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ABSTRACT

Reinforced Concrete (RC) structural wall, also commonly known as shear wall, has large in-plane
lateral strength and lateral stiffness by virtue of its large in-plane dimensions. So, these members
are widely used in the lateral load resisting system of multistoried buildings in region with the
possibility of strong earthquake shaking. In such frame-wall buildings, the walls are connected to
floor slabs at different levels. Consequently, the junction region of shear wall and floor slab
constitutes an important link in the load path from slab to wall in a highrise building. Due to the
presence of slab, there is a local increase in the stiffness at the wall-slab junction which leads to
stress concentration at that location. During strong earthquake shaking, the wall-slab junction may
undergo significant inelastic action with the spread of damage in the adjacent floor slab and the wall
panel. The same has been observed during the 1985 Chile and 2010 Chile earthquakes. Although
the behaviour of shear wall with the effect of coupling beams and coupling slabs has been
investigated in the past studies, none of them has focused on detailed investigation of shear wall
with the possibility of damage in the wall-slab junction and the adjacent floor slab. The possible
influence of inelastic wall-slab junction response on the seismic design of shear walls also has not

been studied.

In the present study, a wall-slab assemblage is first proposed to represent the behaviour of shear
walls, with connected floor slabs, in multistoried buildings. Based on displacement-controlled
nonlinear static analysis, finite element model is validated with the experimental results of a
previous study on behaviour of squat wall-slab assemblage under lateral loading. In the wall-slab
assemblage, the concrete and the steel reinforcement are modelled using 8-noded solid elements and
2-noded truss elements respectively. For material characteristics, the Concrete Damaged Plasticity
(CDP) model is used for concrete and bilinear strain hardening constitutive model is assigned to

steel reinforcement. The same modelling details are used for further studies.

From the inelastic behaviour of the wall-slab assemblage, it is observed that the slender wall gets
partitioned into a number of smaller panels between successive floor slabs. Each such panel behaves
as a squat wall with the formation of diagonal strut between two successive slab-wall junctions. This
effect needs to be considered to design a slender shear wall in multistoried building. The formation
of strut leads to the propagation of damage in the slab which is not expected during strong
earthquake shaking. The portion of slab connected to wall undergoes significant damage at higher
level of lateral displacement. The finite element analysis shows the formation of damage at the base

of the shear wall first and then the damage is incurred at the wall-slab junction region. Detailed
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ii Abstract

parametric study shows the requirement of seismic design methodology to avoid damage at the wall-

slab junction region.

Parametric study is carried out using the proposed exterior wall-slab assemblage to understand the
behaviour of wall-slab junction and to address the shortcomings of the current design requirements.
Influence of two parameters on the behaviour of wall-slab junction namely (a) aspect ratio of wall
panel and (b) vertical reinforcement ratio of shear wall are studied using the finite element model
of the assemblage. It is observed that higher aspect ratio and lower reinforcement ratio result in

maximum damage at lower values of lateral drift.

Conventionally, in seismic design of shear walls, the region of inelastic behaviour is considered at
the base of the wall which represents the response of an isolated slender shear wall. However, for
walls connected to floor slabs at different levels, the wall-slab junction shows extensive inelastic
behaviour. In the present study, the extent of the zone of inelastic behaviour, i.e., plastic hinge length
is obtained at the wall-slab junction region by carrying out nonlinear static analysis of the wall-slab
assemblage. Based on curvature distribution and variation of tensile damage along the height of
wall, analytical expressions for plastic hinge length are proposed. A parametric study is carried out
by varying axial compression on wall and wall panel aspect ratio. It is observed that unlike the
concentration of inelasticity at the base of a wall without slabs, the curvature demand increases
significantly at the wall-slab junction, leading to the development of nonlinearity and damages at

those locations.

Finally, nonlinear static analysis of wall-slab assemblage is also carried out to study the estimate the
lateral drift limit of RC frame-wall buildings with rectangular structural walls. A drift limit in the
range of 0.08% - 0.15% is recommended to avoid the damage at the junction region of shear wall
and floor slab under strong earthquake shaking. In order to achieve the objective, the recommended
length of wall should not exceed 3 m along with minimum wall panel aspect ratio of 1.0. Based on
these, a drift-based design strategy for shear walls connected with floor slabs is proposed. The
proposed lateral drift limit and the design method need to be validated by carrying out further

experimental studies.
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Chapter 1
INTRODUCTION

