walls (Pelletier and Léger, 2017) showed that a more reliable shear force
demand can be achieved by using the recently introduced dynamic shear amplification factor by
CSA A23.3-14 (2014). This factor should be applied to account for the inelastic effects of higher
modes and to prevent brittle failure occurrence. However, RC shear wall systems that are
designed based on the CSA A23-04 need to be controlled for shear demands. Moreover, CSA
A23.3-14 excludes the coupled and partially coupled walls from the clause specified for
“accounting for inelastic effects of higher modes”. Furthermore, NBCC 2015 provides a higher
mode factor M, which is equal to 1.0 for coupled shear walls except in very occasional cases,
T.=2.0 seconds and Sy »/S5=65, in which the M, is equal to 1.03. On the contrary, it was found by
Boivin and Paultre (2010) that the shear envelope calculated based on the capacity design
method is significantly unconservative in either the cantilever or coupled wall directions.
Therefore, more accurate evaluations for the future designs and retrofit options for existing
building are essential.

FEMA P695 (FEMA 2009) has proposed a methodology to assess the seismic performance
of structures. This methodology provides a rational method for evaluating the adequacy of
proposed response parameters, including the response modification factor (R), the system over-
strength factor (€), and deflection amplification factor (Cg) of a seismic force resisting system.
Using nonlinear analysis techniques, the methodology combines certain steps to develop and

analyze a specific structural model for probabilistic collapse assessment of structure. The
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methodology explicitly considers uncertainties in selected ground motions, modelling approach,
design, and test data.

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

The objective of this paper is to quantitatively evaluate the seismic collapse risk of coupled
RC core walls with different torsional sensitivity factors and to assess the effectiveness of FRP
retrofitting of these structural systems on their seismic responses. This evaluation is done
according to the FEMA P695 (FEMA 2009) methodology. A modified wide column model
(WCM) was proposed for simulating the nonlinear response of RC cores, considering the
torsional effects. A simplified 3D macro model was developed using OpenSEES (Open System
of Earthquake Engineering Simulation, McKenna et al. 2013), and subsequently, experimental
test data from the literature were used to validate the accuracy of the modelling approach.
Moreover, a simplified spring model is proposed to consider the effectiveness of using FRP
wrapping, vertical strips and X-bracing for retrofitting purposes. After validating the numerical
model, nonlinear Incremental Dynamic Analysis (IDA) of a typical twelve story RC structure
located in eastern part of Canada was performed, following the FEMA P695 methodology. A
series of 50 artificial ground motions proposed by Atkinson (2009) were used for IDA analyses
of the RC core in different levels of torsional sensitivity. The analyses results were compared to
determine the dynamic collapse capacity of the structure before and after FRP retrofitting.
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4.3 Analysis Methodology

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

explained in detail in this section.

4.3.1 Geometry and configuration of the model

A schematic diagram of the numerical model of the wall is shown in Fig. 4.1.a, including the
configuration of nodes and elements. The discretized fibre section of the core wall is also

presented in the Fig. 4.1.b.
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Fig. 4.1. Wide Column Model for the C-shaped core wall, a) isometric view of an RC core

elements and position of the wall elements and links, b) subdivision of the fibre cross-section of
C-shaped RC core

4.3.1.1 General WCM model

Each C-shaped section of each core wall was separated into three rectangular regions (i.e.,
two flanges and the web), modelled by vertical elements in their centroid representing each
segment. A horizontal link was used along the length of each segment to connect these vertical

elements. The corner areas of core section were divided into two and assigned to the web and
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flange sections. Hence, the bars located in inner corners of the section was assigned two times
(web and flange sections) to represent the outer bars as well.

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

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

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

As for the number of elements between links, Beyer (2008-b) found that a WCM with two
elements between successive links suits most engineering studies. Therefore, extra nodes
between successive links were introduced to equally divide the available height into two

elements (Fig. 4.1.a).
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The horizontal links should have common nodes at the corners, and modelled as rigid links,
except for a torsional flexibility (Beyer et al., 2008-b; Reynouard and Fardis, 2001). The
torsional flexibility (GK;) assigned to the horizontal links was calculated using the Eq. 4.1
suggested by Xenidis et al. (1993):

hl tw

GK, =G 4.1)

where G is the shear modulus of concrete, K; is the torsional stiffness, 4; is the rigid link
spacing, and ¢, is the thickness of the wall. Validation of the results against available hysteresis
results from the experimental test was conducted to examine the adequacy of the number of
elements in the model. The selected number of elements was found to be sufficient for predicting
the cyclic response of C-shaped walls, which will be explained in the next sections.

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

uncracked section shear stiffness (k;) computed by the Eq. 4.2:

G A
=

kg 4.2)

where A; was taken as 80 percent of the gross section area of each segment (i.e. flanges and
web). This assumption will have a considerable lack of accuracy once a shear mechanism in the

wall segment occurs. In this study, a bilinear trend was used instead to consider the shear failure
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in the wall segment response. Shear strain at yield was set to be equal to 0.0015 based on the

study by Massone (2006).

4.3.1.2 P-06 effects

The lateral displacement of the building caused by the seismic (and wind) loads on the
lateral resisting system of the structure is usually accompanied by further displacements because
of the P-3 effect. In the simulation of the 12-story building (Fig. 4.2), effects of geometrical
nonlinearity were also considered in the model by adding a P-6 frame (leaning column analogy).
This P-6 frame was located at a distance equal to the typical span length of the building (6
meters) in East-West direction (Fig. 4.2.c). The frame consisted of rigid co-rotational beam-
column elements (columns) and horizontal rigid links connecting the columns to the rigid links at
the corner of the section web at each story level. Because of the 3D modelling approach used in
the study, P-6 frame elements were also connected to the core through diagonal truss elements, to
avoid instability of the system. The floor mass was computed at the story levels and was lumped
at the corresponding nodal point. The tributary area considered for the P-o frame at each story
level was set as the total floor (or roof) area, out of which the tributary area of the core wall
system was excluded. A significant effect was observed on the lateral response of the building

due to the P-9 effect, especially for higher lateral displacements.

4.3.1.3 FRP elements

Effects from horizontal FRP wrapping on the behaviour of wall segments were considered
through confining the concrete materials and increasing the stiffness of horizontal springs in the
way that represent the shear stiffness of FRP wraps and the wall section itself. Guidelines
proposed by ACI 440 (2008) for FRP strengthening of reinforced concrete shear walls were
considered at this step. Vertical FRP strips and FRP X-bracing were also modelled using uniaxial
“elastic-no tension” material object in OpenSEES. Two options were available for implementing
the vertical FRP strips: a) fibre based definition of FRP layers into the section of each wall
segment, similar to the proposed scheme by ACI 440 (see Fig. 4.3.c), b) using separate spring

elements connecting the corresponding nodes on the rigid links. To obtain comparable results

72



with the wall strengthened using X-braced FRP strips, the second option was used in the current

study. The elements were defined by connecting the corner nodes, middle nodes, and the nodes

created at the end of flanges to define the coupling beams in the model (Fig. 4.3.b). Moreover,

vertical FRP wrapping of the coupling beams was considered for all the FRP strengthened

models. The schematic drawing of the FRP retrofitting layout is shown in Fig. 4.5.
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Fig. 4.2. a-b) 3D layout and the plan view of the 12-story building coupled C-shaped RC core,
¢) Wide Column Model for the 12-story core wall.

Perfect anchoring of FRP strips was assumed at story levels. Moreover, to create a

debonding rule in the midstory height, the nodes on the rigid link were duplicated, and the bond-

slip relationship model proposed by Lu et al. (2005) was implemented into the model. Tributary
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areas of FRP strips were calculated, and slip based relationships were defined to couple the

nodes in the model. The other degrees of freedom were slaved by using EqualDOF constraints in

OpenSEES.
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Fig. 4.3. Configuration of FRP elements in the model: a) Vertical FRP strips, b) X-brace FRP
strips, ¢) Typical cross section of core wall segments with vertical FRP strips proposed by ACI

440-2R (2008)

4.3.1.4 Strain penetration effects
In addition to the flexural/shear deformations in RC members, the end rotation due to

reinforcement slip has to be captured in the model, which occurs not only at large inelastic stage

but also during the elastic response of members (Huang, 2012). This effect, called as strain
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penetration effect, was shown by experimental observations (Kowalsky et al. 1999) to have a

relatively considerable contribution in the total lateral deformation of flexural members

FRP X-bracing OR Typical coupled core wall

FRP wrapping of
coupling beam

~

Vertical FRP strips

/

] Second FRP layer
- OR wrapping the wall

First Layer of anchored FRP strips on the
RC Core Wall flanges and web

Fig. 4.4. Schematic drawing of the FRP retrofitting layout

This effect should not be ignored in the modelling of RC cores to avoid overestimating the
stiffness of RC core, which can lead to underestimating the lateral drift of the core wall. Since
the fibre-based modelling approach corresponds to the basic assumption that plane sections
remain plane (i.e. perfect bond condition), the strain penetration effect can be considered by
utilizing a zero-length element at the base of wall segments. Fig. 4.5 shows the schematic

location of a zero-length element at the base of the fibre-based model of the RC core.
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Fig. 4.5. Bond-slip components used to consider the strain penetration effects: a) Schematic
drawing, b) Fiber-based model for each core wall segment, c) Stress-displacement relationship
developed by Zhao and Sritharan (2007)

In the current work, the stress-slip model proposed by Zhao and Sritharan (2007) was used to
take into account the strain penetration effects in the wall to footing intersections. OpenSEES
Bond_SPO1 material was used to represent the vertical reinforcements. This model considers the
total bar slip caused by strain penetration effect as a function of a certain level of stress in the bar

(Zhao and Sritharan 2007).

76



4.3.2 Failure criteria for materials

Mechanical properties of materials were defined based on the reported test data or nominal
strength of concrete and steel reinforcement using the available empirical equations. However,
confinement effects on the concrete behaviour have also been taken into account. Fig. 4.1.b
shows the distribution of different materials in the cross-section of the RC cores simulated in the
numerical model.

Modified Kent and Park model (Scott et al, 1982) was used to define the nonlinear
constitutive laws for concrete fibres (Concrete02 in OpenSEES). Though the model proposed by
Chang and Mander (1994) has few more accurate features such as better simulation of the
gradual closure of cracks under cyclic loading and calibration of the stress-strain data resulted
from experimental tests (Concrete07 in OpenSEES), the Concrete02 model was used because of
its simplicity of calibration. The model offers a reasonable level of accuracy while holds its
simplicity, and is extensively used even though some constitutive models developed afterward
were proved to be more precise and comprehensive (Orakcal et al., 2006). The monotonic

compressive stress-strain (o, — &.) curve can be described by three regions as following (see

Fig. 4.6):
SC SC 2
0. = Kf! |2 (—) _ (—) e < gy (4.3)
&o &o
O-C = Kf;-’[]. - Z(SC - 80)] ) (":0 < SC S 820 (44)
O-C = OZK]‘;-’ ;‘SC > 820 (45)

The initial tangent moduli (E,) can be calculated by the following expressions:
E. = 4500,/f/ (MPa) (4.6)

In the above equations, ¢y denotes the strain corresponding to the concrete peak stress under
compression, &9 denotes the strain corresponding to 20% of maximum compressive stress, K is
the confinement modification factor, f. is the concrete compressive strength (unconfined peak
stress in cylinder test) in MPa, and Z represents the slope of strain softening. A set of linear

stress-strain relations was subsequently proposed by Yassin (1994) to define the hysteretic
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unloading and reloading rules for the material model (Fig. 4.6). The tensile strength of concrete

(f,) was calculated as following:
fi =0.623,/f/ 4.7)

where f, and f, are expressed in MPa. In the current work, a similar form of the stress-strain
curve was used for both unconfined and confined concrete. Peak compressive strength for the
confined concrete was calculated based on the method proposed by Mander et al. (1988), for

different regions of the cross sections, which are depicted in Fig. 4.1.b.
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Kt

s

Unloading path

i Strain

Fig. 4.6. Hysteretic unloading and reloading rules used in the model (Yasin, 1994)

For steel reinforcement, the Giuffré-Menegetto-Pinto hysteretic model (Filippou et al., 1983)
with default parameters (Steel02 in OpenSEES) was adopted to represent the nonlinear transition
from elastic stage to strain hardening stage for cyclic and pushover analyses. This model defines
the steel material objects with isotropic strain hardening. Input data to define this relationship are
elastic modulus Ej, yield strength f, and the coefficient which defines the relationship between
the elastic modulus and the slope of tangent after reaching the yield point. In cases that the

ultimate strength of the steel bars are not known (e.g. the studied 12-story building in the current
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work), the hardening ratio equal to 0.5% can be assumed that is suitable for most steel bars. No

bond-slip was considered with respect to the surrounding concrete.

800 120 === Unconfined Concrete

600 100 Confined Concrete
. 400 80
£ 200 | £
2 = 60
g 0 2
g g 40
R-200 :" 3,:)

-400 20

-600 )j [ ——D6mm 0

------- D12 mm
-800 L L 1 1 20 L L L
-0.15 -0.1 -0.05 O 0.05 0.1 0.15 0 0.0025 0.005 0.0075 0.01
Strain Strain
(a) (b)

Fig. 4.7. Sample hysteresis stress-strain behaviour of material assigned in the numerical

model: a) Reinforcement, b) Concrete

Table 4.1 shows the sample material parameters adopted for the verification cases as well as
the 12-story building. Sample plots of the cyclic material behaviour employed for the steel and
concrete fibres in the numerical model of the specimen TUA are depicted in Fig. 4.7. Details and
mechanical properties of different FRP layers are shown in Table 4.2. Same FRP materials were

used in all the retrofitting schemes.

4.4 Model Validation

In order to validate the modelling approach and the assumed failure criteria, two RC wall
specimens from different experimental programs available in the literature were selected to be
modelled using the above-explained approach. The results of the numerical simulations were
compared with the reported experimental results. The lateral force acting on the wall is

normalized to the maximum shear resistance allowed by the ACI 318-14 (I, = O.666ACU\/E ).
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Table 4.1. Sample material parameters for the OpenSEES model

Specimen Concrete Material Steel Material
Region f. €o K Seu eu fi Rebar  f, fu
TUA Unconfined -77.9 0.0037 I -15.58-0.010 550 DI2mm 488595
(Beyer et al., region bars
2008-a)
Confined -87.3 0.0039 1.121 -16.70-0.010 5.69 D6mm 518 681
region 1 bars
Confined -97.8 0.0042 1.256 -19.57-0.010 6.16
region 2
Wall8 Unconfined -35.2 0.0025 1 -7.03 -0.010 3.69 #2 531592
(Lowes et al., region
2013)
Confined -41.5 0.0027 1.18 -8.30 -0.010 4.01 #4 441 630
region 1
12-Story Building Unconfined -30.0 0.0023 1 -6.00 -0.010 3.41 10M 400 545
region
Confined -31.2 0.0024 1.0404 -6.24 -0.010 3.48 25M 400 545

region 1

Table 4.2. Details and mechanical properties of different FRP layers

FRP Layer Type Thickness Strip Number of Ju Errp Erupture
(mm) width layers (MPa) (MPa) (%)
Horizontal wraps CFRP 0.2 - 2 1,062 102,000 1.05
Vertical FRP strips CFRP 0.2 800 1 1,062 102,000 1.05
FRP X-braces CFRP 0.2 1200 1 1,062 102,000 1.05
Vertical wraps CFRP 0.2 - 2 1,062 102,000 1.05

(coupling beams)
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4.4.1 Core walls tested by Beyer et al. (2008-b)

Beyer et al. (2008-b) performed four tests on C-shaped shear walls with different wall
thickness and reinforcement configurations to evaluate the performance of this type of wall
geometry when subjects to bi-directional loading protocols. The specimen TUA was a C-shaped
RC core with 2720 mm height, 150 mm wall thickness, 1300 mm width and 1050 mm depth. The
top of the core was attached to a concrete collar with 300 mm thickness, providing joints to be
attached to three actuators (two acting on flanges and one on the web). As it is noted in
Table 4.1, D6 and D12 type bars were used for steel reinforcement in flanges/web and corner
boundary zones, respectively. A high strength concrete material (f. = 77.9 MPa) was used for
constructing the core. The core was subjected to an axial force equal to 780 kN (core wall self-
weight plus the loads applied by experimental equipment). This axial force was kept constant
during the cyclic test, and a bidirectional loading protocol with consecutive cycles corresponding
to different levels of ductility was applied on the core.

Fig. 4.8.a shows the normalized load-drift data at the top of the wall from the experimental
test along with corresponding results from the numerical model. The figure demonstrates a good
agreement between the experimental records and the numerical predictions with small
discrepancies. The small discrepancies between the test results and numerical predictions, though
are acceptable for such a simplified model, might be due to the shear flexibility assigned for rigid
links, by which the compatibility of strains between the flange and web section at the corner of

the core was violated.

4.4.2 Core walls tested by Lowes et al. (2013)

The experimental work of Lowes et al. (2013) consisted of testing three C-shaped RC core
specimens with similar designs representing the bottom three stories of a modern mid-rise
building. The objective of their study was to investigate the impact of bidirectional loading on
the earthquake performance of isolated C-shaped walls and C-shaped walls in coupled core-wall

systems.
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Fig. 4.8. Comparison of results from the numerical model and the experimental data: a)
Specimen TUA tested by Beyer et al (2008-a), b) Specimen Wall8 tested by Lowes et al. (2013)

The specimen Wall8 was a C-shaped RC core with 3660 mm height, 152.4 mm wall
thickness, 3048 mm width and 1219.2 mm depth. A wall cap with 457.2 mm height was
constructed to apply a cruciform lateral load pattern to the wall specimen. The axial load
maintained constant (equal to 5% of the gross axial capacity: O.Sfc”Ag = 1361 kN) when the wall
was subjected to lateral loading in the strong direction. As can be seen in Fig. 4.8.b, there is a
very good correlation between the normalized lateral load-drift curves from the numerical
analysis and those from the experimental work of Lowes et al. (2013). As the displacement
increases, however, the numerical model shows a bit higher load resistance than the experimental
one. The model was able to capture the yielding and failure mode (bar rupture) in the specimen.

Comparisons between the main output results from the numerical models and the
experimental works showed satisfactory accuracy of the model in tracking the lateral response of
C-shaped RC cores. Peak loads in reversal cycles, as well as the general load-displacement
trends, matched well with the experimental observations. Table 4.3 shows the summary of the

results from the verification models including the maximum shear capacity of RC cores, Vi,

lateral rigidity, K °*4™9

mitial > unloading stiffness in the cycle corresponds to approximately 1% drift,
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Kunloading
@1%drift °

yield displacement, A,,, and the applied shear corresponding to the yield point, V.
From the comparisons shown, it could be seen that the average error percentage for each set of
the compared results shows that the failure criteria, as well as the modelling approach used for
the numerical analysis, were acceptable.

The validated model was then used to perform a seismic collapse risk assessment on a

typical 12-story building, with different levels of torsional sensitivity.

Table 4.3. Summary of verification results: numerical predictions in comparison to the

experimental data

Numerical to Experimental ratio

[ loadi
Specimen Vimax Kilr(;ii?ci?g gqugril;ltg A, %
TUA 0.98 0.97 1.02 0.92 1.06
(Beyer et al., 2008-a)
Wall 8 1.06 1.10 1.07 0.94 1.10

(Lowes et al., 2013)

4.5 IDA Analysis of a Typical 12-Story Building

A 12-story RC building in Montreal, Canada with subsoil condition class D was selected for
seismic collapse risk assessment of the structure using the FEMA P695 methodology. The
building design was initially provided by Concrete Design Handbook (2004), according to the
National Building Code of Canada (NBCC, 2005) and the CSA A23.3-04 (2004).

Each floor consisted of 5.5 m end spans and three 6 m interior spans in both horizontal
directions, resulting in outside to outside plan dimension of 29.75 m. Considering the penthouse
on the roof, the total height was 48.65 m; consisted of a 4.85 m high first story and typical story
height equal to 3.65 m. The 3D view and the plan of the building were presented in Fig. 4.2. The

gravity system consisted of flat plate slabs with 200 mm thickness, supported by 550 mm square
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columns. The core wall measured 6.4 m by 8.4 m, outside to outside of the walls, consisted of
two C-shaped RC core with 400 mm thickness and connected through 900-mm-deep coupling
beams, which was positioned centrally in the plan of the building. The reinforcement layout at
the end of flanges and at the web-flange junctions was considered as 4-25M bars, while 10M
vertical and horizontal bars with 200 mm spacing were considered as the distributed
reinforcement. The reinforcement for coupling beams was considered as 8-20M diagonal bars.
Geometrical details of the coupled RC core wall is shown in Fig. 4.9. The building was designed
to be built using 30 MPa strength concrete and 400 MPa strength steel reinforcement. The

structural damping was considered by means of mass and stiffness proportional Rayleigh

damping.
— 3200 mm
B 4\’ ———
4/%
E ] 10M closed hoops @ 300 mm ‘ 4
S ' Y
3 A
14
DETAIL A , — 10Mbars
= T8
4-25M bars 275 62.5
r’—j - el
| r:i_ £ E~7 8-20M diagonal bars
§ 2
vertical: 27 pairs- 1I0M@200mm L ot { .
™ horzontal: 10M @200 mm 7 :[275 1(T_ l%r [ ToMtpica
‘) % 40mm clear cover
T L) 10Mnoops @150 mm womm |
C vertical: 12 pairs - 10M @200mm D DETAILB SECTION 1-1

horizontal: 10M @200 mm

Fig. 4.9. Geometrical and reinforcement configuration of the coupled RC core wall: a) C-shaped
walls, b) Coupling beams (CSA A23.3-04, 2004)

A damping ratio of 5%, which is a typical value for RC buildings, was assigned to the first
two modes of the structure. Although the Rayleigh damping feature in OpenSEES can formulate

the damping matrix using the initial, current, or last committed stiffness matrix, only the initial
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stiffness matrix was used in the current work. However, the rigid truss elements that link the

frame and the leaning columns were excluded.