1.0 OVERVIEW

Reinforced Concrete (RC) structural wall is widely used in the lateral force resisting system for
multistoried buildings located in the earthquake-prone regions. By virtue of its large in-plane
dimension, the wall provides large strength and stiffness to the lateral load resisting system of the
building. In the multistoried buildings, the wall is connected to the RC floor slab at every floor level.
The junction region of shear wall and floor slab constitutes an important link in the load path from
slab to wall during earthquake shaking, thereby influencing the pattern of lateral load distribution
in the various structural members of the system. Consequently, the behaviour of the lateral load
resisting element affects the seismic performance of the overall building. During Chile earthquake
of March 3, 1985, many moderate-rise RC buildings got severely damaged. Most of them were
designed with structural walls to resist both gravity and seismic loads. Walls and slab-wall
connections sustained extensive cracking during that earthquake (Riddell, 1992). Also during 27
February 2010 Chile earthquake, extensive cracking of RC walls and floor slabs were observed in
many highrise buildings which caused significant building distortions. Damage caused to the
buildings was also due to the compression failure of thin shear walls in the lower levels of the
buildings (Sherstobitoff et al., 2012). Thus, damages in the shear wall, connected floor slab and the
wall-slab junction have been observed in past earthquakes. Although observed in several past
earthquakes, investigation of the combined behaviour of wall, floor slab and slab-wall junction has

not been carried out in detail in the past.

From the past experimental research on a single storey slab-wall assemblage, it was observed that
the shear wall-slab junction experienced large stress concentration under combined axial and cyclic
lateral loading (Pantazopoulou and Imran, 1992). The shear wall considered for analysis was squat
in nature, and no study has been carried out on slender shear walls with connected floor slabs.
Although various studies have been carried out on coupling action of beam and floor slab in building
with shear walls, the failure modes of shear wall-floor slab junction and their possible implications
on seismic design of walls have not been studied extensively. Using finite element modelling and
experimental studies, the bending stiffness of floor slab and its effects on the distribution of bending
moments and stresses in slab have been investigated (Coull and Wong, 1985; Qadeer and Smith,

1969; Schwaighofer and Collins, 1977; Paulay and Taylor, 1981). Howerver, none of the past
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2 Chapter 1 - Introduction

studies has focused on detailed investigation of the behavior of floor slab and shear wall junction

under earthquake shaking.

In view of the mentioned background, the main objectives of the current study are:
(a) Investigation of tensile and compressive damage pattern in the shear wall- slab assemblage
under lateral loads.
(b) Investigation of failure modes of wall, connected floor slab and wall-slab junction.
(c) Possible change in seismic design methodology of RC wall considering the influence of
connected floor slab.

1.1 MAJOR CONCERN AND NEED OF THE STUDY

In RC building, the junctions of the floor slabs and walls play a major role in determining the transfer
of forces into the walls and finally to the foundation. Although, past studies have been carried out
separately on isolated shear wall and floor slab-column junctions, the shear wall-floor slab junction
has not been studied extensively. The bending stiffness of floor slab and its effects on the distribution
of bending moments and stresses in slab have been investigated using finite element modelling and
experiments (Qadeer and Smith, 1969; Schwaighofer and Collins, 1977; Paulay and Taylor, 1981;
Coull and Chee, 1983; Coull and Chee, 1984; Coull and Wong, 1985). All these studies were carried
out for coupled RC wall structures. However, cracking in floor slab tends to reduce the coupling
action under large lateral displacement (Coull and Chee, 1990). Like coupled wall structures,
interaction of slab and core wall in tall buildings tends to reduce the torsional deformation in core
wall (Coull and Chee, 1986). None of the past studies has focused on detailed investigation of
inelastic coupling of floor slab and RC wall under earthquake shaking.

In tall buildings with RC walls, wall-slab junctions play a very important role in transferring forces
from each floor level to the wall during earthquake shaking. Finite element analysis of RC wall-slab
junction showed the theoretical strains, deflections and failure loads to be in good agreement with
the experimental values (Bari, 1996; Bari, 1987; Mahmood, 1984). Some researchers have also
carried out modelling of composite beam-RC wall junction (Henriques et al, 2013). Apart from
monolithic wall-slab junctions, behavior of precast wall-slab junction has also been investigated
experimentally. The mathematical models, strut and tie model and modified stiffness matrix method
are proposed in order to analyze both monolithic and precast type of connections (Zenunovic and
Folic, 2012). Experiments have been carried out on RC slab-squat wall panel under monotonic and
cyclic lateral forces to obtain the inelastic behavior in the members (Pantazopoulou and Imran,
1992). It was observed that RC slab can undergo significant damage which gets initiated from wall-