4.5.1 Torsional sensitivity

Both Canadian and American design codes present limits for classifying “torsional
sensitivity” of building structures. Torsional sensitivity in a building is defined as the maximum
value B, among floors, where Bx computed at level X is Bx= Omax/Oave- In the aforementioned
expression, Omax 1S the maximum story displacement, calculated at level x considering %10
accidental torsion, at one end of the structure, and ,. is the corresponding average displacement
for the two endpoints of the structure. According to NBCC 2015, when the value of B exceeds
1.7 and 1gF,S,(0.2) > 0.35, the building is considered torsionally sensitive. In this case, results
from static analysis are not adequate anymore, and a 3D dynamic analysis is required for
evaluating the response of structure. In the current work, since the building selected for the
collapse assessment was designed according to the Canadian standards, the NBCC 2015 limit
was used to classify torsional irregularities. The IDA results first collected for three different
levels of torsional sensitivity (B=1.0, 1.7 and 2.5). The torsional flexibility of the building was
increased by providing an inherent mass eccentricity e, through artificial shifting of the centre of
mass (CM) from the centre of rigidity (CR). This amount of e, was obtained based on an iterative
procedure by analyzing the structure against the design level earthquake. Moreover, the
accidental torsion equal to 5% was taken into account. Subsequently, the model with B = 1.7 was
analyzed with different FRP strengthening schemes, including horizontal FRP wrapping, using

vertical FRP strips, and X-bracing with FRP strips.

4.5.2 Ground motion selection

According to FEMA P58-1 (2012), “a minimum of 7 ground motion records is
recommended because of extremely poor prediction of record-to-record variability obtained in
small suite of ground motions” (Michaud and Léger, 2014), regardless of the spectral matching

efficiency. Moreover, using more than 44 ground motion records for seismic collapse risk
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assessment of buildings is recommended by FEMA P695 (2009) to achieve more reliable results.
However, high computational effort is always a drawback. Since the considered building was
located on Site Class D in Montreal, and due to the lack of real seismic wave data from the past
in Canada, in the current work, 50 spectrum-compatible artificial accelerograms were used for
IDA analysis of the building. These records were divided into two groups: a) “Near-Fault”
includes ground motions of magnitudes (M) between 5.5 and 6.5 with closest distance to fault,
Reaur, from 0 km to 15 km; b) “Far-Field” consists of ground motions of magnitudes (M)
between 6.75 and 7.25 with Ry from 10 km to 90 km. These accelerograms were developed by
Atkinson (2009) for the esign of structures in Montreal, and their characteristics including
magnitude M, closest distance to fault Ry, peak ground acceleration PGA, and max velocity to
max acceleration ratio v/a are presented in Table 4.4. As it is shown, records in the group (a)
produce higher v/a ratio which confirms the expected response of structures under the near-fault
excitations.

It should be noted that there are no specific provisions in NBCC 2015 regarding scaling of
ground motions. However, it is indicated that scale factors should be applied for all selected
ground motions to match the Uniform Hazard Spectrum (UHS) at the first mode period of the
structure. Moreover, scaled ground motions should match or have larger intensity than the UHS
at all the points representing the period of higher modes. On the other hand, ASCE/SEI-7 (2010)
states that the mean of the 5% damped response spectra for a group of seven or more ground

motions should fit or be above the UHS in all the points within the range of 0.277 — 1.5T1.
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Table 4.4. Unscaled selected ground motions with magnitude (M), closest distance to fault

(Reaunt), peak ground acceleration (PGA), and max velocity to max acceleration ratio (v/a)

east6d1.22
east6d1.23
east6d1.24
east6d1.25

Average

144 0.452 0.0357  east7d1.22
144 0.557 0.0333  east7d1.23
144 0.649 0.0507  east7d1.24
144 0.535 0.0448  east7d1.25
13.1 0.550 0.0474 Average

143 0.960 0.0732
143 0.768 0.0853
143 1.101 0.0787
19.6 0.538 0.0804
16.1 0.806 0.0789

Near-fault records Far-field records
Rraue PGA Reaue PGA

Event M (km) (g) v/a Event M (km) (g) v/a
eastodl.1 6 12.8 0.707 0.0663 east7dl.1 7 13.8 0.627 0.0802
eastodl.2 6 12.8 0.523 0.0496 east7d1.2 7 13.8 0.623 0.1150
eastodl.3 6 12.8 0.591 0.0276 east7d1.3 7 13.8 0.764 0.0594
eastodl.4 6 12.5 0.671 0.0559 east7d1.4 7 15.3 0.767 0.0832
eastodl.5 6 12.5 0.471 0.0448 east7dl.5 7 15.3 1.183 0.0781
eastodl.6 6 12.5 0.678 0.0415 east7d1.6 7 15.3 0.866 0.0533
eastodl.7 6 12.8 0.491 0.0686 east7d1.7 7 14.2 0.840 0.0909
eastodl.8 6 12.8 0.593 0.0443 east7d1.8 7 14.2 0.813 0.0706
eastodl1.9 6 12.8 0.370 0.0413 east7d1.9 7 14.2 1.152 0.0919
eastodl.10 6 12.8 0.366 0.0483  east7d1.10 7 14.9 0.968 0.0795
eastodl.11 6 12.8 0.410 0.0502  east7dl.11 7 14.9 0.997 0.0522
eastodl.12 6 12.8 0.515 0.0404  east7d1.12 7 149 0902 0.1139
eastodl.13 6 10.7 0.570 0.0419  east7d1.13 7 14.8 0.950 0.0702
eastodl.14 6 10.7 0.568 0.0362  east7dl.14 7 14.8 0.944 0.0714
eastodl.15 6 10.7 0.941 0.0318  east7d1.15 7 14.8 0.928 0.0935
eastodl.16 6 13.6 0.606 0.0596  east7dl.16 7 20.6 0.635 0.0833
eastodl.17 6 13.6 0.461 0.0416  east7dl.17 7 20.6 0.606 0.0496
eastodl.18 6 13.6 0.609 0.0540  east7d1.18 7 20.6 0.403 0.1003
eastodl.19 6 14.4 0.510 0.0483  east7d1.19 7 20.1 0.668 0.0817
eastod1.20 6 14.4 0.433 0.0798  east7d1.20 7 20.1 0.487 0.0609
eastodl.21 6 14.4 0.484 0.0491 east7d1.21 7 20.1 0.655 0.0754

6 7

6 7

6 7

6 7

6 7

Considering the ASCE/SEI 7-10 (ASCE 2010) standard requirements, all selected records
were scaled to reach a mean spectrum that matches the design spectrum over the interval of

0.2T; — 1.5T;, where T, is the first mode period of vibration obtained by conducting a modal
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analysis in OpenSEES. Fig. 4.10 shows the response spectra of the scaled ground motions

together with the mean spectrum and the design spectrum proposed by NBCC for Montreal.

g === Median
I —— NBCC 2015 - Montreal

Spectral Acceleration (g)

0 1 2 3 4
Period (s)

Fig. 4.10. Response spectra for 50 scaled artificial ground motion records for Montreal

4.5.3 Nonlinear structural analysis

4.5.3.1 Building configurations

Dynamic time history analyses were performed to evaluate the collapse capacity of the

building in the East-West direction, which is the direction that the RC core wall acts as coupled

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

configurations as followings:

Original structure with torsional sensitivity value B = 1.0;

Original structure with torsional sensitivity value B = 1.7;

Original structure with torsional sensitivity value B = 2.5;

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

Structure with B = 1.7 and RC wall strengthened with horizontal wrapping and vertical

FRP strips (H&V-FRP);
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- Structure with B = 1.7 and RC wall strengthened with horizontal wrapping and X-brace
FRP strips (H&X-FRP).

Each structure was analyzed for 50 ground motion records and with at least 16 different
intensity factors. Hence, 2400 time history analyses were conducted in total. The number of
analysis steps and the time-step of the analysis should be specified properly to execute the
dynamic time history analysis. The time-step used in time history analysis must be less than or
equal to the sampling rate of the input ground motion. In the current work, the time-step of each
analysis was specified to At = 0.01 sec, which is half of the sampling rate of the input ground

motions.

4.5.3.2 Analytical failure modes

Despite the several failure criteria adapted for the material behaviour in the model, some
failure modes could not be directly simulated in the numerical model because of some limitations
in OpenSEES. These failure modes have to be assessed through post-processing of the recorded
data. Considering the criteria proposed by Gogus and Wallace (2015), the following failure
modes were tracked in the model outputs:

» Steel buckling/fracturing: Though the MinMax feature in OpenSEES was used to limit
the strain capacity of steel bars, failure of a single row of rebars (wall thickness
direction) was found to be insufficient to cause collapse (Thomsen and Wallace, 1995).
Thus, buckling or fracture of the reinforcement positioned at approximately one-quarter
length of each segment of the core wall was considered as the collapse point
(Fig. 4.11.a).

* Concrete crushing: Similar criteria established for concrete crushing, in which the failure
corresponds to reaching the crushing strain for concrete fibres positioned at
approximately one-quarter length of the wall segment, in the unconfined region. As for
the confined region, crushing strain at the innermost confined concrete fibre was tracked

to find the crushing point (Fig. 4.11.b, c).
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* Axial failure: 5% drift limit at axial failure was selected for a 12-story archetype, based
on the model developed by Wallace et al. (2008) for lightly reinforced wall piers, and
considering the details published by GCR 10-917-8 (NIST 2010).

*  Shear/flexural failure of the wall: By developing the cracks in the tension wall in a
coupled shear wall system, penetration of the flexural cracks near the compression edge
is expected. As a result, more contribution of the dowel action of the vertical
reinforcement is expected for resisting the sliding shear failure. This increases the
probability of the shear sliding failure in the wall (Pauly and Priestly, 1992). This was
captured by applying the corresponding limits on the horizontal springs representing the
shear behaviour of the wall segments.

Failure of the coupling beams was not considered as a collapse mechanism for the system.

In fact, the coupling beams act as a fuse in ductile coupled shear walls, dissipating most of the
seismic energy input. However, as a second energy-absorbing line of defence, the walls should
also be detailed to accommodate plastic hinging at the base without excessive loss of strength to

avoid a collapse after all the coupling beams have yielded (Honarparast and Chaallal, 2015).

& > E':felilure, confined €

(b) \

S > Efailure

(a)
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e
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\ € > 8failure, unconfined
(c)
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.
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025L,
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|‘

A

Fig. 4.11. Reinforcing steel and concrete failure mode criteria: a) steel rebar failure; b) concrete
crushing in confined region; ¢) concrete crushing in unconfined region
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It is worth mentioning that once a failure mode happens at a certain time of the analysis
(trailure), the estimated redistribution of forces after tgine would not be reliable. However, in the
current work, triue Was considered as failure moment and the results afterward were excluded
from the analysis data. This post-processing procedure helps in minimizing the effects of the
observed errors in capturing the post-peak strength degradation (i.e. discrepancies in the results

of verification models) on the collapse assessment.

4.6 Results and Discussion

The impact of dynamic loads and higher modes on the performance of the structures
designed based on the old CSA A23.3-04 was investigated using incremental dynamic analyses
(Vamvatsikos et al. 2002), before and after the FRP retrofitting. IDA analyses were conducted on
each archetype according to the FEMA P695 methodology. After post-processing the data using
the aforementioned criteria, IDA response plots were created. Fig. 4.12 presents the IDA

response plot of the structure in different configurations.

4.6.1 Collapse fragility of the structures

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

The collapse probability of 50% for the structure, called as median collapse capacity (Scr),
and the collapse margin ratio (CMR) were calculated from the IDA results. Fig. 4.13 depicts a
sample fragility curve obtained from the results of IDA analyses using the function fitting

method proposed by Baker (2015). The sample set of data used in the development of the

91



fragility curve (Fig. 4.13) is presented in Table 4.5, in which the term “Fraction Causing
Collapse” is simply the ratio of the collapsed cases to the total number of analyses for each IM
level. The term “Theoretical Fragility Function” corresponding to each IM level was calculated
through a normal distribution for the specified median and standard deviation. The median and
dispersion for the data set were calculated using the proposed method by Baker (2015).

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

Fig. 4.14 compares the fragility curves obtained from IDA analyses of building structures.
As it can be seen from Fig. 4.14.a, the torsional sensitivity can dramatically affect the fragility
function of the building in the IDA analyses. The median collapse capacity (Scr) of the RC core
system decreased about 8% by reaching the torsional sensitivity of B = 1.7. As for the structure
with B = 2.5, the reduction in the mean failure capacity was more than 36% in comparison with
the one with B = 1.0. The fragility function was also very steep for the case with B = 2.5.

As for the strengthened RC cores, the structure strengthened with horizontal FRP wrapping
showed an increase in the collapse capacity up to 17% (Fig. 4.14.b), while more significant
improvement obtained by H&V-FRP and H&X-FRP configurations showing 44% and 63%
increase respectively (Fig. 4.14.c-d). Moreover, FRP strengthened walls were found to obtain
flatter fragility response in comparison with original walls. Table 4.6 shows the summary of

collapse assessment results of RC cores evaluated in the current study.
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Fig. 4.12. Incremental dynamic analysis (IDA) response plot of 12-story building: a) B = 1.0,
b) B=1.7,¢c) B=2.5, d) B =1.7 (strengthened with horizontal FRP wrapping), ) B =1.7
(strengthened with horizontal and vertical FRP), f) B = 1.7 (strengthened with horizontal
and X-brace FRP).
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Fig. 4.13. Sample fragility function fitting for the results of IDA analyses

Table 4.5. Sample data set used in the development of the sample fragility curve

IM Number of Number of Fraction causing Theoretical
analyses collapses collapse fragility function

0.05 50 0 0.00 0.00
0.25 50 0 0.00 0.00
0.75 50 6 0.12 0.05
1 50 11 0.22 0.18
1.25 50 15 0.30 0.34
1.5 50 21 0.42 0.51
1.75 50 26 0.52 0.65
2 50 37 0.74 0.76
2.25 50 43 0.86 0.84
2.5 50 46 0.92 0.89
2.75 50 48 0.96 0.93
3 50 48 0.96 0.95
3.25 50 48 0.96 0.97
3.5 50 49 0.98 0.98
3.75 50 50 1.00 0.99
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Table 4.6. Summary of collapse assessment results for RC cores

Archetype Configuration  Strengthening Scheme B Smr [T]  Ser [T]  CMR
ID (2 (2
O1 Original - B=10 0.174 0.910 5.2
02 Original B=17 0.174 1.310 7.5
03 Original B=25 0.174 1.429 8.2
S1 Strengthened Horizontal FRP B=17 0.174 1.544 8.9

S2 Strengthened ~ Horizontal and Vertical B=1.7 0.174 1.889 10.9
FRP

S3 Strengthened  Horizontal and X-brace @ B=1.7 0.174 2.136 12.3
FRP

4.6.2 Fragility curves at different performance levels

Based on the results by Carrillo and Alcocer (2012), although the available drift limits for
the performance levels defined by FEMA-356 (2000) and ASCE41-13 (2013) are not safe for the
non-ductile structures, these acceptance levels can be conservatively used for ductile structures.
It should be acknowledged here, however, that damage states after retrofitting of the buildings
will be shifting in terms of inter-story drift ratio depending on the retrofitting method used. For
the sake of comparison, in the current work, damage states was kept constant correspond to the
proposed performance levels by ASCE41-13, and fragility curves for different configurations of
the structure were developed accordingly. Immediate Occupancy (10), Life Safety (LS) and
Collapse Prevention (CP) performance limits were considered for the seismic collapse
assessment. Fig. 4.15 presents the results of collapse probability for different buildings. A

comparison between the median collapse capacities is presented in Table 4.7 for different limit
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states. As it can be seen, though the mean collapse capacities were similar for the original
structures with different torsional sensitivities in IO level, structures with higher torsional
sensitivities resulted in 20~25% less failure capacity in the LS and CP levels, respectively. Close
results were obtained for the retrofitted structures at the IO level, while up to 15% and 20%
increases were observed for the failure capacities in the LS and CP levels, respectively. These
drift based results for the structures retrofitted with H-FRP and H&V-FRP were relatively close,

while a significant enhancement was obtained by using H&X-FRP retrofitting.

4.6.3 Inter-story drift ratio

Since the inter-story drift is an important indicator of structural behaviour in the
performance-based seismic analysis, this section presents the variation of maximum inter-story
drift during the IDA analysis. For each building configuration, post-processing was performed on
the statistical data resulted from the IDA analysis. The results are presented in terms of box plots
in Fig. 4.16, in which, for each story, the black solid line shows the range of variation from the
lower bond to the upper bond. The green box presents the inter-quartile range (Q3-Q1), which
starts from the lower quartile and finishes at the upper quartile, and the vertical solid line inside
the box indicates the median. As it is shown, the lower bond and the upper bond for the
maximum inter-story drift ratios of the original structures were approximately 0.5% and 1.4%
respectively. Although the median of the drift data for each story fluctuates along this range, it
peaks at 0.89%, 0.82% and 0.79% for the structures with B=1.0, B=1.7, and B=2.5 respectively.
This shows a decrease up to 12% in the peak median by increasing the torsional sensitivity of the

structure.
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Fig. 4.15. Fragility curves for different performance levels of original and strengthened buildings
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Table 4.7. Median structural capacity associated with the drift limit proposed by ASCE41-13

Limit state

Arc?]e;t ype Description

10 LS Cp
O1 Original - B =1.0 0.35 0.77 1.1
02 Original - B =1.7 0.34 0.72 0.92
03 Original - B =2.5 0.36 0.61 0.82
S1 H - FRP 0.37 0.81 0.99
S2 H & V - FRP 0.37 0.83 1.01
S3 H & X - FRP 0.41 0.94 1.21

Though the torsional irregularity created efforts in terms of torsion on the structural system,
however, inter-story drift components of the system were not influenced significantly. This is
because the contribution of torsional degree of freedom in the drifts of the structure is too small
in comparison with translational movements.

As for the FRP strengthened structures, the peak medians obtained were equal to 0.71%,
0.68% and 0.57% for the cases H-FRP, H&V-FRP, and H&X-FRP respectively. It was found
that the FRP retrofitting performed well in controlling the maximum inter-story drift ratio during
ground motions at the design level. A significant decrease in the peak median was observed in
comparison with the original structure with B=1.7, starting from 14% decrease in the H-FRP
structure and peaking at 31% decrease in the case of H&X-FRP. This can be justified by the
effect of FRP composites on increasing the shear strength of original walls and coupling beams
through wrapping the members. Increasing the shear strength can alter the failure mode of each
part to a more ductile mode with higher energy dissipation. Subsequently, it limits the inter-story
drift ratio of the RC core wall, which leads to a more ductile behaviour. Nevertheless, the
investigated retrofitted schemes can postpone the stiffness deteriorations, which points out a
better damage and drift control upon retrofitting. Moreover, the interquartile range (Q3-Q1) was

found to be smaller in the FRP strengthened structure in comparison to the original structures.
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For instance, this can be clearly observed in Fig. 4.16.f for the case H&X-FRP. Results of initial
pushover analyses showed the FRP retrofitting using FRP X-braces to be the most efficient
method, capable of enhancing both the strength and the ductility of RC walls. Similar results

were observed by El-Sokkary et al. (2012), and El-Sokkary and Galal (2013).
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Fig. 4.16. Inter-story drifts of 12-story buildings for all 50 records at design levels

4.6.4 Story shear demand envelope

The effect of torsional sensitivity on the story shear demand of the building is investigated in
the current study. As it is shown in Fig. 4.17.a, the story shear force profiles over building height
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is shifted rightward by increasing the torsional sensitivity of the structure. The story shear was
normalized by the peak base shear in the case with B=1.0. The maximum base shears were
increased by 34% and 63% for the case of B=1.7 and B=2.5 respectively.

As for the effectiveness of FRP strengthening, the strengthened structures were also
investigated and the results are shown in Fig. 4.17.b. By normalizing the results by the peak base
shear in the case B=1.7, it was found that FRP retrofitting with horizontal wrapping increased the
base shear by 7%, while the H&V-FRP retrofitting resulted in an increase of 8%. The peak base

shear in the H&X-FRP retrofitted structure was increased by 23%.
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Fig. 4.17. Story shear force profiles over building height in E-W direction.