slab junction. Based on theoretical and experimental research, methods to estimate the strength of
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Organisation of the Research Study 3

wall-slab junction have been proposed using different types of walls. It was proposed that special
care needs to be taken while choosing the central strip of slab, since the concentration of stresses
near the wall edge is high (Mahmood, 1984). Research has been carried out using vertical stirrups
as shear reinforcement in the coupling slabs along the periphery of wall to enhance the strength of
the slab (Bari, 1987). It was proposed that the design of wall-slab connection must be done
considering the stress concentration to avoid redistribution of forces from walls to other elements
not necessarily designed for lateral load resistance. Greeshma and Jaya (2013) have done
experimental and analytical studies of the floor slab-shear wall connection by considering different
details of reinforcement at the joint region. It was observed that the specimens detailed with 90°
bent slab bars with slab shear reinforcement exhibited higher ultimate strength as compared to the
other specimens. However, seismic design of wall-slab junction, in light of damages in slab and
wall, has not been considered in any of the past studies. Also, the effect of possible earthquake

ground motions on wall-slab junction behaviour has not been investigated.

Considering the limited research on seismic behaviour of shear wall-slab junction, the main aim of
this study is to investigate the damage pattern at the wall-slab junction region under in-plane loading
and possible implication on the seismic design of wall and slab members. More specifically, the
study aims to investigate different slender shear wall-floor slab specimens to study the effects of
amount of vertical reinforcement and slab length to wall length ratio on damage process in wall-
slab junction region. The main objective is to obtain the possible tensile and compressive damage,
load carrying capacity, and failure mode of shear wall - floor slab junction under seismic loading.
Finite element modelling of the specimens is carried out using the computer program ABAQUS
(2011). Stresses and damage pattern are monitored in wall, slab and at the shear wall-slab junction
to see the possible failure modes in both wall and slab. The results highlight the requirement of

changes in seismic design methodology of RC wall connected with floor slabs.

1.2 ORGANISATION OF THE RESEARCH STUDY

The work accomplished in this study is mainly divided into five parts, namely: (a) Validation of
material properties with the experiments on slab-wall connection carried out by Pantazopoulou and
Imran (1992); (b) behaviour of one five storied and another ten storied building and their comparison
with the behaviour of an isolated slender wall and a typical wall-slab assemblage; (c) evaluation of
damage at the RC wall-slab junction by varying salient structural parameters; (d) development of
plastic hinge length for the wall-slab junction region; and (e) proposal of improved design

methodology based on lateral drift limit to reduce the damage in the floor slab region.
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Apart from the introductory chapter, which introduces the subject matter of this research, the study
performed is presented in seven relatively independent chapters. Recent developments on nonlinear
behaviour of shear walls during earthquake are presented in Chapter 2. A comprehensive review of
behavior and design of RC structural walls is discussed in this chapter. A brief summary of various
analytical models used for slender and squat RC shear walls is also presented. Chapter 2 ends by

defining the gap areas and scope of present study.

In Chapter 3, details of RC wall-slab assemblage for further analysis in Chapters 4 and 5 are obtained
for a multistoried RC frame-wall building with symmetry in plan. To carry out the nonlinear static
analysis, Concrete Damage Plasticity (CDP) model is discussed in details and is validated with the
experiments carried out on slab-wall junction from the previous work. In addition, mesh

convergence study is also carried out.

Conventionally, slender shear wall in multi-storied buildings is designed in the same way as isolated
shear walls. However, due to the presence of slabs, lateral stiffness of wall tends to increase at each
slab-wall junction. Thus, the slender wall tends to gets partitioned into a number of smaller panels
between successive floor slabs. Chapter 4 presents a detailed numerical study on the nonlinear static
behaviour of shear wall-slab junction under lateral loading for the assessment of tensile damage.
The study is carried out on one five storied and another ten-storied building with and without
embedded reinforcement. In addition, the behaviour of an exterior wall-slab assemblage and an
isolated slender shear wall is compared with the behaviour of multistoried buildings under seismic

action.

To understand the behavior of wall-slab junction and address the shortcomings of the current design
requirements, the influence of two major parameters, namely (a) aspect ratio and (b) longitudinal
reinforcement ratio on the behavior is studied. Chapter 5 explores in details the influence of floor
slab on behaviour of the shear wall with variation in those line parameters. An exterior shear wall-
slab assemblage from a multistoried building is considered for carrying out nonlinear static analysis.
The damage pattern and the variation of stresses at the junction region of the shear wall and floor

slab are observed under lateral loading applied in the plane of the shear wall.

Chapter 6 presents the results of the pushover analysis carried out considering both monotonic as
well as cyclic lateral loading on an exterior wall-slab assemblage from a five storied shear wall
building. The effects of axial load ratio, length of wall as well as wall aspect ratio on plastic hinge
length (L) are investigated. Based on the results of nonlinear static analysis, an expression for L as
a function of length and height of wall panel is proposed for shear wall at the wall-slab junction

region considering the effect of floor slab.
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In case of multistoried building, the maximum elastic drift is estimated by carrying out linear static
analysis for different load combinations as recommended by the Indian Seismic Code (BIS, 2016b).
However, during strong earthquake shaking, the lateral load resisting members in a building are
expected to exhibit inelastic behaviour upto different extents. Hence, the inelastic lateral drift levels
also need to be monitored and correlated with the extent of damage in those members. The
monotonic displacement controlled nonlinear static analysis of a shear wall-slab assemblage is
carried out by varying thickness of wall, thickness of slab and aspect ratio of shear wall panel. The
results of the same are presented in Chapter 7. Further, lateral drift criteria are proposed based on

the observed damage at the wall-slab junction region of the specimens.

The findings of the entire study are summarized in Chapter 8; the conclusions are drawn from the

present study, along with the discussions on limitations, and the future scope of work.

e ® o
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Chapter 2
REVIEW OF LITERATURE

2.0 OVERVIEW

RC structural walls are very effective in providing lateral load resistance and lateral stiffness to
multistoried buildings by virtue of their large sectional dimensions. Buildings braced by structural
walls are stiffer than framed structures, reducing the possibility of excessive deformations during
strong earthquake shaking. The walls also participate in transmitting gravity loads from different
floor levels to the foundation level at the bottom. They are usually provided between column lines,
in stair wells, lift wells and in shafts that house other utilities. The use of structural walls is also a
popular and effective means of strengthening deficient existing construction. In this chapter, past
experimental and numerical studies on behaviour of structural walls in multistoried buildings are
reviewed. Based on the review, the gap areas are identified and objectives of the present study are

mentioned.

2.1 CLASSIFICATION OF RC STRUCTURAL WALLS

Based on cross-sectional shape, structural walls are mainly classified into three groups, namely (a)
rectangular, (b) barbell and (c) flanged walls (Figure 2.1). Barbell shape results when the wall is
provided monolithically between two columns. The end columns of the barbell-shaped wall are
termed as boundary elements, which increase the strength of the wall in flexure and shear.
Intersection of two walls results in flanged wall sections. Based on the geometry, RC structural wall
is classified into three categories, namely (a) slender walls, (b) intermediate walls and (c) squat walls
(Figure 2.2) (BIS, 2016a). When the height (Hw) to length (L) ratio is greater than 2, then it becomes
a slender wall, and the behaviour is similar to that of a vertical cantilever beam. For intermediate
shear wall, the height to length ratio (Hw/Lw) lies between 1 and 2. The height to length ratio is less
than 1 for squat walls. The behavior of slender wall is mainly controlled by flexural deformation
with small and negligible shear deformations. The squat walls usually have height to length ratio
less than one with more dominant shear deformation. The squat walls can be elastic walls, rocking
walls and ductile walls based on their response characteristics. When the overall height to length
ratio is greater than one but less than two, then the wall can be categorized as intermediate wall. As
per Indian seismic code (BIS, 2016b), the shear wall is classified into two types, namely (a) ordinary

RC structural wall and (b) ductile RC structural wall. Ordinary RC structural wall are designed
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without considering the effect of lateral forces, while the ductile RC structural wall are designed to

resist the designed lateral force.

(@) (b) (©

Figure 2.1: Classification of RC structural walls based on shapes: (a) rectangular wall, (b) barbell
wall and (c) flanged wall.

L
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(@) (b) (©)

Figure 2.2: Classification of RC structural walls based on aspect ratio: (a) slender wall
(b)intermediate wall, and (c) squat wall.

2.2 FAILURE MODES OF STRUCTURAL WALL

In this section, the possible failure modes of an RC structural wall are discussed. Although, the RC
structural walls are commonly referred to as shear walls because of their large lateral shear capacity,
the failure modes of the structural walls are not necessarily dominated by shear alone. Both flexure-
dominant and shear-dominant behaviours are possible for the walls. The occurrence of possible

failure modes depends on the aspect ratio of the wall.
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2.2.1 Slender Walls

As mentioned earlier, slender walls exhibit flexure-dominant response during strong earthquake

shaking. The various possible failure modes for slender walls are discussed below.