Regarding the increase in the base shear demand of the structure, FRP retrofitting targeted
enhancing both the strength and ductility of the RC core wall system without a noticeable
increase in the initial stiffness of the structure. Increasing the strength, however, makes an offset
in stiffness degradation of the wall system, and leads to a stiffer response in the hardening region
(between the yield point and the peak strength). Hence, while the retrofitting increases the

capacity of the system, it increases the shear demand as well.
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4.6.5 Failure modes

Different failure modes previously mentioned were considered during the dynamic analyses,
and afterward in post-processing, to find the most common failures and the most critical regions
in the investigated buildings. The failure mechanisms were considered in four different groups
including the shear/flexural failure, confined concrete crushing, unconfined concrete crushing
and steel rebar buckling/fracturing. The axial failure was excluded since it was found to be
dominant in none of the models in the current work.

Fig. 4.18 presents the results of failure distribution over the building height. As it can be
seen, shear failure of the wall usually happened in the first story of the building, while the
concrete crushing failures were distributed between the base and the 3™ floor. The story level of
steel rebar buckling/fracture failure mode was ranging from the first floor up to the 7" floor of
the building. Formation of the failure along the height of the building demonstrates the
contribution of higher modes on the seismic response of the buildings under selected ground
motion records. It confirms the findings of Boivin and Paultre (2010) and highlights the
influence of recently introduced dynamic shear amplification factor by CSA A23.3-14 to account
for inelastic effects due to higher modes.

Such effects from the higher modes of multi-story structures can lead to increase the shear
forces beyond the design level in the different stories. Hence, shear forces and bending moments
in the upper floors may exceed the calculated design levels, and inelastic rotation can
consequently occur in a region with no properly implemented ductile detailing. Therefore, some
failure modes might not necessarily occur at the base of the structure. Similar results were

observed by Tremblay et al. (2008).
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Fig. 4.18. Failure distribution over building height

The variations of the story level of mechanisms for different failure modes are summarized
in Table 4.8. According to the tabulated data, the distribution of different failure modes over the
building height was quite similar in the buildings with different torsional sensitivity. As for the
strengthened building, however, the FRP retrofitting led to shifting the concrete crushing failures

downward to the first story. Moreover, the shear/flexural failures were slightly shifted upward to

the top of the first story after retrofitting with H&X-FRP.
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Table 4.8. Variations of the story level of mechanisms for different failure modes

Archetype Median Story Level of the Failure

Description

v shearfowrd ot gt e
01 B=1.0 0.5 2 2 4
02 B=1.7 0.5 1.5 2 4
O3 B=25 0 2 2.5 3
S1 H-FRP 0.5 1.5 2.5 2.5
S2 H&V-FRP 0.5 1.5 1.5 3
S3 H&X-FRP 1 1 0.5 4

Fig. 4.19 shows the distribution of each predicted collapse mechanism of the 12-story
coupled core wall system in whole the models. As it is clearly depicted in the figure, the most
common failure mode was the shear/flexural failure (55% median), and the least common one
was the steel rebar failure (8% median). Table 4.9 presents the tabulated data for different
building configurations, in which similar trends for all the buildings can be seen. The proportion
of the shear/flexural failure was increased in buildings with higher torsional sensitivities, ranging
from 56% to 68% in the buildings with B=1.0 and B=2.5 respectively. A slight decrease in the
proportion of shear/flexural failure was also observed, from 54% in the buildings with H-FRP

and H&V-FRP to 50% in the building with H&X-FRP.
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Fig. 4.19. Distribution of different failure modes among the models

Table 4.9. Predicted collapse mechanism of the 12-story coupled core wall system

Failure Type Distribution

Archetype
1D Descrition Shear Conf. UnConf. Steel
escrip Conc. Conc. Rebar
Ol B=1.0 56% 22% 14% 8%
02 B=1.7 58% 22% 12% 8%
03 B=25 68% 24% 4% 4%
S1 H-FRP 54% 30% 12% 4%
S2 H&V-FRP 54% 26% 12% 8%
S3 H&X-FRP 50% 28% 14% 8%

Certain limitations must be recognized in evaluating the results of this study, which offer
suggestions for future studies. Firstly, IDA analyses were conducted in East-West direction
(couple direction of the wall) only, and the effects of bi-directional seismic excitations were not

considered in the study. Moreover, the modelling approach used here was not able to accurately
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capture the post-peak strength degradation of wall specimens. Furthermore, perfect anchoring for

the FRP strips was assumed and failure of FRP connections was not considered in the study. The

results of the study were limited to a building designed and analyzed for Montreal, Canada only.

This needs to be extended to other seismic regions in order to generalize the findings.

4.7

Conclusions

This study provides results from IDA analysis of coupled RC core walls using a nonlinear

macro-modelling approach to investigate the collapse capacity of coupled RC cores. The

modelling approach was initially developed by other researchers. However, modifications were

proposed in the current study to consider the effectiveness of FRP strengthening on the collapse

response of RC core systems. Using a set of 50 artificial ground motion records, more than 2400

time history analyses were conducted on nonlinear 3D models of 12-story buildings with

different torsional irregularities and strengthening schemes. Results showed that:

Based on the good agreement between the results of FE analysis and the experimentally
tested C-shaped RC shear walls reported in the literature, the elements and modelling
considerations adopted in this paper proved to be capable of simulating the behaviour of this
type of shear walls under cyclic loading. The maximum error percentage for the prediction of
lateral load capacity and lateral stiffness using the approach in this paper were 6% and 10%
respectively. Moreover, the numerical model performed well in predicting the unloading
stiffness of simulated wall with a maximum error of 7%.

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

Wallace (2015).
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* The torsional sensitivity has a significant effect on the collapse capacity of the building,
resulting in up to 8% and 36% decrease by reaching the torsional sensitivities of B = 1.7 and
B 2.5, respectively. Steeper fragility functions were also observed by increasing the torsional
sensitivity.

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

* The torsional sensitivity of the structure has no significant influence on inter-story drift
components of the system. FRP retrofitting, however, performed well in reduction of the
inter-story drifts (14% to 31%) and in the enhancement of the system performance.
Moreover, the fluctuation of the drift ratios was lower than the corresponding values in the
original structures.

* Shear/flexural failure was the most common failure mode and the steel rebar failure was the
least common one. The proportion of the shear/flexural failure was increased up to 21% in

buildings with higher torsional sensitivities.

4.8 Appendix: Bond-slip model for concrete/FRP interface

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

following equations:
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T = Tmax if s <sq (4.8a)
0
_ 5~ S :
T = Timax 55 if s <s <s¢ (4.8b)
=0 if s > s¢ (4.8¢)

where Tp,q, 18 the maximal local bond stress, sp is local slip at 7,4y, and s¢ is local slip

when bond stress 7 reduces to zero. These parameters can be calculated by the following

equations:

Tmax = U Pwlt 4.9)

So = 0.01958,, f; (4.10)

Sf = 2Gf[Tmax (4.11)
where

Gr = 0.308p2./f! (4.12)

/2.25 — bs/b
I e Ve
b= 125+ b /b 13

In the above equations, a; = 1.5 is a coefficient in the proposed bond—slip models
determined by the iterative procedure, f3,, is the width ratio factor, by is the width of FRP strip
and b, is the width of the concrete segment which was taken equal to the tributary area of each

FRP strip.
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CHAPTER 5
Seismic Response Analysis of RC C-Shaped Core Walls Subjected to

Combined Flexure, Shear and Torsion

5.1 Abstract

Although dynamic torsional responses are often regarded as secondary effects in the seismic
design of symmetric-plan buildings, torsional effects arising from plan asymmetry can be
substantial in some cases. In Reinforced Concrete (RC) wall buildings, a combination of flexural,
shear and torsion dictates the type of failure, which needs to be addressed in the design of RC
walls. The current study investigates two aspects of building structures with C-shaped RC walls:
(1) evaluation of seismic force demand in different levels of torsional sensitivity, and (ii)
effectiveness of using the dual plastic hinge method in controlling the seismic shear force
demand. A macro-scale modelling approach using the wide column analogy was used to capture
the inelastic response of C-shaped RC wall buildings, including torsional effects. The numerical
model of the wall was validated against available experimental data. Nonlinear time history
analyses of typical multi-story buildings located in Eastern North America (8, 12 and 16-story)
were performed using OpenSEES. Using the 2015 National Building Code of Canada, four
different levels of torsional sensitivity (B = 1.3, B=1.7, B=2.0 and B = 2.5) were considered for
each building configuration. It was shown that although the studied range of torsional sensitivity
has no substantial effect on the bending moment envelope of the building, it significantly
increases the story shear force demand during an earthquake. The shear force envelopes in
torsionally sensitive buildings (B > 1.7) exceeded the capacity design envelope predicted by the
response spectrum analysis of a major number of selected ground motions. Afterward, the dual
plastic hinge design method recently proposed by other researchers was adopted and it was found
to be an efficient method, resulting in lower shear force demand along the height of the structure,
especially when high torsional flexibility is expected.
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5.2 Introduction

The capacity design method is the base for the seismic design of shear walls in many
countries such as Canada and New Zealand. Though current civil engineering practice prefers to
use the nonlinear static procedure because of its simplicity and consistency in the design process,
dynamic time history or response spectrum analyses are inevitable in some case. According to
NBCC 2015, dynamic analysis is mandatory if the torsional sensitivity (irregularity) of the
building, B, exceeds the limit of 1.7 (NBCC, 2015). Torsional sensitivity in a building is
determined based on the maximum value B, among all floors, where B, computed at floor level x
iS By= Omar/Oave- Similar classification is specified by ASCE/SEI 07-16 (ASCE, 2016). However,
ASCE 07-16 includes two levels of torsional irregularities for torsionally sensitive buildings,
definition of which is slightly different than the NBCC 2015 definition. According to ASCE 07-
16, torsional sensitivity is the ratio of maximum to average story drift in a story, and “torsional
irregularity” corresponds to the buildings in which this ratio exceeds 1.2 but not more than 1.4
which is categorized as the limit for “extreme torsional irregularity” It should be noted that the
aforementioned limits are specified for non-flexible diaphragms only (ASCE, 2016). Fig. 5.1
shows a schematic view of asymmetry in building plan as well as the torsional sensitivity
according to the NBCC 2015.

Though the code does not prescribe a specific type of dynamic analysis, response spectrum
analysis (RSA) method is the most preferable technique to predict the seismic response of
structures. As for shear wall structures, this technique provides an accurate and adequate
estimation of response parameters when the wall behaves within the linear range. The linear
behaviour, however, is not the realistic response of the wall in many cases, and fluctuation of
both the flexural and shear stiffness is expected when the structure is subjected to a severe
earthquake (Luu et al., 2013). The code simply applies some reduction factors to the predicted

force demand from an elastic analysis to consider the response nonlinearity in the design.
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Fig. 5.1. Schematic view of an asymmetric building plan

Since the force redistribution upon the nonlinear actions in the wall cannot be captured by
the elastic modal analysis, unrealistic effects from the higher modes will be induced, and
consequent inaccuracies may occur in the seismic response predictions of the RC wall (Paulay
and Priestley 1992; Luu et al., 2013).

In the seismic analysis of RC wall structures, higher mode effects can significantly amplify
the force demands (bending moments and story shears) over the height of the RC wall system,
potentially leading to unexpected damage or possibly failure (Wiebe, Christopoulos, 2009). As a
result of the early New Zealand investigations (Blakeley et al. 1975), a simple dynamic shear
amplification factor was introduced in the 1982 New Zealand Design Standard (NZS 3101,
1982), to account for the higher modes effects on the design forces of the structure. Accordingly,
a new clause (21.5.2.2.7) was added in the recent version of the Canadian code CSA A23.3-14,
in which a dynamic shear amplification factor, w,, was introduced to account for the inelastic
effects of higher modes in the RC walls, except for coupled and partially coupled wall structures.
This exception can be explained in part by the fact that, unlike cantilever walls which deform

entirely in a flexure mode, the deformation of coupled walls includes a significant shear (sway)
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mode due to the deformation of the coupling beams. On the contrary, despite the several
observations reported in the literature, codes in the United States have not yet considered the
significant effect of higher modes on the seismic demands in buildings with a cantilever RC wall
system.

In the seismic design of RC wall structures, story shear force demands can be of special
interest as an important response parameter. As mentioned previously, the shear increase due to
inelastic effects of higher modes was not considered in the 2004 version of CSA A23.3-04
(Boivin and Paultre, 2010). A recent study by Pelletier and Léger (2017) showed that the new
dynamic shear amplification factor prescribed by CSA A23.3-14 results in a more realistic
seismic shear force demand compared to nonlinear time history results. However, an increase in
the shear force demand was reported by increasing the torsional sensitivity of the building. Since
the results of the nonlinear time history analysis (NTHA) are subjective to several parameters
such as the building configuration and the ground motion selection, more studies need to be
conducted to highlight the effect of the high torsional sensitivity of the building in its seismic
response.

Realistic estimation of seismic force demand is more essential when high torsional effects in
the seismic response of the structure are expected. There is little information of studies on how
torsional effects can affect the seismic force distribution in building structures. Fajfar et al.
(2005) found that inelastic torsional effects in the seismic response of the structure depend on the
ductility demand and thus on the intensity of selected ground motion. A substantial contribution
from torsional effect can be expected in some cases, which generally decreases with increasing
plastic deformations, and leads to significant variations in the seismic force demand of the
structure. A study by Dubey and Sangamnerkar (2011) on seismic behaviour of asymmetric RC
buildings showed that torsional analysis of buildings should not be considered as a secondary
analysis only. Structural damages during the past wind storms and earthquakes reveal that torsion
is the most critical factor in some cases, leading to major damage or complete collapse of
buildings. A research was conducted by Herrera et al. (2013) subsequent to the collapse of a

commercial and a school building categorized as structures with high torsional risk and
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discontinuity in diaphragms during the earthquake of Cariaco, Venezuela (1997). Seismic
response and torsional effects of RC structure with irregular plant and variations in diaphragms,
designed with Venezuelan codes were investigated. As expected, the observed internal forces
due to torsional effects on the columns located in the core of the building were less than the
corresponding force for the columns of the outer axis, which confirmed the design presumption
for reducing the stress concentration in those structural members.

The objective of this paper is to quantitatively evaluate the seismic response of C-shaped RC
core walls with different torsional sensitivity factors and to assess the performance of the
dynamic shear amplification factor prescribed by CSA A23.3-14 in predicting the story shear
force demand of buildings with a high level of torsional sensitivity. This evaluation is done by
comparing the seismic response prediction from the RSA with the results of NTHA. A three-
dimensional macro model was developed using OpenSEES (McKenna et al. 2013) based on the
modified wide column model (WCM) proposed by Arabzadeh and Galal (2017) for simulating
the nonlinear response of RC cores, including shear deformations nonlinearity. The model was
originally proposed by Beyer et al. (2008) and was extended by Pelletier and Léger (2017). The
accuracy of the modelling approach was evaluated against the available experimental test data
from the literature. The validated numerical model was then used to investigate the seismic
response of 8, 12 and 16-story RC building structures located in Eastern North America using
NTHA. A group of 48 artificial records proposed by Atkinson (2009), including near-distance
and far-distance ground motions with different magnitudes, were used for NTHA of the RC core
in different levels of torsional sensitivity. The story shear force envelopes from individual
ground motions were compared afterward with the corresponding story shear resistance, Vi,
resulted from the seismic design based on RSA.

The capacity design proposed for design of cantilever walls in the Canadian design code
(CSA A23.3-14), as well as the Eurocode (EC8) and the New Zealand seismic standard (NZS-
3101), is based on a plastic hinge at the base of the wall and assumes an elastic response along
the rest of the wall height. Though these codes consider a linear variation for the flexural design

envelope to take higher mode effects into account, studies by Panneton et al. (2006) and Priestley

113



et al. (2007) showed that such an assumption is subjective. In other words, this assumption does
not always preclude the spread of plasticity into the upper regions, and subsequently, sufficient
protection against yielding in the upper portions of the walls cannot be provided. A bilinear
flexural design envelope was proposed afterward by Priestley et al. (2007) to address this issue.
Based on the results of a statistical study, Wiebe and Christopoulos (2009) found that
providing multiple plastic hinges along the height of the walls (acting as nonlinear fuses) would
be advantageous. Hence, with no noticeable increase in the maximum displacement, the peak
flexural demand can be limited and this will prevent it from exceeding the design envelope.
Considering this, a dual plastic hinge (DPH) design approach useful for the design of high-rise
RC structural walls was proposed by Panagiotou and Restrepo (2009). A general layout of DPH
model for RC walls is presented in Fig. 5.2. The approach introduced a second hinge at an
intermediate height of the cantilever wall, which was intended to reduce the effects of higher
modes of response in buildings. Moreover, the SPH design approach requires large amounts of
longitudinal reinforcement in the intermediate portion of the walls and this is associated with

significant congestion and higher cost (Panagiotou and Restrepo, 2009).

2nd Plastic Hinge

0.5H

0
(a;\ 1t Plastic Hinge _/(];)

at the base

]

Fig. 5.2. General layout of SPH and DPH model for RC walls
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Hence, in the current work, a DPH configuration was adopted to evaluate the effectiveness
of the proposed method in controlling the story shear demand in torsionally sensitive structures.
Results of the analysis of the 8, 12 and 16-story buildings adopted with SPH and DPH approach

are compared in the following sections.

5.3 Analysis Methodology

Among the various simulation techniques proposed in the literature for predicting the
response of shear/core walls, the WCM modelling approach proposed by Beyer et al. (2008-b)
was found to be one the most robust and efficient ones. In the current study, the proposed WCM
was modified according to Arabzadeh and Galal (2017). The number of modules in each
segment of the C-shaped wall section, however, was increased to two to provide higher accuracy
as proposed by Pelletier and Léger (2017). The modelling approach is briefly explained in this
section. Details of the modelling approach can be found in Arabzadeh and Galal (2017).

5.3.1 Geometry of the models

Fig. 5.3 shows a schematic diagram of the wall model, including the configuration of nodes
and elements. Based on the recommendations of Pelletier and Léger (2017), each C-shaped part
of the core section was subdivided into three rectangular sections (i.e., the web and two flanges),

modelled by displacement-based beam-column elements as piers.
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Fig. 5.3. Model configuration of the RC core wall

The ability to capture the axial load-bending moment interaction in these elements makes
them an ideal choice for simulation of RC walls, in which the axial load in each individual
element might vary throughout the cyclic excitation. As for the nonlinear time history analyses,
structural elements (i.e. wall segments and columns) were modelled using the fibre section
feature in OpenSEES corresponding to the gross section properties of elements, and a fine
discretization was selected for each fibre section in the model. Horizontal links running along the
weak axis of the sections were used to connect these vertical elements at story and mid-story

levels. Full base fixity was assumed for the walls and the soil-structure interaction was neglected.
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The slippage in the wall-footing intersections (strain penetration effect), however, was
considered by utilizing zero-length element at the base of wall segments. The stress-slip model
proposed by Zhao and Sritharan (2007) was assigned to the vertical reinforcement, represented
by the Bond_SPO1 material model in OpenSEES.

As suggested by Stafford-Smith and Girgis (1986), the spacing of the horizontal links was
set such that provide two rigid links in each story (i.e. four pier elements along the height of the
story). In-plane and out-of-plane shear flexibility of the wall segments were considered by
defining zero-length elements between the nodes at mid-height of consecutive links.
Corresponding stiffness for each translational degree of freedom was assigned, and all other
degrees of freedom of the two nodes were slaved using EqualDOF constraints. A bilinear trend
was considered for the shear behaviour of horizontal zero-length springs in each wall segment
(Fig. 5.3.b). Fig. 5.4 shows a comparison between the backbone curve for the load-displacement
response of RC walls proposed by ASCE/SEI 41-17 (2017) and the assumptions considered in
the current study. A typical hysteresis load-displacement curve for an RC shear wall is also
presented in Fig. 5.4.b. Shear strain at yield was taken as 0.0015 based on test results by
Massone (2006) which has a good agreement with the proposed values by ASCE 41-17.
Moreover, the ultimate drift of 0.0075 considered in the current study was the same as the limit

proposed by ASCE 41-17.
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Fig. 5.4. Reinforced concrete wall response: a) Backbone curve comparison, b) A typical

hysteresis load-displacement curve

5.3.2 Failure criteria for materials

Nominal strengths of concrete and steel reinforcement were used in the numerical modelling
using the available empirical equations. Modified Kent and Park model (Scott et al, 1982) was
used to define the nonlinear constitutive laws for concrete fibres (Concrete02 in OpenSEES).

The equations proposed by Mander et al. (1988) was used to consider the confinement effects on
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the stress-strain behaviour of the concrete. The maximum tensile strength of concrete was

assumed to be equal to f, = 0.623\/70' (Yassin, 1994).

For steel reinforcement, the Giuffré-Menegetto-Pinto hysteretic model (Filippou et al., 1983)

with default parameters (Steel02 in OpenSEES) was adopted to represent nonlinear behaviour of

steel bars. No bond-slip was considered with respect to the surrounding concrete.