(@) Flexural tension failure: It is the principal source of energy dissipation in laterally loaded
cantilever walls, characterized by the yielding of the flexural reinforcement in the plastic hinge
region (Paulay and Priestley, 1992). The flexural cracks get concentrated at the base of the wall
with the occurrence of maximum bending moment. Walls with boundary elements show
extensive cracking and vyielding of longitudinal steel in the bottom portion of boundary
elements. This leads to higher overstrength flexural capacity with higher concentration of steel
in boundary region (Elnashai et al., 1990).

(b) Flexural Compression Failure: This brittle mode of failure is characterized by crushing of
concrete at the compression toe of wall bottom (Figure 2.3a). For walls with or without
boundary elements, compression demand may exceed compression capacity due to inadequate
dimensioning of wall base or inadequate detailing of boundary element steel or due to both; in
any of these cases, the concrete at the bottom can get crushed. Generally, under increased direct
and/or flexural compression demand, crushing of toe concrete takes place if out-of-plane
failure modes are suppressed. Confinement of concrete is required at the bottom of the wall in

order to avoid such brittle failure.

(c) Diagonal Tension Failure: For a slender wall behaving like a vertical cantilever member, the
bottom portion of the wall adjacent to the foundation shows the characteristics behaviour of D-
region. This can lead to diagonal tension failure or shear cracking of concrete even under
moderate level of earthquake shaking (Figure 2.3b). Web shear cracks and flexure shear cracks
occur in the web and at the bottom of the wall respectively. The flexural shear cracks originate
at the wall edge and propagate into the web under increased deformation demand. To prevent
this mode of failure, web reinforcement consists of smaller diameter bars placed with smaller

spacing (Paulay and Priestly, 1992).

(d) Diagonal Compression Failure: In the bottom D-region of a slender RC structural wall, the
diagonal compression failure take place at the plastic hinge region with high web shear stress,
even when excess shear reinforcement is provided (Figure 2.3c). It has been observed that
increasing shear reinforcement beyond the required amount does not improve the post-yield
deformational characteristics of such walls (Elnashai et al., 1990). Under reversal of loading,
web crushing in the plastic hinge region occurs due to rapid strength degradation of cracked

concrete (Paulay and Priestley, 1992).
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(e) Sliding Failure: Sliding failure of slender RC wall may occur at the potential plane of weakness
which may be generated due to merging of deep flexural cracks under reversal of loading
(Figure 2.3d). The planes where excessive sliding displacement can occur, may also be
represented by construction joints. Provision of diagonal reinforcement across the potential
sliding planes of the plastic hinge zone can prevent this type of failure. A much closer spacing
of the vertical reinforcement across sliding planes region is preferable. Barbell-shaped walls
have greater resistance against sliding due to dowel action of vertical bars in boundary

elements.

(f) Direct Compression Failure: Failure due to concrete crushing can occur towards the bottom of
the wall when the direct compression strain in concrete exceeds the failure strain in the
compression. Such a failure can occur in slender rectangular walls that have a large percentage
of vertical reinforcement and subjected to large axial load. Walls with unsymmetrical cross
sections are particularly vulnerable to this failure mode (Medhekar and Jain, 1993). This mode
of failure can be avoided by using diagonal web reinforcement. Web crushing usually limits
the shear capacity of flanged shaped walls. The compression boundary element in such walls

tends to shear through after web crushing.

""""""""" Diagonal
tension compression
(a) (b) (c) (d) (€)

Figure 2.3: Failure modes in slender walls: (a) flexural compression, (b) diagonal tension,
(c) diagonal compression, (d) sliding and (e) rocking. (Dasgupta, 2008).

(g) Out-of-plane Instability: This mode of failure occurs when a thin wall section in plastic hinge
region is subjected to high vertical compressive force. During repeated reversals of loading,

the modulus of elasticity and the section modulus get reduced. This leads to the possibility of
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regions of instability between the cracks in concrete, and can cause buckling of vertical steel

occur under heavy vertical compression.

() Rocking Failure: During reversal of loading, slender walls with isolated shallow footing may
get partially uplifted (Figure 2.3¢). This also depends on the type of soil and any lateral restraint
along the height of the wall. Rocking failure of structural walls is observed during the 1994
Northridge earthquake (EERI, 1996).