Table 5.1 shows the sample material parameters adopted for the verification cases as well as

the multi-story buildings. Examples of the cyclic material laws employed for the concrete and

steel fibres in the numerical model of the specimen MEM-4 (Chen et al., 2016) are depicted in

Fig.5.5.
Table 5.1. Sample material parameters for the OpenSEES model
Specimen (Krpali_jﬂgpggllljii?ll% 1 (c:hellqvI :flﬁiom) Multi-story Buildings
Unconfined Confined Unconfined Confined  Unconfined Confined
region region 1 region region 1 region region 1
f. (MPa) -52.00 -59.85 -40.92 -46.40 -30.00 -31.20
e --- 0.0030 0.0033 0.0027 0.0029 0.0023 0.0024
Concrete K - 1 1.151 1 1.134 1 1.040
Material ¢ = (MPa)  -10.40 -11.97 -8.18 -9.28 -6.00 -6.24
S -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
fi  (MPa) 4.49 4.82 3.99 4.24 3.41 3.48
#2 #5 $6 $8 10M 25M
Steel  f, (MPa) 362 348 277 353 400 400
Material ¢ (MPa) 490 475 447 573 545 545
E; (GPa) 203 194 200 200 200 200
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Fig. 5.5. Sample hysteresis stress-strain behaviour of material assigned in the numerical model
for specimen MEM-4 (Chen et al., 2016): Concrete (a, b); Steel (c, d)

5.4 Model Validation

In order to validate the capability of the numerical model developed in this study, results of
the numerical analysis of two RC specimens subjected to torsional loads were compared to the
reported experimental results. A brief summary of each experimental program is presented in this

section.
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5.4.1 Thin-walled C-shaped RC specimen tested by Krpan and Collins (1981)

Krpan and Collins (1981) tested a thin-walled RC channel beam loaded in pure torsion at
mid-span. These thin-walled section beams have similar warping behaviour to the RC cores
subjected to torsion, and hence was selected as an appropriate case for validating the accuracy of
the numerical model. Fig. 5.6.a shows the test setup of the experiment. The beam was a 6400
mm long C-shaped section, torsionally restrained at both ends using rigid concrete blocks and
had a 200 mm thick rigid diaphragm located at mid-span. Two actuators were acting on this
diaphragm to create the required torque by applying two equal and opposite forces using a steel
loading frame. The beam cross section was 75 mm thick, 840 mm wide and 650 mm high. The
beam reinforcement was designed to avoid brittle shear failures. Steel bars #5 was used as

longitudinal reinforcement and the transverse reinforcement was #2 stirrups at 76 mm.

(b)
Fig. 5.6. Experimental test setup: a) Krpan and Collins (1981), b) Chen et al. (2013)

The first observed cracks during the experiment were the vertical flexural type cracks,
occurred at mid-span, at the bottom of the flange. The cracks were initiated at the torque level of
approximately 23 kN.m. Moreover, yielding of the longitudinal steel bar was first observed at the

applied torque of 191 kN.m. Post-processing of the data recorded from the numerical model
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(fibre section forces) showed the same trend of crack initiation at the torque level of 36 kN.m.
The numerical model captured the first yielding of the steel bars to be at the applied torque of
199 kN.m. The final failure of the specimen from the numerical model does not fully match the
test results due to the anchorage failure of longitudinal steel during the test. In the numerical
model, the steel bars was assumed to be perfectly anchored.

Fig. 5.8-a shows the torque-rotation data from the experimental test along with
corresponding results from the numerical model. The figure demonstrates a good agreement
between the experimental records and the numerical predictions prior to longitudinal
reinforcement yielding, after which the model was found to have more flexibility than what was
observed from the experimental test. The small discrepancies between the test results and
numerical predictions might be due to the variation of concrete material properties in small-scale

specimens and possible measurement errors for the concentrated forces.

5.4.2 Thin-walled C-shaped RC specimen tested by Chen et al. (2016)

The experimental work of Chen et al. (2016) consisted of testing four C-shaped thin-walled
RC members, 1:4 reduced scale, under pure torsion. Considering the thin-walled feature, the
thickness of both the flanges and the web was designed for 70 mm. The specimens were 6650
mm long with the height of the flanges and the web width equal to 500 mm and 900 mm,
respectively, aimed to provide the length to thickness ratio of almost 7. The specimens were
lengthened by 350 mm on both ends to fix a fastening device which provided a fully anchored
situation during the loading process. The specimen MEM-4 selected for the verification purpose
in this study was made of a 40.92 MPa strength concrete, and was reinforced with § mm
longitudinal bars (F,=353.3 MPa) and 6 mm stirrups at 70 mm distances (F,=276.7 MPa). The
test setup is presented in Fig. 5.6.b and the shear flow in the section in presented in Fig. 5.7.
Several steel plates were also embedded in both support ends to prevent local failure. A chamfer
with the scale of 1:1.125 was considered on the inner side of the connection between flanges and

web, to reduce the probable stress concentrations. Similar to the work by Krpan and Collins
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(1981), the torsional load was applied through two opposite and equal forces from two actuators
acting on a loading frame, which was fixed on a strengthened diaphragm plate at mid-span.
Flexural vertical cracks were first observed at support and mid-span when the torque was
almost 17 kN.m, while first yielding of the steel bars was measured at the torque level of 85
kN.m. The numerical predictions followed a similar trend achieving the corresponding torque
values of 15 kN.m and 93 kN.m, respectively. The numerical model was found to be able to
capture the final failure of the specimen as it was observed in the experimental test. The
specimen ultimately failed because of the yielding of the longitudinal tensile bar and the crush of
compressive concrete as a consequence. As can be seen in Fig. 5.8-b, there is a very good
correlation between the torque-rotation curves from the numerical analysis and those from the
experimental work of Chen et al. (2016). It can be observed that in larger rotations, the numerical
model showed a bit higher twisting resistance than the experimental one, especially in the post-

peak region of the curves.
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Fig. 5.7. Shear flow diagrams of a C-shaped section: a) circulatory torsion, b) warping torsion
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Fig. 5.8. Comparison of results from the numerical model and the experimental data: a)
Specimen tested by Krpan and Collins (1981), b) Specimen MEM-4 tested by Chen et al. (2013)

To evaluate the capability of the numerical model in tracking the torsional response of C-
shaped open section RC members, a quantitative comparison was conducted between the output
data resulted from the numerical models and the experimental data. Table 5.2 shows the
summary of the results from the verification models including the torque corresponding to the
first yield in the longitudinal reinforcement, and maximum torque capacity of the specimen. In

general, the inelastic torsional responses were well captured. After the yielding point in both
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validation cases, yielding of both the longitudinal and transverse reinforcements were observed,
from which the load transferred to the reinforcements after the crack initiation can be revealed.
Hence, the numerical model was found to be capable of tracking the inelastic behaviour of thin-
walled open section RC walls subjected to torsional forces. The validated model was then used to

perform a parametric study on C-shaped RC wall buildings, in different levels of torsional

irregularity.
Table 5.2. Summary of verification results

Long. Reinf. Yield Error Ultimate Capacity Error
Specimen Results (N (%) (kN.m) (%)
(Krpan and  Collins, Experimental 190 --- 268.5 ---
1981) Numerical 186.1 -2% 258.7 -4%
MEM-4 Experimental 95 --- 146.9 ---

Chen et al., 2016 .

(Chen et a ) Numerical 99.1 4% 155.8 6%

5.5 Seismic Analysis of Multi-Story Buildings

Nonlinear time history analyses of the buildings under a group of ground motions were
conducted using the macro model developed in OpenSEES. Configurations of the studies
buildings and the selected ground motions are presented in this section. Moreover, a comparison
of the results of NTHA with the data from the Response Spectrum analysis for each building

configuration is presented.

5.5.1 Building configurations

RC core wall buildings with different number of stories including 8, 12, and 16 stories were

analyzed using the nonlinear time history method. The buildings were considered for site class C
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in Montreal, Canada, and were designed according to the National Building Code of Canada
(NBCC, 2015) and the CSA A23.3-14 (2014). NBCC 2015 classifies the site class C for ground
profiles consisted of very dense soils and soft rocks with 360 to 760 m/s average shear wave
velocity, average standard penetration resistance higher than 50, and soil undrained shear
strength above 100 kPa.

To evaluate the effectiveness of the torsional loads on the seismic response of the building,
each building structure was analyzed in four different levels of torsional sensitivity, including
B=1.3, 1.7, 2.0, and 2.5. For the sake of consistency in all the building configurations, the
accidental torsion was considered by shifting the CM from the CR by a distance equal to
+0.05Dnx. Torsional sensitivity (irregularity) of the building structures is classified in both
Canadian and American design codes. According to NBCC 2015, torsional sensitivity of
building structures is defined as the largest ratio of the maximum storey displacement at the
extreme points of the structure to the average of the displacements at the extreme points in each
floor when the structure is subjected to an eccentric equivalent static force with eccentricity of
+0.1D,, from the centre of mass. A building with B > 1.7 is classified as a torsionally sensitive
building, and in such a case, the response of the structure cannot be evaluated based on the
results of static analysis only, and dynamic analysis in mandatory. However, since the type of the
dynamic analysis is not specified, RSA is usually the preferred method.

In multi-story buildings studied in the current work, the lateral force resistance in buildings
studied was solely provided by an RC core wall. Each floor consisted of five equal spans in both
horizontal directions, resulting in approximate outside-to-outside plan dimension of 25 m (8-
story building) and 30 m (12-story and 16-story buildings). Considering the penthouse on the
roof, the total heights of the structures were 34.05 m, 48.65 m and 63.25 m for 8, 12 and 16-story
building respectively; consisted of a 4.85 m high first story and typical story height equal to 3.65
m. The 3D view and the plan of the 12-story building, as well as the seismic load direction, are
presented in Fig. 5.9. The core wall system consisted of two C-shaped walls located at the centre
of the building. The direction of the excitations for the nonlinear response of the building was

solely considered to be in the cantilever direction of the walls (Fig. 5.9). The gravity-resisting
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system consists of 200-mm-thick flat plate slabs supported by square columns. The main
characteristics of the buildings such as the height, the walls thickness and outside to outside
dimensions are summarized in Table 5.3. The building was designed to be built using 30 MPa

strength concrete and 400 MPa strength steel reinforcement.

[ || | ||

Coupling Beam

Direction of the
Seismic Loading

Fig. 5.9. 3D view and the floor plan of the studied buildings

As for the structural model of the buildings, Boivin and Paultre (2010) observed that the
cantilever wall model can reasonably represent the behaviour of a complete building model and
the stiffness from other structural components rather than the seismic resisting system has no
considerable effect on the wall response predictions. Hence, the isolated core wall models could
be employed for the investigations together with a gravity frame to capture the nonlinear P-A
effects. In the current work, however, full 3D models of the buildings including the gravity
columns and story floors were developed to increase the reliability of the modelling approach in
capturing the P-A effects when the structure is subjected to torsional effects (Fig. 5.9). Hence,
OpenSEES built-in feature for geometric transformation from the basic system to the global

coordinate system was employed. A similar approach was used for the gravity columns. This
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approach was formerly supported by other researchers (e.g. Chae et al., 2012). Structural

responses were controlled to avoid any code violation.

Table 5.3. Main characteristics of the studied buildings

Characteristic 8-story 12-story 16-story
Typical floor height (m) 3.65 3.65 3.65
Building height (m) 34.05 48.65 63.25
Plan dimension (m) 25 30 30
Core wall length (m) 4x5 5x6 5x6
Core wall thickness (m) 0.3 0.4 0.4
Fundamental natural period of vibration (s) 1.34 1.81 2.76

(regular building, B=1.3)
Longitudinal reinforcement ratio at the base of the wall (%) 1.13 1.19 1.33
Transverse reinforcement ratio at the base of the wall (%) 0.46 0.56 0.58

Longitudinal reinforcement ratio at the mid-height of the DPH wall 0.54 0.63 0.67
(%)

Transverse reinforcement ratio at the mid-height of the DPH wall (%)  0.36 0.34 0.42

The core wall in the original building was designed to have a single plastic hinge (SPH) at
the base of the wall. Thus, the RC wall in the first two stories of the 8-story and 12-story
buildings and the first three stories of the 16-story building were detailed as a plastic hinge
region. The height of the plastic hinge was determined based on clause 21.5.2.1.2 of CSA, which
prescribes the plastic hinge length of 0.5/,+0.14,,. However, The CSA necessitates the extension
of plastic hinge detailing up to 1.5 [,, where /,, is the length of the wall in the direction
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considered and 4, is the height of the wall above the critical section. Flexural reinforcement was
provided according to the CSA bending moment design envelope to satisfy the plastic hinge
requirements. This was extended to provide the resisting moment prescribed by CSA.

The shear reinforcement in the assumed plastic hinging region was designed according to
CSA, which was corresponding to the shear strength required to develop the probable flexural
capacity of the wall. The shear detailing assigned for the base plastic hinge was extended in all
the buildings to meet the factored shear strength above plastic hinge height, prescribed by CSA,

and was lowered to the minimum required reinforcement in the upper floors.

5.5.2 Ground motion selection and scaling

The numerical analyses performed in this study follows the FEMA P695 (FEMA, 2009)
guideline for seismic assessment of building structures, in which a group of 44 ground motions
was prescribed to achieve reliable results. In the current work, due to the lack of records from
earthquakes in Eastern Canada, a group of 48 artificial ground motion records (4x12 records),
developed by Atkinson (2009), was used for time history analysis of the structure due to the lack
of records from real earthquakes in Eastern Canada. Even though the applied method is
acceptable, there are some limitations that need to be acknowledged as compare to using
historical records or spectrally matched records. For instance, synthetic accelerograms often do
not include wave propagation (path effects) or the near-source effects such as rupture
propagations. Moreover, for multi-directional excitations, the simulated three components of
ground motions are not physically consistent. Thus, time history analyses using artificial records
should be done carefully, because of the influence of parameter variability on simulated
earthquake results. Hence, it is advisable to use more number of records and take into account
the results within a limited margin of the mean value. These accelerograms were including far
field and near field records both with two different magnitudes of M=6 and M=7 Richter.
Fig. 5.10 shows the plot of sample near-field M=6 and M=7 accelerograms used for the NTHA.

The selected ground motions characteristics are summarized in Table 5.4.
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Table 5.4. Characteristics of selected ground motions (unscaled)

Near-field ground motions

Far-field ground motions

v

Event M Rpu' PGA™ v/ Event M  Rpae PGA v/a
eastocl.1 6  12.8 0.756 0.0467 eastbc2.1 6 20.8 0.277 0.0458
eastbcl.2 6  12.8 0.768 0.0406 east6c2.2 6 20.8 0.268 0.0266
eastbcl.3 6  12.8 0.717 0.0253 eastbc2.3 6 20.8 0.295 0.0397
eastbcl.4 6 125 0.646 0.0455 eastbc2.4 6 21.5 0.311 0.0298
eastbcl.5 6 125 0.597 0.0398 east6c2.5 6 21.5 0.279 0.0295
eastbcl.6 6 125 0.661 0.0337 eastbc2.6 6 21.5 0.192 0.0555
eastbcl.7 6  12.8 0.523 0.0573 east6c2.7 6 169 0.267 0.0387
eastbcl.8 6  12.8  0.565 0.0355 east6c2.8 6 169 0.315 0.0404
eastbcl.9 6  12.8 0.411 0.0359 eastbc29 6 169 0.287 0.0480

eastocl.10 6 12.8 0.431 0.0363 east6c2.10 6 21.1 0.232 0.0430
eastocl.11 6  12.8 0.405 0.0447 eastoc2.11 6 21.1 0.296 0.0361
eastécl.12 6 12.8 0.533 0.0314 east6c2.12 6 21.1 0.218 0.0336
east7cl.1 7 13.8  0.727 0.0525 east7c2.1 7 41.6 0.229 0.0647
east7cl.2 7  13.8  0.598 0.0856 east7c2.2 7 41.6 0.203 0.0567
east7cl.3 7 13.8  0.770 0.0437 east7c2.3 7 41.6 0.229 0.0602
east’7cl.4 7 153 0.806 0.0570 east7c2.4 7 503 0.151 0.0504
east7cl.5 7 153 1.162 0.0562 east7c2.5 7 503 0.148 0.0759
east7cl.6 7 153 0.871 0.0384 east7c2.6 7 503 0.122 0.0789
east7cl.7 7 142 0.922 0.0738 east7c2.7 7 452 0.204 0.0522
east7cl.8 7 142 0.764 0.0534 east7c2.8 7 452 0.184 0.0539
east7cl1.9 7 142 1.085 0.0642 east7c2.9 7 452 0.180 0.0730
east7c1.10 7 149 0971 0.0551 east7c2.10 7 50.3 0.125 0.0949
east7cl.11 7 149 0971 0.0385 east7c2.11 7 50.3 0.127 0.0610
east7cl.12 7 149 0.844 0.0828 east7c2.12 7 503 0.122 0.0643

' M: magnitude,

i Rt closest distance to fault
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Each ground motion was scaled using the ASCE/SEI method (ASCE, 2010) such that within
the range of 0.27) and 1.57;, where T is the fundamental period of vibration of the structure, the
integration of response spectral accelerations matches or be above the integration of target
spectral acceleration (i.e. Uniform Hazard Spectrum). The studied buildings were considered for
Montreal, Canada only and no seismic hazard variation was considered which can be noted as a
limitation of the current work. The structural damping was considered by means of mass and
stiffness proportional Rayleigh damping. A damping ratio of 5% was assigned which is a typical
value for RC buildings. Although the Rayleigh damping feature in OpenSEES can formulate the
damping matrix using the initial, current, or last committed stiffness matrix, only the initial
stiffness matrix was used in the current work. Fig. 5.11 presents the 5%-damped acceleration

response spectra of the ground motions.
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Fig. 5.11. The 5%-damped acceleration response spectra of selected ground motions for
Montreal

5.5.3 Results of time history analyses

The effect of the torsional sensitivity on the performance of the structures designed based on
the Canadian codes (CSA A23.3-14 and NBCC 2015) was investigated using NTHA. After post-

processing the data, time history response plots were created. A comparison has been made
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afterward between the results of NTHA and the design envelope obtained from the response
spectrum analysis of the structure.

Shear force envelope of the studied buildings was developed to evaluate the effect of
torsional sensitivity variation of the structure on the story shear demand. Results of the NTHA of
12-story buildings are shown as a sample in Fig. 5.12, in which the story shear demands
fluctuated significantly for different ground motion records. As it was expected, a considerable
increase in the shear force demand was observed by increasing the torsional sensitivity of the
structure. Moreover, a wider range of variation of the shear force for each story was observed in
building with higher torsional sensitivity.

Fig. 5.13 presents the summary of the results for 8, 12 and 16-story buildings, in all of which
the story shear is normalized by the base shear resistance, V., specified according to the CSA
A23.3-14. Comparison of the results showed that by increasing the torsional irregularity of the
building, shear demand in some stories of all the structures exceeded the shear capacity. This
trend continued until the point that at B = 2.5, almost all ground motions led to a shear envelope
beyond what was predicted by the CSA capacity design method. Though exceeding the demand
because of few artificial ground motion records (i.e. lower torsional sensitivity levels) might not
be considered as code contravention, this could be a considerable issue when the capacity design
based on the response spectrum analysis fails to resist the shear forces from a major part of the
selected earthquakes at higher torsional sensitivity levels.

Comparison of the results from the analysis of buildings with different heights showed that,
for a low torsional sensitivity level, the code predictions is more consistent for shorter wall
height (i.e. 8-story building). However, an increase of the torsional sensitivity of the building has
more significant effects on the shorter buildings rather than the taller ones. An increase of 65%
in the peak normalized shear of the 8-story buildings was observed, while the amount of

increases were 46% and 40% for 12-story and 16-story buildings respectively.
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Fig. 5.12. Sample shear envelopes of the 12-story building subjected to individual ground

motions

The scope of this study was limited to the buildings in which noticeable contribution of shear
deformations in the seismic response of structure is expected. The lateral response of taller
buildings is mainly controlled by flexural deformations. Hence, buildings over 16 stories were
excluded from the study. It is worth mentioning that a study by Adebar et al. (2014) compared
different proposed methods to consider the contribution of higher modes in the story force
demands. Thirteen building structures in different heights up to 50 stories were studied, and the
presented results in terms of the required shear amplification factor showed that almost all the

proposed methods result in similar amplification factors for buildings with more than 16 stories.
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Fig. 5.13. Evaluation of shear force demand along the height of the building (NTHA)
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Moment envelopes along the height of the buildings were also developed to investigate the
effect of torsional irregularity of the structure on bending moment demands in the structure. A
sample comparison of the median moment envelopes for the 12-story building subjected to the
selected ground motions is presented in Fig. 5.14. Though shear force demands were highly
affected by changing the torsional sensitivity, it was found to have no major effect on the
moment envelope of the building. A similar observation was recently reported by Pelletier and

Léger (2017).
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Fig. 5.14. Median moment envelopes of building structures (NTHA)

5.6 Seismic Performance of Core Walls with Dual Plastic Hinge

Panagiotou and Restrepo (2009) introduced a DPH concept for the design of RC shear walls,
to overcome the disadvantages of extended plasticity and SPH methods such as special
reinforcement detailing. DPH was proved to be an optimized method, since it provides the same
control on the performance of the structure as the SPH does, while releases a significant portion
of the height of the wall from special reinforcement detailing. Moreover, it was found that DPH
could result in lower shear force demand in the structure in comparison with what was obtained
from the buildings with SPH (Panagiotou and Restrepo, 2009). Hence, the DPH method was
employed as a solution for controlling the shear force demand in torsionally sensitive structures

studied in the current work. All the buildings were designed again according to the DPH concept,
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and the second plastic hinge was considered at the mid-height of the building as it was proposed
by Panagiotou and Restrepo (2009). Longitudinal and transverse reinforcement ratios for the
base and mid-height plastic hinges are presented in Table 5.2. Same equation from the CSA was
used to determine the height of the plastic hinge at the mid-height of the wall, and &, was
considered as the height above the second plastic hinge level which is equal to half of the total
height. However, the plastic hinge detailing was only extended up to the next story level.
Moreover, no amplification was applied on the design shear forces for the buildings with DPH;
amplification of story shear forces due to the inelastic effects of higher modes was neglected in
this case. A sample distribution of reinforcement along the height of the 12-story RC wall with
Dual Plastic Hinge is presented in the Fig. 5.15. As a comparison, the buildings with SPH has
less longitudinal reinforcement ratio at mid-height of the wall (i.e. zone 4 in the Fig. 5.15) than
the DPH walls, which is due to the minimum longitudinal reinforcement required for the plastic
hinge zones. Regarding the horizontal reinforcement ratio, the design of SPH walls based on
CSA A23.3-14 considers the shear forces amplified because of the inelastic effects of higher
modes. Hence, the ratio of the horizontal reinforcement at mid-height of the wall (i.e. minimum
reinforcement according to CSA A23.3-14) to the corresponding value at the base is again

smaller in the SPH walls.