2.2.2 Squat Walls

Under lateral loads, the behaviour of squat walls is governed by shear deformation under large shear
stresses, diagonal strut-and-tie system develops in the web of the wall (Figure 2.4a). The possible

failure modes of such walls are discussed below.

(a) Diagonal Tension Failure: In absence of sufficient reinforcement, a squat wall may fail due to
large and extensive diagonal cracks in concrete. Depending on the nature of loading and aspect
ratio of the wall, the tension failure plane may be oriented in the exactly diagonal direction or
with a steeper angle (Figures 2.4b and 2.4c). A tie beam at the top of the wall can transfer the

shear force to the rest of the wall avoiding such type of failure (Paulay and Priestley, 1992).

(b) Diagonal Compression Failure: Under the combined action of vertical and lateral loads, squat
walls may also fail due to diagonal compression or web crushing. With high shear demand and
adequate horizontal shear reinforcement, the crushing of concrete can rapidly spread over the
entire length of the wall (Figure 2.4d). Under reversal of loading, the diagonal compression
failure may occur at a level of lower lateral shear force. Some extent of ductile behaviour can

be achieved by designing the web reinforcement to yield before the crushing of the web.

(c) Sliding Shear Failure: Under reversed cyclic loading, developed cracks may join to form a
continuous horizontal shear path causing sliding shear failure of squat RC walls (Figure 2.4e).
The tendency to fail in sliding shear increases with an increase in the applied shear stress and
with a reduction in axial compression and aspect ratio of the wall. Providing diagonal
reinforcement in the web of the wall tends to resist the sliding shear failure mode. Also, the
provision of well confined boundary elements along the wall edges can prevent this type of
failure (Paulay et al., 1982).
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Figure 2.4:  Failure modes in squat walls: (2) strut action, (b) predominant diagonal tension failure
plane, (c) steeper tension failure plane, (d) diagonal compression, and (d) sliding shear.

In all the past studies, failure modes of isolated slender and squat walls have been discussed.
However, investigation of failure modes of a shear wall connected to floor slabs in a multistoried

building has not been carried out.

2.3 MODELLING AND ANALYSIS OF RC STRUCTURAL WALL

In the past, various analytical and numerical models have been proposed for the analysis of isolated
shear walls as well as for shear walls connected to floor slabs in multistoried buildings. The proposed
models fall primarily into three categories, namely (1) equivalent frame models, (2) multispring
models, and (3) finite element models. The salient aspects of these different categories of models

are discussed in the following sub-sections.

2.3.1 Equivalent Frame Models

In equivalent frame models, the finite width of the wall is generally represented using rigid elements,
while wall behaviour is modeled using an equivalent beam-column element placed along the center-
line of the wall (Figure 2.5). This method of modelling reduces the computational effort required
for a finite element model. However, since the location of the wall neutral axis changes substantially
during a nonlinear analysis, beam-column elements placed at the wall centroids can be inaccurate
unless they account for the effects of axial-flexural interaction. When equivalent frame models are

employed, special attention should be paid to ensure that shear behavior is either adequately
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considered in the model or that its effect can be conservatively ignored. Figure 2.5b shows the model
of beam-column elements for the coupling beams and walls. A rigid link is used to represent the
physical size of the walls, and a rigid connection is assumed between the connecting beam and the
rigid link (EI-Tawil et al., 2010).

Rigid link Connecting beam element

RC wall Connecting beam . ; . ;
(a) 1 1 I 1

Beam-column : ; 5 5

element placed at ! ! ! :

centroid of the wall | i i i

|
(b)
Figure 2.5: Equivalent frame model in walls: (a) plan of RC frame wall system and (b) equivalent
frame model.

2.3.2 Multisprings Models

In the multispring method of modelling, different springs are proposed to represent the axial,
flexural and shear stiffness of the RC wall. Kabeyasawa et al. (1983) proposed a Three Vertical Line
Element Model (TVLEM) to simulate the inelastic response of RC structural walls. The TVLEM
was modified by incorporation of an Axial Stiffness Hysteresis Model (ASHM) consisting of two
axial elements in series. On the basis of the original TVLEM model, other researchers proposed a
more refined model in which a number of springs in series or parallel configuration were used while
rigid elements are used to represent the physical dimension of the wall (Colotti, 1993; Vulcano et
al., 1988; Orakcal and Wallace, 2006). The refined model was known as Multiple Vertical Line
Element Model (MVLEM) (Figure 2.6a). In MVLEM model a horizontal spring with stiffness Ky
is placed at the element center of rotation to simulate the shear response of the wall panel. Flexural
and shear modes of deformation of the wall element are considered to be uncoupled, i.e., flexural
deformations do not affect the shear strength or shear deformation of the wall panel (Orakcal and
Wallace, 2006). The flexural response is stimulated by a multi uniaxial element in parallel model

with infinitely rigid beams at the top and bottom floor levels. The two external elements represent
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the axial stiffness (K; and K3) of the boundary columns, while the interior elements (Ks,....,Ky)

represents the axial and flexural stiffness of the central panel (Vulcano et al., 1988).

More recent modifications of the MVLEM (Fischinger et al., 1990; Fajfar and Fischinger, 1990;
Fischinger et al., 1991, 1992) have included implementing simplified force-deformation rules for
the model sub-elements to capture the behavior observed in experimental results; however, the
resulting models are tied to somewhat arbitrary force-deformation parameters, the selection of
which was based on engineering judgment. An alternative approach is adopted by Orakcal et al.,
(2006), where up-to-date and state-of-the-art cyclic constitutive relations for concrete and
reinforcing steel are adopted to track the nonlinear response at both the global and local levels
instead of the use of simplified force-deformation rules as done in prior studies. Therefore, the
MVLEM implemented relates the predicted response directly to material behavior without
incorporating any additional empirical relations.

The MVLEM was further modified by assigning a shear spring to each microfiber (Figure 2.6c¢) of
the element (Massone et al., 2009). Each macrofiber is then treated as an RC panel element subjected
to membrane actions, namely the in-plane uniform normal and shear stresses. Thus the flexure-shear
interaction got incorporated at the fiber level. It was shown that the mentioned modeling approach

adequately captured the overall load-deformation response for walls having aspect ratio of 3.

Rigid beam

(©)

(@)

Figure 2.6: Multiple vertical line element model: (a) Representation of wall in multistoried
building using MVLEM, (b) MVLEM element (Orakcal and Wallace, 2006), and (c)
coupled model element (Massone et al., 2009).
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2.3.3 Finite Element Models

Although equivalent frame method of modelling provides a computationally less expensive method
for obtaining behaviour of structural walls, it may be difficult to obtain the response of walls with
openings and complex boundary conditions using that method. In such cases finite element
modelling of wall is resorted to for obtaining the response of the walls. In this section, the past
studies covering the different aspects of finite element modelling have been reviewed.

The nonlinear element models of shear walls ranged from three dimensional nonlinear solid
elements, two dimensional nonlinear shell elements to simplified models using frame elements
(Fahjan et al., 2010). The RC shear wall without boundary element can be modeled using four-
noded plane elements considering the top slab to be rigid (Kwak and Kim, 2004). Kim et al. (2005)
developed a three dimensional super element for shear walls and floor slabs and a substructure was
formed by assembling the super elements to reduce the time required for the modeling and analysis.
The plane stress element used by Lee (1987) for the development of 2D super elements for the
analysis of a shear wall structure with openings was the Lee element with 12 DOFs, as shown in
Figure 2.7a. A shell element with 6 DOFs per node was introduced by combining the Lee element
and a plate bending element (Figure 2.7¢). For this purpose, 12 DOFs plate bending element with a
rectangular shape was selected because of the convenience in the combination of stiffness matrices.
The RC shear walls can be modeled either with Mid-Pier frame element or with shell element. The
nonlinear material for the Mid-Pier frame element was assumed to be plastic hinge, while a
multilayer model considering the concrete and reinforcement as a layered shells. The advantage of
using shell elements is the ability to model very long, interacting and complex shear walls within
the 3-D model.

8-noded isoparametric solid elements were also recommended for modeling RC walls because of
their desired behaviour under non-uniform strain distribution (Mulas et al., 2007). Kwan and He
(2001) developed a finite element model that takes into account the effect of concrete confinement
for non-linear analysis of RC structures. Using this model, a finite element (FE) procedure based on
secant stiffness formulation is developed. They carried out a parametric study on the effect of
concrete confinement on the behaviour of RC shear walls using the FE procedure developed. It was
revealed that the confinement of the concrete in the compression zone can significantly increase the
lateral strength and ductility of wall. Khatri and Anderson (1995) analysed a shear wall building
using plane stress isoparametric elements. Steel reinforcing was modeled using nonlinear truss
element. Combination of linear and nonlinear shell elements with embedded reinforcement are also

used in finite element modelling of wall piers (Bignell et al., 2005).
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Figure 2.7:  Finite elements for shear wall: (a) 12 DOFs plane stress element (Lee element) (Lee,
1987), (b) 12 DOFs plate bending element (MZC element) (Zienkiewicz and Cheung,
1964), (c) 24 DOFs shell element (Kim et al., 2005).