5.6.1 Shear envelopes of buildings with DPH

Fig. 5.16 shows the shear force envelopes obtained from NTHA for buildings with DPH. As
it can be seen from the figure, DPH system performed well in controlling the story shear demand
along the height of the structure. Though there are still stories in which the shear demand
exceeded the shear resistance provided based on the capacity design method, the enhancement of
the performance even in torsionally irregular buildings is noticeable. Considering the median of
the results from the 48 selected ground motions, all the buildings were found to provide
capacities higher than the shear force demand except in stories 3 to 4 and 3 to 5 for the 12-story
and 16-story buildings respectively. However, the demand over capacity ratios were limited to

1.12 and 1.11 respectively.
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Fig. 5.15. Sample reinforcement ratios along the height of the 12-story RC wall with Dual Plastic
Hinge

By increasing the torsional sensitivity of the building, the excessive demand predicted for the
8-story structure was ranged from 5% to 11%. This range was predicted from 6% to 17% and
6% to 15% on average for the 12-story and 16-story buildings respectively. Despite the buildings
with SPH system in which excessive shear demand was predicted to happen even in the top
stories, especially when the torsional sensitivity of the structure goes beyond the B = 2.0, none of
the buildings with DPH system was experienced a demand over capacity ratio more than 1.0 in
the upper half of the building. Results of DPH buildings, however, showed shear demands
beyond the shear resistance in torsionally sensitive buildings (B > 1.7), but quite limited (within

6% to 15% average in 4 to 6 mid-height stories) in comparison with the average of 9% to 53%
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which was observed in the buildings with SPH (i.e. averagely 3% to 38% smaller shear demand

over capacity ratio).
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Fig. 5.16. Shear force demand along the height of the building with DPH (NTHA)
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5.6.2 Response comparison for SPH and DPH core wall buildings

As it was observed in the previous section, the overall performance of DPH design in
controlling the shear force demand along the height of the structures was significant. A
comparison was made between the two design concepts, SPH and DPH, in terms of shear
demand over capacity ratio of each floor.

Results of the comparison for the 12-story buildings are presented in Fig. 5.17. As it is
depicted in the figure, NTHA of structures designed based on DPH concept resulted in shear
demand/capacity ratio of less than 1.0 in most stories, and only a few stories in the irregular
structures (mainly at B > 2.0) suffered from underestimation of the shear demand by the RSA.
Moreover, developed box plots showed that the fluctuation of results of NTHA of buildings with
DPH subjected to 48 individual records was considerably less than that of buildings with SPH.

Although not shown in detail herein, similar results were observed for 8-story and 16-story
buildings. The summary of seismic assessment results for RC cores is presented in Table 5.5, in
which the normalized shear demand/capacity at the base of the walls in all the buildings are
compared. As it can be seen, the same trends of results are captured in 8-story and 16-story
structures. This promotes the DPH concept as an efficient alternative for the design of torsionally
sensitive buildings. A quantitative comparison also showed up to 65%, 47% and 30% increase in
the normalized base shear demand (normalize to V,) by increasing the torsional sensitivity in 8,
12 and 16-story SPH buildings respectively. The corresponding increases in DPH buildings were

up 29%, 15% and 16% respectively.
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Fig. 5.17. Shear demand-over-capacity ratios for 12-story buildings with SPH and DPH

Generally, taller SPH buildings showed larger normalized shear demand, while had less

discrepancies because of torsional sensitivity variations. This was quite expected as the shorter
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buildings were subjected to higher levels of T/M ratios along the height of the structure, and
torsional effects were more effective in these buildings. Buildings with DPH showed opposite
responses by increasing the height of the structures, which is because of the influence of the
second plastic hinge on the higher modes of vibration of the structure. In fact, DPH has more
mitigation effects on the higher modes of taller buildings, and hence results in limited

contribution of higher modes in increasing the story shear force demand in the structure.

Table 5.5. Summary of seismic assessment results for RC cores

Viase / Vi (SPH) Viase / V: (DPH)
Torsional
Sensitivity ~ 8-story  12-story  16-story 8-story  12-story 16-story
B=13 0.95 1.01 1.09 0.94 0.98 0.96
B=1.7 1.07 1.10 1.19 1.05 1.01 1.03
B=20 1.29 1.21 1.18 1.13 1.08 1.09
B=25 1.57 1.48 1.42 1.21 1.13 1.11

" median value of 48 ground motions

5.7 Discussion

Subject to the limitations imposed by the underlying assumptions, results of the study in the
previous sections showed that the shear force demand predicted by the capacity design method is
inadequate in some cases even after DSA prescribed by CSA A23.3-14 is used. As a result, the
shear demand envelope obtained needs to be enhanced further to address the issue. It is worth
mentioning that, in the explanatory notes, the CAC Concrete Design Handbook (2016) explicitly

states that the shear amplification factors adopted in the 2014 version of CSA A23.3 are a lower-
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bound value compared to the other recommendations by Ambroise et al. (2013). The shear
amplification prescribed was adjusted for spectral shapes in eastern Canada based on the work of
Paultre (Ambroise et al., 2013). Table 5.6 shows the required enhancement in terms of a
percentage of the code amplification factor for different building configurations studied here.
Excepting the torsionally regular buildings (B < 1.7), in most of which the DSA prescribed by
the CSA 23.3-14 performed well by reasonable estimation of shear force demand, NTHA of
torsionally sensitive buildings resulted in shear envelopes that were exceeding the amplified
envelope predicted through RSA by 3% to 64% and 3% to 75% for SPH and DPH buildings
respectively. Results are presented in Fig. 5.18, and show that there is no constant trend between

the results for lightly irregular buildings (B = 1.7).
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As for the buildings with B > 2.0, however, it can be clearly seen that the base shear
enhancement factor decreased by about 10% by increasing the height of the SPH structures.
Moreover, an ascending trend was observed for the average stories shear enhancement factor
when the number of stories increases, resulted in up to 29% increase. Results of the DPH
buildings, however, showed a descending trend for both the base and average stories shear
enhancement factor; 9% and 4% decrease respectively. Hence, DPH concept was found to be an

efficient alternative when high torsionally sensitivity in the structural response is expected.

Table 5.6. Required enhancement in the dynamic shear amplification factor

Torsional Flexural 8-story 12-story 16-story
Semsitivity  Yielding Base  Average Base Average Base Average
SPH 1.04 1.04 1.12 1.18
B=13
DPH 1.15
SPH 1.12 1.11 1.11 1.07 1.26 1.42
B=1.7
DPH 1.09 1.09 1.03 1.03 1.08 1.11
SPH 1.32 1.19 1.26 1.19 1.35 1.55
B=20
DPH 1.18 1.16 1.13 1.12 1.12 1.10
SPH 1.64 1.36 1.56 1.42 1.45 1.75
B=25
DPH 1.28 1.17 1.19 1.15 1.12 1.14
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5.8 Conclusions

This study provides results from nonlinear time history analysis of C-shaped RC walls to
investigate the performance of response spectrum analysis for the design of RC building
structures with an RC core wall. A macro-modelling approach using the wide column analogy
was employed to develop and calibrate a numerical model.

A total of 1152 nonlinear time history analyses were conducted on 8, 12 and 16-story
buildings using a group of 48 artificial ground motion records. The buildings were designed for
Montreal, Canada, using the response spectrum analysis method and according to the Canadian
design codes, NBCC 2015 and CSA A23.3-14. Results showed that:

* Though RSA is known as a robust and practical dynamic analysis method, results of
NTHA of torsionally sensitive buildings showed notably larger story shear demand than
what was predicted by RSA using the NBCC 2015 provisions. The predictions were
more consistent for regular low rise walls (B < 1.7) because of lower 7/M ratio, however,
a substantial increase of up to 65% was observed in the peak base shear when the
torsional sensitivity of the structure reached B = 2.5. Results are in agreement with some
previous findings in the literature (Tso and Yao, 1993; Pelletier and Léger, 2017).

* A significant contribution of higher modes noticeably affects the story force demand in
the buildings as torsional irregularity of the building increases, especially in shorter
buildings. This is expected because usually in torsionally irregular buildings, even third
and fourth modes of vibration substantially affect the seismic response, while the seismic
response of regular buildings would usually be controlled by only the first and second
modes. It was also shown that the range of variations extends by the increase of torsional
sensitivity of the structure.

*  More effective mitigation of higher mode effects was observed in DPH buildings, which
resulted in lower shear force demands in comparison with SPH buildings. DPH method
was found to be an efficient alternative for controlling the shear force demand in

torsionally sensitive buildings. Using the DPH method, the extra shear demands
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observed in the torsionally irregular SPH buildings was controlled by a range of 14% to
36%, corresponding to 16 and 8-story buildings respectively. However, the shear
demand envelopes were still beyond the RSA predictions in high torsionally irregular
buildings (B > 2.0). Moreover, the fluctuation of the shear force demands was lower than
the corresponding values in the SPH buildings.

The new “dynamic shear amplification factor” in CSA A23.3-14 provisions performed
well in predicting the shear force demand required for the design of torsionally regular
RC walls (B < 1.7) using capacity design method and RSA analysis. However, results of
RSA analysis based on the response spectrum prescribed by NBCC 2015 need to be
further amplified as the torsional irregularity increases. Shear force enhancement factors
were proposed in the current work, and showed that 3% to 64% and 3% to 75% increase
is required for SPH and DPH buildings respectively.

By increasing the torsional sensitivity of SPH structures, the required shear enhancement
factor was decreased for base shear force while it was increased for the average story
shear force. In DPH structures, however, a descending trend was observed for both the

base and average story shear forces.
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CHAPTER 6
Experimental Test on C-Shaped RC Walls

6.1 Abstract

This chapter presents results of a series of tests on a large-scale C-shaped reinforced concrete
(RC) wall retrofitted with carbon fibre-reinforced polymer (CFRP) sheets and subjected to multi-
directional excitations. The C-shaped wall was the main seismic force resisting system (SFRS) of
a 5-story building, the base story of which was only constructed physically and the upper floors
of the building were simulated numerically, and tested in a hybrid 6 degrees of freedom system
using OpenSEES (2013) and OpenFresco (2013). The C-shaped wall was designed and detailed
according to the seismic provisions of the NBCC 2010 and CSA-A23.3-04 standards. The
objectives were to validate both qualitatively and quantitatively the efficiency of CFRP in
retrofitting of damaged C-shaped RC walls. The Original C-shaped wall specimen was tested by
Mechmachi and Bouaanani (2018) under two records of Nahanni earthquake, namely mainshock
and aftershock. The Original tested wall was significantly damaged at the end of the hybrid tests
and characterization tests. The wall was then removed from the test setup for FRP retrofitting.
The retrofitted wall was then subjected to the same hybrid and characterization tests.
Subsequently, a multi-directional cyclic loading protocol was applied in the test specimen. Based
on the test results, the CFRP retrofitting scheme used in the current work successfully enhanced
the structural performance of the wall. Strength degradation was efficiently controlled, and by
conducting characterization tests at the end of hybrid tests, larger strength, yet with similar

stiffness, was measured compared to the results from the Original wall.

147



6.2 Testing program

The description of the experimental work concerning the geometry, properties of constituent
materials and testing of the C-shaped RC walls under multi-axial excitation is presented in this
section. The work was done as a joint research team project by Concordia University and Ecole
Polytechnique de Montréal University, and supported by le Fonds de Recherche du Québec -

Nature et Technologies (FRQNT) through an Equipe (Team) grant.

6.2.1 RC Building with C-shaped Core Wall

Mechmachi and Bouaanani (2018) conducted a series of hybrid experimental tests on a large
scale RC C-shaped core wall specimen, hereafter referred to as “Original wall”. The studied
building was a 5S-story building in Montreal, Canada with class C soil condition. The building
was designed according to the National Building Code of Canada (NBCC, 2010) and the CSA
A23.3-04 (2010 edition). Each floor consisted of three equal spans in both directions, with span
lengths equal to 6 m and 5 m in X and Y directions, respectively. The total height of the building
was 16.94 m; consisting of a 4.14 m high first story and a typical story height of 3.2 m.

The plan view of the studied building is shown in Fig. 6.1. The C-shaped RC core wall
measured 2.52 m by 2.52 m in the plan, outside to outside of the walls with 165 mm thickness,
which was positioned at the centre of the plan of the building. The reinforcement layout at the
end of flanges and at the web-flange junctions were 4-20M bars, whereas 10M vertical and
horizontal bars with 200 mm spacing were used as the distributed reinforcement. Geometrical
details of the RC core wall is shown in Fig. 6.1. The building was designed using a 37 MPa
concrete compressive strength and 400 MPa yield strength steel reinforcement (Mechmachi and

Bouaanani, 2018).
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Fig. 6.1. Plan of the building studied using the hybrid test system (Mechmachi and Bouaanani,
2018)

6.2.2 Construction of the Test Specimen

Considering the available maximum space and dimensions of the C-shaped RC core wall, a
large-scale (scale factor 0.56) RC specimen was constructed for the hybrid tests. The geometry
of the C-shaped RC wall is shown in the Fig. 6.2. The RC wall was integrally cast with a 1.25 m
high rigid concrete footing (that is fixed to the lab’s rigid floor), and a 0.75 m top concrete collar
(that is rigidly connected to the actuators’ loading system). The height of the tested wall is 2.3 m,
and considering the scale factor of 0.56 for the specimen, it was representing the first story of a
building in the hybrid tests, where upper floors were simulated in the numerical model. Figures
6.2 and 6.3 show the geometry of the RC wall specimen.

The experimental testing program for investigating the 3D seismic effects on C-shaped walls
was conducted at the Structures Laboratory of Polytechnique Montréal. A High-Performance
Multiaxial Loading System available at the Structures Laboratory of Polytechnique was used for

this purpose, to conduct the hybrid tests on the C-shaped RC walls (Fig. 6.4).
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Fig. 6.4. Experimental testing program: C-shaped shear wall tested using the Multiaxial Loading
System at Polytechnique Montreal (Mechmachi and Bouaanani, 2018)
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A numerical model in SeismoStruct was developed to predict the response of the Original
wall, and to control whether the wall will reach the targeted performance point when it is
subjected to the selected loading protocol. A Wide Column Model (WCM) modelling approach
was used to model the C-shaped RC wall in SeismoStruct. Fig. 6.5 shows the numerical model
developed for simulating the RC wall response. However, the numerical models for the hybrid
tests were developed using OpenSEES. This model was linked to the hybrid test system using

OpenFrasco.

. N

Fig. 6.5. Simulation of the tests using Seismostruct.

The Original wall specimen was tested under Nahanni ground motion in different steps,
mainly called “mainshock™ (steps 1 and 2) and “aftershock™ (step 3). Accelerograms of both the
mainshock and aftershock are shown in the section 6.2.6. Severe cracks were observed at the end

of the hybrid tests (Fig. 6.6).
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6.2.3 FRP Retrofitting of C-shaped RC Wall

6.2.3.1 FRP scheme for the C-shaped Section

The tested Original wall was retrofitted using CFRP (Carbon Fibre-Reinforced Polymer)
sheets, and then re-tested under multi-axial cyclic loads. The goal of the retrofit was to enhance
the seismic behaviour of the Original wall at the locations that experienced nonlinear response;
1.e. at the critical locations that the applied moment exceeds the design bending moment for the
RC wall. The retrofitting scheme was selected based on the expected failure mode of the wall in
these critical regions. Based on the observed crack patterns after the Original wall was tested
(Fig. 6.6), the planned CFRP retrofitting was re-evaluated for probable modifications needed,

and verified to have enough efficacy in retrofitting the damaged RC core wall.

Fig. 6.6. Crack patterns observed at the end of test on Original wall specimen by Mechmachi and
Bouaanani (2018): General view
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The following figures show the observed crack patterns and compressive crushing of the C-

shaped RC core wall at the end of the series of tests of Mechmachi and Bouaanani (2018).

Fig. 6.7. Crack patterns observed at the end of test on Original wall specimen: a) Inside the core
wall, b) North-East corner (Mechmachi and Bouaanani, 2018)

(a) (b) (c)

Fig. 6.8. Crack patterns observed at the end of the tests on Original wall specimen: Top of the
core wall (Mechmachi and Bouaanani, 2018)
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The capacity design philosophy of the wall necessitates that the RC wall should not fail in
shear before reaching its flexural capacity; which has to be also respected for FRP Retrofitted
walls. To respect this design philosophy, the retrofit strategy was designed to increase the
flexural capacity of the C-shaped wall while providing the corresponding increase in shear
capacity. The former will be achieved by applying vertical CFRP sheets at the boundary zones
(i.e. corner zones) of the C-shaped RC wall, whereas, horizontal CFRP wraps will be applied to
increase the shear capacity of the C-shaped wall. Table 6.1 shows the mechanical properties of

the FRP and epoxy materials used in the current work.

Table 6.1. Mechanical properties of FRP and epoxy materials (Fyfe Co., 2017)

Properties FRP sheets Epoxy
Tensile Strength 834.3 MPa 72.4 MPa
Tensile Modulus 82 GPa 3.18 GPa
Ultimate Elongation 0.85% 5.0%
Density 1.8 g/cm’ 1.16 g/em’ (liquid)
Thickness 0.51 mm ---

The vertical FRP retrofitting was designed to theoretically provide approximately 30%
increase in the nominal flexural strength of the Original RC wall using the strain compatibility
method. The maximum concrete compressive strain for the unconfined concrete was limited to
geu = 0.0035 according to the CSA S806 (2012), whereas ¢, = 0.01 was considered for the
confined concrete at boundaries of the wall. The latter was according to the findings of Wallace
(1995), and it is referenced by ACI 440.2R (2017). The maximum tensile strain (i.e. ultimate
elongation) at the outermost fibre of the FRP strip was considered as gy = 0.0085 according to
the manufacturer’s specifications. This was controlled and found to be lower than the debonding
strain of ¢y = 0.01 according to the ACI 440.2R (2017). Hence, considering the mechanical
properties of the FRP materials shown in Table 6.1, vertical strips with a width of 250 mm were
considered for both sides of the flange ends and on the outer faces of the conjunctions of the web

and the flanges. Moreover, the shear capacity needed to be increased accordingly. The added
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shear capacity of the wall due to FRP wrapping was calculated based on the findings of Haroun
et al. (2005), considering an FRP material reduction factor yy = 0.85. However, as it was
proposed by Haroun et al. (2005), and referenced by ACI 440.2R (2017), the effective strain for
calculating the shear strength in the FRP sheets was limited to ¢, = 0.004. Hence, two layers of
horizontal FRP wrapping was found to be necessary to prevent premature shear failure of the
wall, considering the added flexural capacity.

This rehabilitation scheme will thus increase the wall’s flexural and shear strengths. 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 unfavourable response that needs to be avoided. Fig. 6.9 shows the elevation view

FRP retrofitting scheme designed for the C-shaped RC wall specimen. A plan view is shown in

Fig. 6.10.
i i .
o
[sV)
= 14 Horiz_ontal FRP Anchor
= on both sides
< —| @200mm
& /30 mm
= Butt Splice, Typ.
g _|_ =7 plice, Typ
Vertical FRP Strip =
’/ (width = 250 mm) =
S Horizontal FRP Wrap
/3/4" FRP Anchor =
250 mm length
100 mm embedded =
Z 250, VA ‘ 275

1415 1415
X X

Fig. 6.9. Elevation view of the retrofitting scheme of the C-shaped wall
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Fig. 6.10. Plan view of the retrofitting scheme of C-shaped wall

The CFRP retrofit scheme for the C-shaped RC wall, considering the severe cracks observed
at the end of the series of tests on the Original wall by Mechamachi and Boanani (2018), needed
several horizontal and vertical anchoring of FRP layers into both wall and footing/collar
respectively. The vertical FRP anchors were designed to have higher capacity than the vertical
FRP strips that they anchor to. This ensures that the FRP anchors will not fail before the vertical
FRP strips. Two types of horizontal FRP anchors were used. Single-sided splay (fan type) FRP
anchors were used along the height of the two re-entrant corners of the C-shaped wall in order to
avoid peeling off of the horizontal FRP layers because the resultant force is away from the
concrete. Double-sided splay through FRP anchors were used at the discontinuous ends of the C-
shaped wall in order to form a four-sided confinement for the boundary element zone. The
horizontal FRP anchors were equally spaced at 200mm along the height of the wall. The

diameter of holes for FRP anchors needed to be at least 1/4" larger than the anchor diameter.
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6.2.3.2 Surface Preparation

Before applying the CFRP sheets on the RC wall, the wall surface needed to be prepared
based on the manufacturer instructions (provided by Fyfe Co). It follows ICRI guide No.
310.2R-2013 for concrete surface preparation, which transforms the surface to achieve a specific
concrete surface profile (CSP) rating. The minimum CSP rating for installing composites onto
most surfaces is a CSP-2 (Fyfe Co., 2017). This rating is based on independent research and
testing from universities, governing bodies, and industry practice, to provide enough roughness
for the surface such that the applied epoxy materials can provide enough bonding between the
CFRP layers and the concrete surface.

Fig. 6.11 shows CSP Ratings based on ICRI guide. Moreover, recommended surface
preparation methods are summarized in Table 6.2. Considering the safety concerns coming from
people working on other projects in parallel, space limitations and the expensive facilities in the
structural labs, surface grinding was selected and used for the current work.

ICRI 310.2R (2013) specifies that surface preparation is critical in: (i) flexural or shear
applications, or element where FRP cannot be wrapped back onto itself, and (ii) typical bond
critical elements such as beams, walls, and slabs. Surface must be cleaned and be free of any
dust, laitance, grease, oil, or any other bond-inhibiting material. However, considering the
sensitive devices, hydraulics, etc., a plastic curtain was made to keep the dust created because of
grinding the surfaces by full isolation of the specimen (Fig. 6.12). A heavy-duty extraction
system was then connected to a corner of the plastic curtain to exhaust concrete dust and

circulate fresh air for breathing.
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Fig. 6.1: CSP 1 Fig. 6.2: CSP2 Fig. 6.3: CSP 3
(acid-etched) (grinding) (light shotblast)

Fig. 6.4: CSP 4 Fig. 6.5: CSP 5 Fig. 6.6: CSP 6
(light scarification) (medium shotblast) (medium scarification)

Fig. 6.11. CSP Ratings based on ICRI guide No. 310.2R-2013

Table 6.2. Recommended surface preparation method (Fyfe Co., 2017)

Concrete Surface Profile

Surface Preparation Method
CSP 1{CSP2|CSP3|CSP4|CSP5|CSP6|CSP7|CSP 8|CSP9|CSP 10

Detergent scrubbing

Low-pressure water cleaning

Grinding

Acid etching

Needle scaling

Abrasive blasting

Shotblasting

High- and ultra-high-pressure water jetting
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Fig. 6.12. Extraction system used for suction of air and dust during concrete surface preparation

Special preparation at the wall corners is needed in order to avoid stress concentration in the
FRP sheets. The C-shaped wall section has 6 exterior and 2 re-entrant corners. The exterior
corners were rounded to a radius of 1" (Fig. 6.13). The re-entrant corners were filled with a Sika
grout to a radius of 30 mm. Moreover, it was ensured that the composite sheet makes smooth,

uniform transitions during application.

6.2.3.3 Applying the FRP materials on the wall

Application of FRP materials (Fig. 6.14) on the RC wall includes the following steps:
a) Preparing FRP cuts
b) Mixing the epoxy components
¢) Manual saturation (Fig. 6.15)
d) Installation of FRP layers and anchors

Epoxy resin components need to be mixed directly before the application, considering the 1.5

to 3 hours of pot life (based on the structures lab ambient temperature), and less than an hour for
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thickened epoxy mixes. Each FRP piece was manually saturated by applying epoxy resin on both

sides of the layers/anchors before installation.

‘." o
L > 0 !

2 Gaa .08

Fig. 6.13. Rounding exterior corners to avoid stress concentration in FRP sheets

Fig. 6.14. FRP roll (Tyfo SCH 11UP) and FRP anchor (Tyfo SCH Composite Anchors)
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The concrete wall surface was primed with Tyfo Epoxy using a roller, and then, the first FRP

layer was applied, be it vertical strip at the corners or horizontal layers in other regions. The

order of the installations was as followings:

Step 1: Vertical strips

Step 2: Vertical anchors (for the vertical strip)
Step 3: First horizontal layer

Step 4: Horizontal anchors

Step 5: Second horizontal layer

As for installation of FRP anchors, corners of holes was previously rounded to a 34”

minimum radius at the exit point of the hole to allow for a smooth transition for the anchor, and

the holes were cleaned out from any dust inside the anchor hole. Then, the hole was filled half

ways with Tyfo epoxy, before applying the first layer of fabric to structural RC wall. Finally, the

FRP anchor was inserted through the fabric and into the hole.

Fig. 6.15. Manual saturation and installation of vertical strips
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The vertical FRP strips were anchored to the top collar and bottom footing using 3/4"
diameter FRP fan anchors as shown in Fig. 6.14. Horizontal FRP anchors were used to anchor
the horizontal wraps inside the corners and to enhance the confinement effects around the corner
zones at the end of flanges of the C-shaped RC wall. FRP anchors width 1/4" diameter was
selected for anchoring the horizontal wraps since they were expected to be subjected to the lower

level of loads in comparison with the vertical FRP strips.

(a) (b)
Fig. 6.16. FRP layers after installation: a) Vertical FRP strips, b) Horizontal FRP layers

6.2.4 The 6DOF Test Setup

The tests on the FRP retrofitted RC C-shaped wall were conducted at Ecole Polytechnique’s
structures lab. The six degree of freedom system (6DOF) used for the current work included

eight actuators in total. The four vertical actuators, 1.8 MN each, were placed at the four corners
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and the four horizontal actuators, 1.0 MN each, were connected to perpendicular strong structural
walls at the South-West corner of Ecole Polytechnique’s structures lab (two in each horizontal
direction). A rectangular upper platen with 2.5 m x 3.5 m dimensions and 0.625 m thickness,
formed from stiff multicellular steel plates, was connected to the actuators and could be
displaced along 6DOF using the actuators control machine. A lower platen with the same
dimensions was anchored to the laboratory’s strong floor, and the RC C-shaped core wall

specimen was placed between the two platens (Fig. 6.17).

/ ;‘, ! - .-b - S ‘ \
Fig. 6.17. General view of the 6DOF system at Ecole Polytechnique’s structures lab and the test
setup of the FRP Retrofitted wall

Using a dedicated routine implemented in the MTS machine control system, the system
exports the displacements/forces along six translational and rotational DOF at a control point by
transforming the displacements/forces monitored in individual actuators. The control point was
located at the centre of the bottom surface of the upper platen, which is rigidly anchored to the

top centroid of the collar.
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In the current work, the RC C-shaped wall was representing the bottom story of the main
SFRS of a 5-story building; hence, the bottom end of the wall was fully fixed to the support
while the 6DOF at the top end was interactively controlled by the controller machine during the

test.

6.2.5 Instrumentations

Different instrumentations were used in order to measure the deformations, forces and
strains as shown in Fig. 6.18. A data acquisition system featuring synchronous signal
measurement was recording all data at a sampling rate of 20 and 100 Hz depending on the test
step. Moreover, a Digital Image Correlation (DIC) system was used in order to capture the
targeted surfaces with a frame rate of 5 FPS. The plan view of the installed instrumentations is
shown in Fig. 6.19, whereas the elevation views of inner and outer faces are shown in Fig. 6.20.

As shown in the figure, the specimen was heavily instrumented to be able to capture possible
deformations and reaction forces in an efficient yet extensive way. A total of 86 linear
potentiometers and 62 strain gauges were used to record the deformations in the RC wall
specimen during the test. Moreover, force-displacement data monitored for the 6DOF by the
controller machine were set to be recorded at the same sampling rate as the data acquisition
system.

A block of linear potentiometers was used on each segment of the C-shaped wall, in vertical,
horizontal and diagonal directions to record the local deformations along the height of the wall
(see Fig. 6.21). The purpose of these instrumentations was to capture the flexural and shear
deformations in both flanges and web of the RC wall, results of which are explained in the

Section 6.3.3.4. Fig. 6.21 shows the installed potentiometers on the flanges.
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~, Controller Machine
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DIC Cameras

Controller Machine

(b)

Fig. 6.18. General view of the installed instrumentations
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Linear potentiometers for shear deformations

/ Foundation /
v

Linear potentiometers for curvature
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Camcra2 Camera 3

Linear potentiometers for lifting

Legend

O  Strain gauges on transverse reinforcement
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= Surfaces captures by Digital Image Correlation system
<& Linear potentiometers for lifting
LVDTs for sliding

........ Foundation

— Wall

Strain gauges on longitudinal reinforcement

Strain gauges on transverse reinforcement

Camera 1

Fig. 6.19. Instrumentations of the test: Plan view

Moreover, a vertical chain of linear potentiometers was installed on each corner of the wall

as indicated in the previous figures to capture the deformations along the height of the wall.

These data were used to measure the curvature of the specimen at different levels during the test.

Results of the variation of curvature along the height of the wall are presented in Section 6.3.3.5.

Different spacing (length of potentiometers) was used; smaller spacing toward the bottom end

where larger local deformations will occur at the expected plastic hinge location (Fig. 6.21).
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Fig. 6.20. Instrumentations of the test: Elevation view
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Fig. 6.21. Groups of linear potentiometers for capturing the deformations and curvature of the
wall

A set of potentiometers installed to record the lifting of the wall from the support (i.e.
flexural cracks at the wall-footing interface), as well as the shear sliding deformations (i.e.
relative horizontal movement of the wall base with respect to the footing). A stiff wooden
support was made to install the potentiometer such that it can measure the deformations between
the footing and a point 1 inch away from the footing on the wall. This was done due to the
limitation of the length of potentiometers. All the 148 channels connected to the sensors were
checked and verified by the data acquisition system to have both the consistency of signal and
acceptable initial value. The latter was verified to be close to half of the maximum extension
length of each potentiometer, and then, was taken as the relative zero point. This was to ensure

that the potentiometers will not reach to either of compressive/tensile ends during the tests.
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As mentioned before, a DIC system was used to measure the deformations on one of the
flanges and two selected regions on the inner corners during the test. Fig. 6.22 shows the digital

image correlation (DIC) system.

ToNRE

Fig. 6.22. Digital Image Correlation system

A group of 3D encoders was used as the 3D relative system for the 6DOF system to
determine the relative deformations of the top collar from the footing (Fig. 6.23). Consistency
and accuracy of these encoders are vital since their signals will be directly used as benchmarks
by the controller machine using a transformation algorithm. Hence, a 3D laser scanner system
was employed to create an accurate 3D model of the system, and the relative system was

precisely calibrated accordingly before conducting the test (Fig. 6.24).

170



Fig. 6.24. 3D laser scanner used for calibration of the relative system
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6.2.6 Loading Protocol

As mentioned earlier, the purpose of the experimental tests was to investigate the
effectiveness of the proposed CFRP retrofit scheme on the seismic performance of the tested C-
shaped RC core wall.

The loading protocol for the FRP retrofitted RC C-shaped wall included three phases, all of
which were applied together with a constant 520 kN axial load (i.e. gravity load):

- Three hybrid tests of the FRP-retrofitted core wall at the base of a 5-story building
when subjected to earthquake ground motion excitations,

- Characterization tests of the wall after the hybrid tests, then

- Increasing cyclic multi-directional displacement-control test

As mentioned in the section 6.2.2, the bi-directional acceleration records used for the hybrid
tests were the recorded accelerograms of the 1985 Nahanni ground motion. Nahanni earthquake
was one of the most significant earthquakes in Canada during the 20th century, with the moment
magnitude scale (M,,) of 6.9. The hybrid tests were conducted in three steps including two
respective records of 4.2 and 7.8 seconds as the mainshock, followed by an 8.8 seconds record
representing an aftershock excitation. Fig. 6.25 shows the acceleration record for both the
mainshock and aftershock steps.

After completing the hybrid time history tests, similar to what was done on the Original wall
by Mechmachi and Bouaanani (2018), characterization tests were conducted to determine the
core wall characteristics at the end of hybrid tests. The loading protocol applied at this stage of
the test is presented in Fig. 6.26. As can be seen from the figure, small amplitude displacements
were applied in both X and Y directions (flange and web direction, respectively). A torsional
moment was applied afterwards to measure the walls response against twisting excitation. A full
cycle test was conducted for each direction (i.e. positive and negative displacements/rotation) to

ensure that the asymmetry of the geometry is considered.
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Fig. 6.25. Acceleration record of the 1985 Nahanni earthquake: a) Mainshock, b) Aftershock
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Fig. 6.26. Sequence of loading protocol applied to determine the wall characteristics at the end of

hybrid tests
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Last, the increasing cyclic displacement-controlled loading protocol applied to the C-shaped
RC core wall in the third phase of the tests was the loading protocol proposed by Beyer et al.
(2008-a). As it was proposed by Beyer et al. (2008-a), five different directions of loading were
considered and labelled with different letters (Fig. 6.27):

« Parallel to the web (Positions A and B),

* Parallel to the flanges, flange ends in compression (Position C),

* Parallel to the flanges, web in compression (Position D),

* In the diagonal direction, one flange end in compression (Position E and H),
* In the diagonal direction, one corner in compression (Position F and G).

The diagonal direction was defined as the axis with 45 degrees inclination from the
horizontal axis. Considering that only one specimen was tested, and since the objective of the
tests was to assess the response of the FRP-retrofitted C-shaped walls in different loading
directions, a bi-directional loading protocol was applied on the test specimen. The chosen
loading history was based on a pattern developed by Hines et al. (2002) who proposed a history
comprising a "sweep" and a diagonal at each level. The loading protocol is summarized in four
steps for each level as follows:

* NS cycle: Full cycle parallel to the web (O—A—B—0),
* EW cycle: Full cycle parallel to the flanges (O—C—D—0),
* Diagonal cycle: Full cycle in the diagonal direction (O—E—F—0),.

* Sweep cycle: (O—-A—-G—>D—-C—-H—-B—0).

174



Fig. 6.27. Displacement-based loading protocol applied on the FRP-retrofitted C-shaped wall
specimen

In order to clarify the sequence of the experimental tests as well as the results presented in
Section 6.3, a summary of the conducted tests, as well as the numerical analyses on the C-shaped

RC wall specimen, is shown in Fig. 6.28.

By
‘ \\\(Numencal)

Tt IR, ----------------------=----s-e---- it —
Simulated Characterizations'. .’

Hybrid Tests
Original Wall —_—> —>
(Mechmachi and Bouaanani, 2018) Chametereation. Test

¢ Multt-directional
Cyclic Test
Hybrid Tests
FRP Retrofitted Wall —> —> —>

Characterization Tests F/
L) Section 6.3.1 L) Section 6.3.2 \—> Section 6.3.3

Fig. 6.28. Summary of the conducted experimental tests as well as the numerical analyses on the
C-shaped RC wall specimen
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6.3 Test Results of CFRP-Retrofitted C-shaped RC Wall

Results of the aforementioned experimental tests on the large-scale FRP-retrofitted C-shaped
RC core wall are presented in this section. Results are presented in three steps, namely, hybrid
tests, characterization tests and cyclic test. As mentioned in the Section 6.2.6, the hybrid tests
included three time-history tests where the CFRP retrofitted C-shaped wall was tested as the core
wall at the base of a 5-story building when subjected to earthquake ground motion excitations.
The characterization tests were a test in which small amplitude displacements/rotations in each
direction was applied (diagonal direction included) on the test wall to identify the characteristics
of the FRP Retrofitted wall before conducting the final cyclic test. At the end of characterization
tests conducted by Mechmachi and Bouaanani (2018) on the Original wall, 25 out of 57 strain
gauges reached yielding strain. These yielded strain gauges were mostly on the longitudinal bars

at the corners of the C-shaped wall (Mechmachi and Bouaanani, 2018).

6.3.1 Results of the hybrid tests

Figures 6.29 to 6.34 present the time history results of the hybrid tests in three different
steps. Responses in all the six degrees of freedom are presented in terms of both the
displacement/rotation and the reaction force/torque. Maximum and minimum responses from the
Original wall (Mechmachi and Bouaanani, 2018) are depicted in the figures for comparison
purposes. It is worth mentioning that step 2 of the hybrid tests was stopped prematurely due to an
interlock in the controller system at the very last stage of the applied record. This, however, was
at 91% of the total time of the test where just very small excitations (damped) at the end of the
accelerogram was remaining, and hence had no notable influence on the results of the test steps 2

and 3.
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Fig. 6.29. Time-history displacement and force results of the hybrid tests: Mainshock (Step 1)
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Fig. 6.30. Time-history rotation and bending moment results of the hybrid tests: Mainshock (Step
1)
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Fig. 6.31. Time-history displacement and force results of the hybrid tests: Mainshock (Step 2)
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6.34. Time-history rotation and bending moment results of the hybrid tests: Aftershock

(Step 3)
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From the figures, it can be seen that the maximum/minimum displacement/rotation responses
of the wall after being retrofitted with FRP materials were close to the displacement/rotation
response of the Original wall, except for the Z direction (i.e. axial direction). According to
Mechamchi and Bouaanani (2018), the controller machine was not able to stabilize the constant
520 kN axial force (Z direction) applied on the specimen during the hybrid tests of the Original
wall. Hence, the axial load (and the axial displacement) of the C-shaped wall fluctuated during
the hybrid tests. In testing of the FRP Retrofitted wall, however, these variations were relatively
controlled by tuning the controller machine. Comparison of the results in other directions showed
that peak displacements/rotations barely exceeded those of the Original wall, whereas the
reaction forces/torques were significantly smaller during the mainshock (steps 1 and 2). The
results from the aftershock record (step 3) of the Retrofitted wall were quite close to the data
obtained from the Original wall, both in terms of excitations (displacement/rotation) and the
applied force/torque. Step 3 of the hybrid tests, namely aftershock, included more severe
excitations in comparison with the first two steps. Four strain gauges on the longitudinal steel
reinforcement reached the yield strain during this step, as indicated in the Fig. 6.35. Strain gauge
G003 yielded in tension at the drift levels of 8, = 0.04% and &, = 0.21%, while the tip of the wall
was heading to the North (+Y) direction. Strain gauges GO11 and G027 yielded in tension at the
drift levels of 6y = 0.20% and &y = 0.21%, while the wall was moving toward the South-West
direction (Fig. 6.33.a&c). As a reference, the theoretical yield drift of the C-shaped was
calculated approximately to be equal to &, = 0.10%. The strain gauge GO13 yielded in
compression at the drift levels of 8, = 0.13% and 6, = 0.01%, while the wall was load in the East
(+X) direction.

A comparison of the displacements/rotations and the corresponding forces/torques between
the Original and FRP Retrofitted wall shows that the initial stiffness of the wall which comes
into action in relatively small amplitudes of the excitations was not enhanced by the applied FRP
retrofitting approach. This is expected since the RC wall was under no axial load during the FRP
retrofitting phase. Hence, the vertical FRP strips were somehow compressed by the 520 kN axial
load applied at the beginning of each test. This prevented the FRP layers from increasing the
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initial stiffness of the wall and notably affected the response of the wall against the mainshock

excitations.
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Fig. 6.35. Strain gauges yielded during the step 3 (aftershock) of the hybrid tests

In step 3 of the hybrid tests, where larger excitations were applied on the wall, larger vertical
strains were measured by the DIC system on the FRP layers at the corners of the C-shaped wall
(i.e. boundary zones). For instance, once the C-shaped wall hit the peak displacement of -7.2 mm
in the Y direction (Fig. 6.33.c), the average vertical strains on the FRP layer at the inner side of
the North-East corner was measured equal to 0.0034. This measured strain is compatible with the
strain measured in the longitudinal corner bar that exceeded the yield strain at this moment. The
measured strain in vertical FRP strip mounted on the inner side is equal to 41.5 kN force, and is
equal to more than 85 kN total force resisted by the vertical FRP strip mounted on both sides. As
a reference, the total yielding force for the 4-20M longitudinal corner bars is equal to 480 kN.
Stretching of the FRP layers and the internal forces resisted by the vertical strips contributed to
the tensile resistance of the corner zones of the cracked wall against the applied excitations.

Hence, responses of the damaged wall after FRP retrofitting were found to be close to those of
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the Original wall. The results indicate the efficiency of the employed FRP retrofitting scheme in

improving the performance of the damaged RC wall.

6.3.2 Results of the characterization tests

Characterizations of the wall in different directions (i.e. X, Y, diagonal and torsional
direction) were tested by applying small amplitude cycles in low displacement rate of 0.1 mm/s.
For comparison purposes with the Original wall, same fixed-fixed end boundary conditions were
considered for both top and bottom ends of the FRP Retrofitted wall at this step, and the results
were compared to the corresponding data from the Original wall tested by Mechmachi and
Bouaanani (2018). Moreover, a numerical model was developed for the “Intact” undamaged
Original C-shaped RC wall, using the modeling approach presented in Chapter 4.
Characterization loading protocol was applied to the numerical model, and the results are shown
in this section as a reference in order to quantify the level of damage in the C-shaped wall at the
end of the characterization tests on the Original wall.

Fig. 6.36 shows the experimental results of characterization tests on the Original and
Retrofitted walls, together with the results of numerical analysis of the Intact wall. As it can be
seen from the figure, the Original wall showed a softer response at the high level of loading
during the characterization tests, compared to the Intact wall. This can be attributed to the
damage that the Original wall experienced in the hybrid tests. In fact, the difference between the
resistance of the numerical Intact model of the wall and the measured resistance of the Original
wall can be a quantification of the damage that the wall experienced during the hybrid tests.
Results showed that the peak strength of the Original wall in the X direction decreased by 15%
and 8% for the push and pull cycles (at Ax = +11.38 mm and Ax = -8.15 mm), respectively. A
reduction of 4% and 9% was observed in the peak resistance in the Y direction for the push and
pull cycles (Ay = +6.71 mm and Ay = -7.31 mm), respectively. In the diagonal direction, the
reduction in the peak resistance was 12% and 18% for the push and pull cycles (Apjae. = +10.48

mm and Api,e. = -13.24 mm), respectively. The torsional cycles showed a reduction of 12% and
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17% in the peak torsional moment for counter-clockwise and clockwise cycles (R, = +0.0049
Rad and R, = -0.0044), respectively. According to Fig. 6.36, the FRP retrofitting scheme used in
the current work has higher peak reaction force/moment, while the initial stiffness of the wall in
almost all loading directions remained close, compared to that of the Original wall. The latter,
i.e. minimal change in the initial stiffness due to the FRP retrofitting scheme, is an important
achievement since changing the initial stiffness would affect the dynamic characteristics of the
structure. Moreover, the hysteretic loops of the Retrofitted wall were found to be very close to
those of the Intact wall.

Comparison of the results shows that retrofitting with FRP restored the response of the
damaged wall to be reasonably comparable to that of the Intact wall, while being better than that
of the Original wall, knowing that it experienced additional damage due to the hybrid tests
(which can be quantified when comparing the responses of the Intact and the Original walls). In
the X cycle (flange direction) presented in the Fig. 6.36.a, the peak resisting force by the wall in
the push cycle was improved by up to 27% (5% increase compared to the intact wall) at the
displacement Ax = +10.73 mm, while the peak resisting force in the pull cycle was slightly
higher than the Original wall by only 1%. Comparison of the X cycle curves also showed that the
stiffnesses of the Original wall and the FRP Retrofitted wall were similar for both loading and
unloading stages. However, thinner hysteresis loop was observed at this cycle for the FRP
Retrofitted wall, which resulted in 29% lower energy dissipation during the X cycle in the FRP
Retrofitted wall compared to the Original wall. This reflects the fact that FRP is effective in
increasing the lateral resistance of RC walls, but it has limited capability of energy dissipation.
Moreover, smaller residual displacement was observed for the FRP Retrofitted wall. No major
changes were observed in the stiffness of the Retrofitted wall compared to the Original wall in
which clear significant reductions were measured. Moreover, the stiffness reduction was more
remarkable in the push cycle. This was due to earlier yielding of longitudinal bars in the web as
well as the conjunctions of the web and the flanges of the Original wall (Mechmachi and

Bouaanani, 2018) compared to the FRP Retrofitted wall.
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Fig. 6.36.b shows the lateral force-deformation relationship of the Original and FRP
Retrofitted walls in the Y cycle. From the figure, it can be seen that the force-deformation
relationship of the FRP Retrofitted wall is close to that of the Original wall. However, the peak
negative resisting force of the FRP Retrofitted wall was 19% higher than the corresponding force
in the Original wall, and 8% higher than that of the Intact wall. This was expected since, during
the hybrid tests on the Original wall, wide flexural cracks occurred at the North-East corner of
the north flange. During the pull cycle, this corner was under tension, and the tensile resistance
of the vertical FRP strips mounted on two faces of this zone increased the force corresponding to
the peak displacement of Ay = -7.31 mm. Comparison of the hysteresis loops showed that the
residual displacements in the Retrofitted wall were decreased by 41% and 52% in push and pull
cycles, respectively, compared to the Original wall. The FRP Retrofitted wall showed 21% lower
energy dissipation. No considerable variation in the stiffness of the specimen was observed in
this direction.

Similar trends were observed for the results of diagonal displacement and twisting of the wall.
The resisting force in the diagonal cycle (Fig. 6.36.c) was increased by 19% and 25% on the
push and pull cycle (Apiae. = +10.48 mm and Ap;,. = -13.24 mm), respectively. The latter showed
a substantial increase in both the loading and unloading stiffness of the Retrofitted wall
compared to the Original wall. Compared to those of the Intact wall, the peak resisting forces in
the FRP Retrofitted wall increased by 5% and 2% in push and pull cycles, respectively.
Moreover, no stiffness reduction was observed in the FRP Retrofitted wall during the push cycle

of the diagonal direction, as opposed to the Original wall.
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Fig. 6.36. Characterization tests results: a) X-direction cycles, b) Y-direction cycles, ¢) Diagonal
cycles, d) Torsional cycles

As for the torsional response of the wall (Fig. 6.36.d), the observed change in the stiffness of
the wall was not significant, however, the resisting torques at R, = 0.0049 Rad and R, = -0.0044
Rad increased by 11% and 15% for the counter-clockwise and clockwise twists, respectively,
and reached to approximately the same resisting torque as the Intact wall. During the torsional
excitations, cross-section warping of the RC wall induces significant normal stresses at the base
of the C-shaped RC wall, proportionate to the applied torque and the distance to the shear center
of the section. Therefore, warping of the section results in excessive tensile/compressive forces
at the corners of the C-shaped wall. In the FRP Retrofitted wall, the tensile forces at the corners
will be partially resisted by the vertical FRP strips. Hence, larger torsional stiffness in the FRP

Retrofitted wall is expected compared to the Original wall.
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6.3.3 Results of the cyclic test

The cyclic loading protocol described in the Section 6.2.6 was applied at the top of the wall
to measure the response of the C-shaped RC core wall when it is subjected to multi-directional
loading. In order to evaluate the efficiency of the controller machine in controlling the target
displacement pattern, Fig. 6.37 shows the actual imposed lateral displacement pattern as seen
from the top. Comparing the measured displacement with the planned loading protocol plotted in

the Fig. 6.27, the actuator control system was found to work very effectively.
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Fig. 6.37. Actual imposed displacement history

Results of the cyclic test in different directions of the loading are presented in Figures 6.38
and 6.39. The hysteresis loops are almost symmetric in Y cycles, whereas asymmetric load-
deformation response was observed in the X and diagonal cycles. Moreover, the hysteresis load-
displacement loops of the FRP retrofitted wall were fat and stable with no significant degradation
up to the end of the cycle of pa = 10. The displacement ductility was defined as the displacement
divided by the first yield displacement, considering that the wall has different yield
displacements (i.e. different directions) due to the asymmetric geometry. During the last cycle of

the test (ua = 12), however, maximum degradation of approximately 30% in the maximum
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resistance of the wall in the main directions was observed; more specifically, 28% in +X, 30% in
-X, 22% in +Y, and 28% in —Y direction. The maximum degradations in the diagonal direction
were equal to 21% and 23% in the push and pull cycles, respectively. During the sweeping
cycles (ie. O0O-A—-G—D—-C—-H—B—O in Fig. 6.37), 28% degradation was observed in the
+GH direction, whereas a maximum degradation of 44% was observed in the —GH direction. No
significant pinching was observed in the hysteresis loops up to pa = 10, indicating that the wall
did not experience shear-sliding deformations. However, during the cycle of pua = 12, slight
sliding of the wall was observed due to the growth of cracks along the full length of the North
flange and the web. For comparison purposes, results of pushover analysis of the Intact wall in
the X, Y and diagonal directions are included in the Figures 6.38.a-b and 6.39.e. As it can be
seen from the figures, the FRP retrofitted wall showed lower, yet close, stiffness compared to
that of the Intact wall in all directions. This could be attributed to the damages that the Original
wall experienced during the hybrid and characterization tests. The capacity of the wall, however,
was notably improved by FRP retrofitting in all directions, both in push and pull cycles.

Table 6.3 shows a summary of the results of the multi-directional cyclic test together with
the peak capacity of the Intact wall obtained from the numerical analysis. The FRP retrofitted
wall showed 11% and 15% more capacity during the push and pull cycles, respectively, in the X
direction. FRP retrofitting had more effect on the pull cycles, which is expected considering the
geometry of the section. When the wall is loaded in the —X direction (O—D), the outer end of the
flange will be under tension, which has to be resisted by the longitudinal steel reinforcements as
well the vertical FRP strips. Hence, there is a considerable contribution by the vertical FRP strips
in resisting the internal tensile forces. In the +X direction, however, the wall benefits from the
longitudinal reinforcements along the web of the wall as well as the corner reinforcement and the
vertical FRP strips. Hence, the contribution of the FRP strips in resisting the tensile forces will
be less than that of the —X direction. In the +/-Y directions, FRP retrofitting increased the
capacity of the wall by 8% and 10% during the push and pull cycles, respectively. Although the

numerical model resulted in an identical capacity of the wall for loadings in the +Y and -Y
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directions due to the symmetry of the model, the cyclic test resulted in different capacities during
the pull and push cycles in the Y direction. This was due to the fact that during the hybrid and
characterizations tests, the flexural cracks and yielding of the steel reinforcement were started
from the North-East end of the North flange and the specimen was no longer in a symmetric
situation. In the diagonal direction, 5% and 8% increase in the wall capacity was observed during

push and pull cycles, respectively.
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Table 6.3. Summary of the multi-directional cyclic test results

Direction Intact Wall (numerical) FRP Retrofitted Wall (cyclic test)

Min. Force Max. Force Min. Force O@min Max. Force O@max

(kN) (kN) (kN) (mm) (kN) (mm)

X (C <D -468.6 612.6 -538.7 -11.9 681.4 18.0
(1 15%) @wa=-398) (1 11%) (ua =6.0)

Y (A<~ B) -578.1 578.1 -635.7 -17.9 626.3 17.9
(1 10%) (ua=-598) (18%)  (wa=59)

Diagonal (E < F) -565.4 580.0 -607.9 -24.0 608.5 24.0
(18%) (wa=-800) (15%) (ua=7.99)

Sweep 00— -531.2 -12.0 458.1 12.7
(up = ~4.00) (up = 4.24)

During the cycle of ua = 6 of the cyclic test, the first visible flexural crack (i.e. crack width
of more than 3 mm) was observed at the interface between the outer side of the North flange
when the wall was loaded in the —Y direction (O—A), where the North flange was in tension.
Debonding of horizontal FRP wrapping was observed at small zones, mostly at the vicinity of the
cracks, at this step. A fully extended crack in the north flange was observed once the wall
reached to the position E during the cycle of pua = 8, followed by partial rupture of FRP vertical
strips at the outer end of the northern flange by reaching the subsequent G position (Fig. 6.40).
Full rupture of the external vertical FRP strip was detected at the outer end of the North flange
when the wall was loaded in the —X direction (O—D), i.e. the flange outer end under tension
(Fig. 6.41). The subsequent position H led to the partial rupture of vertical FRP strip in the

external face of the web on the south-west end.
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Fig. 6.40. Crack opening at: a) position D during the cycle of pa = 8, b) position D during the
cycle of pa = 10, ¢) position D during the cycle of ua = 12; d) longitudinal bar rupture; e) full
opening of crack in the North flange; f) crack opening along the web
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The first step of loading (position A) of the cycle of ua = 10 led to the full rupture of both the
external vertical FRP strip at the north-west corner (i.e. flange and web intersection), as well as
the rupture of the internal vertical FRP strip at the outer end of the north flange. The external
strip at the south-west end of the web was fully ruptured upon reaching the position C in this
cycle. Crushing of the concrete under compression became visible during this cycle especially in
the external face of the north flange and the web where debonding of FRP wraps occurred
previously. However, despite the severe bulging of the FRP wraps, no large tearing was observed
in the horizontal FRP wraps. The concrete materials stayed in place despite the compressive
crushing, and hence, no buckling of the steel bars was served due to the provided lateral
resistance. It, however, was hard to investigate and measure due to the lack of visibility because
of the FRP wrapping.

During the cycle of pa = 12, a full growth of the crack along the flanges and the web was
observed at the position C. The subsequent position D caused a rupture in longitudinal steel bar
at the end of the north flange once the crack was opened by a width of almost half an inch
(Fig. 6.41). The variation of the reaction force, as well as the longitudinal strain in steel rebar, is
shown in Fig. 6.42. A severe degradation of more than 30% was observed at this stage and was
deemed to be the highest ductility level for the cyclic test to be able to go through. Noticeable,
yet local and without spalling, crushing of the concrete was observed at the north-west corner
once the test specimen reached to the position B during the sweeping step of the loading in this
cycle (H—B). The concrete in the confined regions (i.e. boundary elements) at the four corners
of the wall stayed in a fairly good condition, while the unconfined regions along the flanges and
the web seemed to quite suffer from the compressive stresses during the cycles of 10 and 12. The
test was then stopped at the end of this cycle due to significant degradation in the capacity of the

wall. The test specimen failed due to rupture of the longitudinal reinforcing bars.
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As mentioned in section 6.2.5, a DIC system was used to capture the deformations in three
different zones of the C-shaped wall. The targeted zones, namely, the South flange, intersection
of the web and the North flange and the North flange internal bottom corner, are shown in
Fig. 6.43. Figures 6.44 to 6.46 present the strain distributions (g,y) in the targeted zones, as
detected by the DIC system. In order to visualize the crack opening/closure during the cyclic test,
for each displacement ductility level, the results were captured at peak points (positions A and B)
in the Y direction. Distribution of vertical strain (gyy) on the bottom part of the South flange at
different ductility levels are shown in Fig. 6.44. As expected, and visually observed qualitatively,
flexural cracks mostly occurred at the bottom corners when the flange was under tension
(position B).

During the cyclic test, no compressive crushing of concrete was observed in the South
flange. This can be confirmed by the results of the DIC system. The compressive vertical strain
did not reach to the crushing strain of concrete (g..=0.0035). Moreover, at position A, the South
flange was under compression, however, strain contours show regions of the wall with relatively
large tensile strains. As it is marked in Fig. 6.44, these regions show the small zones of the FRP
materials that were debonded from the concrete surface. These were initiated by opening of
flexural cracks in the concrete, referred to as Intermediate Crack (IC) debonding. The first FRP
debonding was captured at a compressive vertical strain of g,,=-0.0018, and was detected over
3% of the targeted zone area. By the end the cyclic test, FRP debonding was extended only in a
minor portion of the south flange of the C-shaped RC wall (18% of the targeted zone area).

The strain distribution contours at the intersection of web and the North flange (internal face)
are shown in Fig. 6.45, in which the FRP debonding at different ductility levels are marked.
Results showed that FRP debonding at this zone was started at the cycles of ua=6 with a peak
vertical compressive strain of g,,= -0.0051 (i.e. beyond the concrete crushing strain), and was
detected over almost 6% of the targeted zone area. The FRP debonding was found to be
concentrated around the crack openings, which shows the efficiency of the horizontal FRP

anchors in supporting the FRP wraps. The anchors were mounted at the corner intersection
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(vertical spacing of 200 mm) to improve the bond between the FRP wraps and the wall surface.
By the end of the cyclic test, FRP debonding was extended over 19% of the targeted zone area.
The bottom corner at the outer end of the North flange (Fig. 6.46) was considerably damaged
due to the opening of flexural cracks started at the cycle of ua=6, and the FRP wraps were
debonded consequently (position B in Fig. 6.46). The FRP debonding was first captured at the
peak vertical compressive strain of gy,,= -0.0055 (i.e. beyond the concrete crushing strain), and
was detected over an area of about 6% of the targeted zone area. Delamination of FRP layers,
however, led to the failure of the DIC system in processing a small zone of the speckled area. By
the end of the cyclic test, FRP debonding was extended over 34% of the targeted zone area.
Moreover, during the cyclic test, concrete crushing occurred at both bottom corners of the North
flange during the cycle of ua=6. As it can be seen in figures 6.45 and 6.46, similar results were

captured by the DIC system. A schematic of the FRP debonded area is shown in Fig. 6.47.

Camera 1 Camera 2 Camera 3

Fig. 6.43. Schematic of the speckled zones measured by DIC
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6.3.3.1 Hysteretic behaviour in the main directions

Fig. 6.38 shows the force-displacement curves of the two main directions (i.e. X-direction in
the East-West and Y-direction in the North-South). Despite the discontinuity of cycles for each
of the curves depicted in the figure, due to the complexity of the loading history, the cyclic
response of the wall looks quite similar to the reported responses of typical rectangular walls

under pure uniaxial loading protocols. The Retrofitted wall showed a continued increase in
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lateral force resistance up to displacement ductility demand pa = 6, beyond which it started
experiencing gradual post-peak degradation of its lateral load with larger displacement ductility
levels. During each main loading direction, two horizontal actuators were pushing/pulling the
test specimen to apply the targeted displacement while the other two were preventing the wall
from out-of-axis displacements by applying a force couple (Fig. 6.38.c-d). This was due to the
eccentricity of the load with respect to the shear centre of the C-shaped section located at the
west, outside of the web of the wall. The magnitude of the force couple increased proportional to
the applied cyclic force on the main load direction up to displacement ductility demand pa = 6.
During the cycles with larger displacement ductility (ua > 8), the magnitude of the required force
couple reduced since the shear center moved closer to the centre of the web of the wall (i.e.
smaller eccentricity due to the gradual degradation at the free end of the two flanges). Similar
behaviour was observed by Beyer et al. (2008-a) and Pégon et al. (2000). Moreover, as it is
depicted in the Fig. 6.38.c-d, the variation of the force couple is not quite symmetric in both X
and Y directions of the loading since different cracking states occurred in the two flanges led to
different stress states attained during the preceding cycles. Besides, the push side of the
Fig. 6.38.c (+X direction) shows a different large negative Y-force at the beginning of each cycle
due to its previous cycle in which the wall was moving back to the origin (i.e. zero North-South
displacement) before starting the new cycle on the East-West direction. Considering that X is an
axis of symmetry of the C-shaped wall section, a zero Y-force would be expected theoretically if

the wall had only been moved in the X direction.

6.3.3.2 Hysteretic behaviour in diagonal direction and sweeping cycles

Results from the diagonal excitations of the wall are the most complex part of the results
mainly due to the asymmetry of the section, both in terms of the geometry and different effective
stiffness of the flanges (i.e. flange is stiffer when subjected to compression rather than tension) in
different cycles. Hysteretic force-displacement results of the FRP-Retrofitted wall in the diagonal
and sweeping cycles are presented in Fig. 6.39.a-f. A clear, yet limited, difference was observed

between the results of the diagonal and the sweep cycles in terms of lateral load capacity of the
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Retrofitted wall. This was mainly because of the fact that the sweeping motions were the last
stage of the loading protocol at each displacement ductility level, where strength degradation in
the previous steps (i.e. Y, then X, then diagonal) was quite major. To validate this, a comparison
of the results at low displacement ductility levels (Ua<6), where strength degradation was not
significant yet, showed a relatively good agreement between the lateral load resistance during the
diagonal and sweeping cycles.

Results of a similar test by Beyer et el. (2008-a) on two C-shaped RC wall showed a
considerable difference between the lateral load capacities (X and Y components) in main and
diagonal directions, positions A and E in particular, where a smaller peak resistance was reported
for the diagonal direction. Results of the FRP retrofitted test specimen in the current work,
however, showed a relatively small difference between peak forces, 635 and 582 kN (9%
difference) for positions A and E, respectively. Similar results were observed for positions F and
B (X direction).

Considering that all the forces by the horizontal actuators in the test setup were acting at the
same elevation level, it was possible to develop pure diagonal force-displacement plots through a
geometrical transformation. The responses are presented in Fig. 6.39.e-f. As it can be seen from
the plots as well as the summary results presented in Table 6.3, peak resisting forces measured in
the diagonal direction are quite comparable to those of the two main axes. For example, higher
wall resistance was measured at both positions E and F compared to that of the position D.

Although the magnitude of peak diagonal displacements in corresponding cycles are equal in
EF and GH directions, comparison of the individual X and Y components of the load-
displacement curves shows a noticeable difference (Fig. 6.39.a-d). This is partially due to the
discontinuity of the hysteresis loops in both X and Y directions during the GH cycles compared
to a single discontinuity at the end of each EF loop. Moreover, the EF diagonal cycles included
two diagonal peak displacement points only, while during a sweeping motion, GH diagonal
cycles included, the test specimen was moved toward six peak displacements (i.e. peak X, Y and

diagonal displacements in push and pull cycle), four of which were repeated from the previous
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steps. For each displacement ductility level, this happened as the last step of a full loading cycle,

where the wall was more prone to suffer from strength degradations in different segments.

6.3.3.3 Torsional reaction of the wall

During the tuning step of the cyclic test on the RC wall specimen, it was decided to restrain
the torsional rotations of the wall. This was decided based on stability and sensitivity tests of the
6DOF testing system conducted by applying small amplitudes of excitations on the wall. Hence,
the torsional actions imposed due to the eccentricity of the applied loads from the shear centre
had to be resisted by force couples at the horizontal actuators. The resisting torsional moment
(Rz torque) was recorded during the test. Fig. 6.48.a presents the variation of the resisting
torsional moment solely for the smaller cycles (ua<4) to provide better visibility, while a full plot
of the results for all displacement ductility levels during the cyclic test is presented in Fig. 6.48.b.

While the results clearly show that the torsional moment (Rz), caused by eccentricity of the
load with respect to the shear centre, peaked at North-South cycles (Y direction at positions A
and B), the variation of Rz can be used as an indication of the strength degradation, especially in
the flanges. During the cycles of ua<4, there were slight decreases in the magnitude of Rz when
the wall hits the same position for the second time (i.e. 5% and 15% variations at positions A and
B, respectively). As the displacement ductility demand increased, however, the corresponding
variations were found to be significantly larger (e.g. 15% and 72% decrease for positions A and
B at the cycle of ua=10). At the last cycle (ua=12), extensive damages in the wall led to a
decrease of 19% in the torsional resistance at two subsequent A positions. As for positions B,
however, an opposite but smaller torsional resistance was recorded which indicates a significant
shift of the shear centre because of severe damages in the wall.

No large torsional resistance was observed for excitations on the X direction (i.e. positions C
and D) except at the very last cycles, where the wall considerably lost its symmetric
configuration around X-axis. The peak torsional resistance was decreased dramatically during

the cycles with larger displacement ductility demands (us>8).
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6.3.3.4 RC Wall displacement components

Three main displacement components, namely sliding, flexural and shear displacements,
result in the total lateral displacement of walls. In the current work, the sliding deformations at
the base of the wall were directly measured at the centre of each segment of the C-shaped RC
wall (i.e. web and flanges). Fig. 6.49 shows the variation of the base shear sliding displacement
throughout the test. As it can be seen from the figure, sliding displacements at the base of the
wall were fairly small, peaked at almost 2% of the total displacement during the cycles of pa =
1~6. As it was mentioned previously, during the cycles of ua = 8~12 severe bulging of the
horizontal FRP wraps occurred due to the compressive crushing of the concrete. Hence, despite
the un-interrupted readings recorded by the instruments measuring the sliding displacements, the
sliding measurements were not valid anymore. The drops in the curves, however, can explicitly
present the point of bulging of FRP (i.e. severe crushing of the concrete at the mid-length of the

flanges and the web).
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In the current work, the method proposed by Massone and Wallace (2004) was used to
evaluate the average shear and flexural deformations of the wall along the height of each
segment using the data recorded by the linear potentiometers. Fig. 6.50 shows the theoretical
model used to account for flexural/shear deformations. The height of the C-shaped RC wall was
divided into three different levels, deformations in all of which were measured using the linear
potentiometers. Displacements at the foundation level were set as the origin, and displacement
components were accumulated along the height of the wall. Fig. 6.51 presents the variations of
flexural/shear displacement components, base sliding excluded, in each segment of the wall
during the cyclic test compared to the actual displacements measured at the top of the wall. As it
can be seen from the figure, the total of flexural and shear displacements are in a very good
agreement with the measured data at the top of the wall. The small discrepancies are mainly due
to the inconsistent measurement levels. The actual displacements were measured by the
controller machine at the top edge of the collar while the linear potentiometers were installed

solely on the wall with a margin of almost two inches from the top and bottom edges.

Fig. 6.50. The model used to evaluate the flexural/shear deformation (Massone and Wallace,
2004)
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Contributions of main displacement components

at peak displacements

for each

displacement ductility level are compared in Fig. 6.52 for main axes excitations (positions A, B,

C and D). According to the results presented, on average, almost 60% of the flange total

displacements were due to flexural deformations and the remaining 40% were from shear

deformations in the wall’s flanges (Fig. 6.52.a-b). As for the excitations on the web direction (Y-

axis), however, the flexural displacements were found to be on par with shear deformations

(Fig. 6.52.c-d).
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Fig. 6.52. Comparison of different displacement components along main directions of excitations

A similar comparison was performed for the EF diagonal direction, the results of which are

presented in Fig. 6.53 for both the flanges and the web of the wall. In lower ductility levels
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(ua<3), due to the complexity of the loading protocol, remarkable variations were observed in
the curves and there was no consistent trend for contributions of flexural/shear deformations in
different segments of the wall. However, by increasing the displacement ductility demand, less
variations in both flexural and shear deformations were observed. In the flange direction, both
flanges were found to have relatively close values for flexural and shear deformations when the
wall was moved to position E (Fig. 6.53.a,c). Measurements showed 60% average flexural
displacements in the North flange whereas the corresponding value for the South flange was only
44% of the total displacement. At position F, North flange deformed mostly due to the flexural
deformations of 66% on average while only 42% flexural deformations were observed averagely.
The South flange was found to have shear dominated deformations during the EF diagonal cycles
while the North flange was deformed in a flexural dominant mode.

As for the web of the wall, deformations at cycles of ua>4 were mainly shear dominant at
position E resulted in 27% average flexural deformations, while at position F, the wall deformed
mostly in flexure and resulted in 61% flexural deformations.

The large contribution of the shear deformation in total deformation of the wall seems a
striking finding. However, observations can be justified by the fact that larger displacement
ductility levels correspond to severe crack opening in the tension side of the wall section. This, in
particular, is the situation at position F for the South flange and position E for the web. In both
situations, the corresponding segment of the wall section is under tension, and it is likely that
large crack widths led to a small shear stiffness and therefore to larger shear displacements.

Similar observations were reported by Beyer et al. (2008-a).
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Fig. 6.53. Comparison of different displacement components along diagonal excitations
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6.3.3.5 RC wall curvature profiles

Average curvature profile of the wall was developed using the measurements by a chain of
linear potentiometers on each corner of the wall section. Fig. 6.54 shows the average curvature
profiles of the wall in different directions of loading. As it can be seen from the plots, the
curvature demands are concentrated at the bottom 20% height of the wall in all cases. Extension
of the plastic hinge from the base of the wall was evaluated for different directions and at two
loading stages, namely, “yield” and “20% degradation”. The former corresponds to the yield
displacement of the wall, and the latter is the point that the wall’s capacity drops by 20% from
the peak resistance in that direction. The length of the plastic hinge at each stage of the load was
determined by finding the height of the wall at which the curvature profile exceeded the yield
curvature.

According to Fig. 6.54, pushing the wall to the yield displacement in the Y direction
(positions A and B) developed a plastic hinge up to 27% of the height of the wall (0.27h) while
the plastic hinge was extended up to 0.44h at 20% degradation. The cyclic loop in the X
direction (positions C and D) created a plastic hinge length of up to 0.17h in the North flange at
yield displacement while this length was extended up to 0.45h at 20% degradation. In the South
flange, these lengths were equal to 0.28h and 0.44h, respectively. A curvature profile was also
developed for pure diagonal displacements in EF direction (Fig. 6.54.d). Results showed a plastic
hinge developed length of up to 0.18h at yield and 0.34h at 20% degradation.

In the two main directions (i.e. X and Y), considering the wall height-to-length ratio of 1.63,
the plastic hinge lengths measured at yield displacement were equal to 0.441,, 0.27/,, and 0.46[,
in the web, North flange and South flange, respectively. As a reference, Thmosen and Wallace
(2004) reported that the plastic hinge length varies between 0.33 to 0.5/,, in both rectangular and
T-shaped slender RC walls.
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Fig. 6.54. Average curvature profiles of the wall in different directions of loading
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CHAPTER 7

Summary, Conclusions, and Recommendations for Future Work

7.1 Summary

The purpose of the current study was to investigate the seismic response of C-shaped RC
walls and the effectiveness of FRP retrofitting on enhancing the seismic performance of both
intact and damaged C-shaped RC walls. To the best of the author’s knowledge, the effects FRP
retrofitting on the structural performance of C-shaped RC core walls have not been previously
addressed by other researchers, especially by conducting experimental tests. This research enriches
the knowledge in this area by providing numerical and experimental evidences of the structural

response of FRP-retrofitted C-shaped RC walls.

This dissertation consists of numerical, analytical and experimental work. For the numerical
part, a simplified method for modelling FRP retrofit systems is proposed and validated against
experimental data. A collapse risk assessment for C-shaped walls subjected to an ensemble of
ground motions was studied analytically. Lastly, a large-scale C-shaped RC shear wall was
retrofitted using CFRP sheets and tested under multi-directional excitations to evaluate the
effectiveness of the retrofit scheme.

The numerical and analytical studies included the followings:

- Evaluation of finite and fibre elements RC models for nonlinear cyclic analysis of C-
shaped shear walls: Different available numerical tools were evaluated both at the level of
micro and macro scale modelling. Modelling approaches were explained in details, and
results from popular detailed solid finite element models (i.e. ANSYS, ABAQUS) and
fibre elements (i.e. OpenSees, SeismoStruct, ETABS) were compared to the experimental

test data reported in the literature to highlight the efficiency of each method. Macro

215



modeling using fibre section elements was found to be an efficient modeling approach for
engineering practice.

Numerical investigation on the effectiveness of FRP wraps for retrofitting of existing RC
shear walls: Finite element micro-scale models were developed, and shear walls with
different geometries were evaluated numerically to study the effectiveness of FRP wraps
with different configurations on the wall’s behaviour in terms of strength and ductility.
The FRP retrofitting was found to be capable of increasing the lateral load capacity, as
well as the ductility, of RC walls.

Seismic collapse risk assessment and FRP retrofitting of RC coupled C-shaped core walls
using the FEMA P695 methodology: A detailed modelling approach was proposed and
multi-story buildings before and after retrofitting with different FRP retrofitting schemes
were assessed to evaluate, analytically, the efficiency of FRP retrofitting in reducing the
collapse risk of the building according to the FEMA P695. Using FRP X-braces was
found to be the most efficient retrofitting scheme for improving the collapse capacity of
coupled C-shaped RC cores.

Seismic response analysis of RC C-shaped core walls subjected to combined flexure,
shear and torsion: Seismic force demand in C-shaped RC wall buildings with different
levels of torsional sensitivity and effectiveness of using the dual plastic hinge method in
controlling the seismic shear force demand were evaluated. It was found that though RSA
is known as a robust and practical dynamic analysis method, the results are not
conservative and notably larger story shear demands may be expected from nonlinear
time history analyses. Enhancements were proposed for the new “dynamic shear

amplification factor” in CSA A23.3-14 provisions.

The experimental program included retrofitting a previously tested large-scale C-shaped RC

shear wall using CFRP wraps and conducting a series of tests to evaluate the effectiveness of

FRP retrofitting on enhancing the structural performance of RC walls. The “Original wall”

specimen was first tested as the bottom story of a multi-story building (hybrid tests) under three

steps of time-history excitations (Mechmachi and Bouaanani, 2018). The studied building was a
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S-story building in Montreal, Canada with class C subsoil condition. The building was designed
according to the National Building Code of Canada (NBCC, 2010) and the CSA A23.3-04 (2010
edition). Each floor consisted of three equal spans in both directions, with span lengths equal to 6
m and 5 min X and Y directions, respectively. The total height was 16.94 m; consisted of a 4.14
m high first story and typical story height was equal to 3.2 m. The test specimen outside-to-
outside dimensions were 2.52 m by 2.52 m, and the thickness was equal to 165 mm. The RC wall
specimen was reinforced by 4-20M bars at each corner, while 10M vertical and horizontal bars
with 200 mm spacing were considered as the distributed reinforcement. The wall was built using
37 MPa strength concrete and 400 MPa strength steel reinforcement.

Mechmachi and Bouaanani (2018) conducted a series of hybrid tests followed by
characterization tests on the Original wall specimen. Afterwards, the damaged C-shaped
specimen was removed from the test setup for FRP retrofitting. The Retrofitted wall was
subjected to the same series of tests for comparison purposes. Then, a cyclic multi-directional
loading protocol was applied to the wall to measure the wall’s response in each direction of
loading (i.e. flange, web, diagonal and sweeping motions).

The FRP retrofitting scheme used for the C-shaped wall performed very well by enhancing
both the strength and ductility of the damaged wall specimen, while keeping its stiffness very
close to that of the Original wall. The study concluded that the FRP retrofitting scheme was

efficient in retrofitting the damaged C-shaped RC wall.

7.2 Conclusions

The following points were concluded based on the numerical, analytical, and experimental

results:

7.2.1 Conclusions based on the numerical and analytical results

This section presents the conclusions drawn from the numerical results:
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In numerical modelling of C-shaped RC walls; while the lumped plasticity models have
the advantage of simplicity, it can be at the cost of precision (i.e. warping and shear
deformations are not captured). Distributed plasticity models combined with the WCM
analogy are relatively simple to use including features to enhance precision such as shear
flexibility.

FE modelling (e.g. ANSYS and ABAQUS) could provide detailed response of micro
elements (e.g. local strains and deformations); however, calibration/validation of the
numerical model is vital to account for probable uncertainties in its parameters in order to
obtain an accurate global response. For instance, the shear reduction feature provided by
ANSYS can perform well in predicting the cyclic behaviour, while the Concrete Damage
Plasticity model in ABAQUS can only capture the cyclic response of RC elements in
well-detailed concrete elements where no pinching behaviour is expected. In monotonic
loading, however, the ABAQUS model can provide accurate predictions in both Implicit
and Explicit analyses.

FRP retrofitting of RC walls is not only effective in enhancing the lateral capacity of the
wall, it also can improve the ductility and energy dissipation capability of the wall in
different performance levels (e.g. 10 and LS).

The macro-modelling approach adopted in chapter 4 of this thesis proved to be capable of
accurately simulating the behaviour of C-shaped RC walls under cyclic loading, with a
reasonable error in predictions (7% on average of peak responses and the stiffness).

By using a proper strengthening scheme with FRP material, the collapse margin ratio of
the C-shaped RC wall buildings can be improved by a factor of more than two. The
results, however, could be significantly affected (up to 36% decrease by increasing the
torsional sensitivity to 2.5) by the level of torsional sensitivity of the building. Besides,
FRP retrofitting leads to a considerable reduction in the inter-story drifts (decreased by
14% to 31%). FRP X-bracing was found to be the most effective FRP retrofitting

scheme, however, this might be subject to applicability concerns depending on the
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geometry of the wall. Shear/flexural failure was the most common failure mode,
especially in higher torsional sensitivities and the steel rebar failure was the least
common one.

Though response spectrum analysis (RSA) provides consistent predictions for story shear
demand in regular low rise buildings, results are not as reliable as time history analysis
for torsionally sensitive buildings. Significant underestimation of design forces might be
developed for buildings with a torsional sensitivity of B > 2.0. Results also showed that
significant contribution of higher modes of vibration, including third and fourth modes,
noticeably affects the story force demand in the buildings as torsional irregularity of the
building increases, especially in shorter buildings.

Dual Plastic Hinge (DPH) method was found to be an efficient alternative for controlling
the shear force demand in torsionally sensitive buildings because of its efficiency in
mitigation of higher mode effects compared to Single Plastic Hinge (SPH).

As the torsional irregularity increases, it is necessary to further amplify the results of
RSA analysis based on the response spectrum prescribed by NBCC 2015. Base shear
force enhancement factors of 3% to 64% and 3% to 75% were proposed for SPH and
DPH buildings respectively. The average shear enhancement factor for DPH, however,

was constantly decreased by increasing the torsional sensitivity.

7.2.2 Conclusions based on the experimental results

Results from the experimental tests on the FRP retrofitted RC C-shaped wall showed that:

During the first two steps of the hybrid time-history tests (i.e. mainshock), the
displacement/rotation responses of the FRP retrofitted wall were similar to those of the
Original wall. Peak displacements/rotations barely exceeded those of the Original wall,
while the reaction forces/torques were noticeably smaller. It was found that the FRP
Retrofitted wall had lower initial stiffness compared to the Original wall at the start of the

test.
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The results from the step 3 of the hybrid tests (i.e. aftershock) were close to those of the
Original wall, both in terms of excitations (displacement/rotation) and the reaction
(force/torque). The intensity of the excitations during this step was higher and resulted in
yielding of four longitudinal steel reinforcements at the corners of the FRP retrofitted
wall. Overall, results proved the efficiency of the used FRP retrofitting scheme in
restoring the stiffness of the damaged RC wall.

Results of the characterization tests showed that the FRP retrofitting scheme used in the
current work notably improved the peak reaction force/moment of the wall specimen,
compared to the Original wall. The stiffness of the wall, however, remained the same in
almost all loading directions. This is quite important since changing the stiffness can
significantly affect the dynamic characteristics of the structure.

FRP retrofitting successfully restored the response of the damaged wall to be reasonably
comparable to that of the Original wall. Characterization tests showed that the peak
resisting force by the wall in almost all directions (flange, web, diagonal) was improved
by 19 to 27% at certain displacements.

During the characterization tests, the wall stiffness was quite similar in both loading and
unloading stages, however, thinner hysteresis loops were observed from the FRP
Retrofitted wall. No major changes were observed in the lateral stiffness of the
Retrofitted wall as opposed to the Original wall in which clear significant reductions
were measured. Moreover, no noticeable change was observed in the stiffness of the wall
when subjected to torsional moment, while the peak resisting torque was increased by
11% and 15% for the counterclockwise and clockwise twists, respectively.

Despite the bulging of the FRP wraps, horizontal wrapping is able to provide lateral
support for the crushed concrete materials to stay in place, and hence, prevent the steel
bars from buckling even in high levels of displacement ductility (i.e. pa=12).

In general, during the diagonal excitations, resisting forces in a C-shaped RC wall will

be distributed unevenly between the two flanges because of different cracking states,
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which lead to different stress states attained during the cycles. This was observed in the
response of the FRP retrofitted wall, and needs to be addressed in the design of new C-
shaped RC core walls.

Though results of a similar test by Beyer et el. (2008) on two C-shaped RC wall showed
a considerably smaller peak resistance in diagonal direction compared to those of the
main directions, the FRP retrofitted RC C-shaped wall in the current work was found to
have close peak forces in all the directions (i.e. within 9% difference).

A relatively large contribution of shear displacements was observed during the cyclic
test of the FRP retrofitted C-shaped wall. In the flange direction, almost 60% of the
flange total displacements were due to flexural deformations and the remaining 40%
were from shear deformations in the wall. In the web direction, however, the flexural
displacements were found to be on a par with shear deformations. Similar results were
observed in the diagonal directions, except for the web during the larger cycles, in which
the contribution of shear deformations was raised up to 73% of the total deformations.
The developed plastic hinge of the wall in web direction at yield was up to 27% of the
height of the wall (0.27h = 0.44/,) while the plastic hinge was extended up to 0.44h at
20% degradation. The cyclic loop in the X direction (positions C and D) created a plastic
hinge length of up to 0.17h (0.271,) in the North flange at yield displacement while this
length was extended up to 0.45h at 20% degradation. In the South flange, these lengths
were equal to 0.28h (0.46/,) and 0.44h, respectively. As a reference, Thmosen and
Wallace (2004) reported that the plastic hinge length varies between 0.33 to 0.5/, in both
rectangular and T-shaped slender RC walls. The Canadian Design Handbook (CSA
A23.3-14) prescribes the plastic hinge length of 0.5Lw + 0.1/ for RC walls. As for pure
diagonal displacements, the plastic hinge was developed up to 0.18h and 0.34h at yield

and 20% degradation, respectively.
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7.3 Recommendations for Future Research

The conclusions of the current study were limited to the parameters that were being analyzed

and tested. However, to further expand the knowledge in this field, other parameters may be

considered. Hence, some recommendations for future research works are listed as followings:

Experimental tests on coupled original and FRP retrofitted C-shaped RC walls
Experimental parametric study on the effectiveness of different FRP retrofitting schemes
on the seismic response of C-shaped RC walls

Seismic response assessment of C-shaped RC walls with boundary elements

Extending the experimental and numerical methodology developed in this study to
investigate the effects of design variables, such as the compressive strength of the
concrete, yield strength of reinforcement, detailing of reinforcement, and the geometry
of the C-shaped.

Calibration/validation of numerical and analytical models using the test data reported in
the current dissertation.

Most popular section-analysis programs are limited to analyzing a C-shaped section, RC
sections in particular, in main directions only. Hence, for diagonal directions, it is vital
to develop robust analytical tools capable of handling the analysis of these sections to be

used in the engineering practice.
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