For micromodelling of shear wall, generally 8 noded solid elements are used to model the concrete
part and 2 noded truss elements are embedded as a reinforcement in the concrete (lle and Reynouard,
2004; Kazaz, 2010; Bohl and Adebar, 2011; Greeshma and Jaya, 2013). Separate constitutive models
are used to obtain the behaviour of confined concrete and unconfined concrete, respectively (Figure
2.8). This type of modelling approach is able to provide detailed structural response in terms of local
effects along with global force distribution. The major difficulty in carrying out analysis using
micromodelling technigue is the sensitivity of the model to the material constitutive laws, definition
of the interface connections and their calibration. In addition, analyses of the large buildings require

high computational effort which may not be feasible from the aspect of engineering practice.

|D—l—l—l—l—l—l—l—l—D|
2-noded truss element

V4

Confined
Concrete | g-noded solid
element
Unconfined
HH—"Concrete

(@) (b)

Figure 2.8:  Finite element modeling of RC wall: (a) slender wall with concentrated vertical steel
at the ends, and (b) finite element discretisation using solid elements and truss
elements (Khatri and Anderson, 1995).
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Selection of proper mesh size is an important aspect of finite element modeling of RC walls for
obtaining proper behaviour. A refined mesh may be employed in the regions of high stress gradient
or particularly complex geometry, and a much coarser mesh in regions of low or uniform stress. It
is also possible to model a structure by combination of finite element meshing in the region
involving detailed local response and an equivalent frame in the remaining region of the member.
When constructing a mesh for a finite element analysis, rectangular elements should be close to the
square shape as possible, triangular elements should be as close to the equilateral shape as possible
and quadrilateral element should be as close to a parallelogram with equal sides as possible, to
achieve most accurate results (Smith and Coull, 2011).

2.3.4 Strut and Tie models

The strut-and-tie model is a hypothetical truss system used to represent the force transfer mechanism
in a structural member. It consists of (a) struts which carry compressive forces in concrete, (b) ties
which represent one or several layers of reinforcement for carrying tensile forces, (¢) nodes which
are idealised pinned joints at the intersections of struts and ties, and (d) nodal zones which are areas
of concrete around the nodes. The system of forces in struts and ties remains in equilibrium with the
given set of loads, and the factored member forces at every section in the region of strut-and-tie
model do not exceed the corresponding member capacities at the same sections (MacGregor and
Wight, 2005). The structure also requires sufficient ductility to make the transition from elastic to
plastic behaviour with the redistributed internal forces satisfying force equilibrium and limiting
member capacity criteria. This ensures mobilization of lower-bound strength of structural member
based on the assumed strut-and-tie model. Although the strut-and-tie configuration is based on
elastic analysis (Schlaich and Schafer, 1993), redistribution of stresses in cracked RC sections tends
to alter the flow of forces (ASCE-ACI, 1998).

Kassem (2015) adopted a rational approach based on the strut-and-tie model to develop a closed-
form expression for shear strength estimation of RC squat walls. The proposed analysis method
consists of the application of the strut-and-tie model and accounts for shear strength contributions
provided by concrete strut and web reinforcement. In squat RC walls with boundary elements
(Hwang et al., 2001; Hwang and Lee, 2002; Kassem, 2015), the proposed strut-and-tie model
consists of three mechanisms, namely (a) diagonal mechanism which consists of a single diagonal

strut with angle of inclination with the horizontal (Figure 2.9a) given as,
as = tan™ (Hw/ dr) (2.1)

where Hy, is the distance from point of application of Vq to base, and d is the horizontal length

between the tensile and compressive forces in the boundary element, (b) horizontal mechanism
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which consists of a horizontal tie and two flat struts (Figure 2.9b), and (c) vertical mechanism which

consists of a vertical tie and two steep struts (Figure 2.9¢).
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Figure 2.9:  Shear resistance of squat wall through: (a) diagonal, (b) horizontal and (c) vertical
mechanism (Kassem, 2015).

The diagonal mechanism comprises a single diagonal compression strut running from the point of
load application to the opposite corner. The selection of this mechanism is based on the observed
inclined cracking patterns in squat wall. At peak shear strength level or beyond, this mechanism

represents the diagonal tension, diagonal compression and possible sliding shear failure modes.

For the diagonal mechanism, Kassem (2015) has proposed that d» be calculated as d, = L, —(ﬁj ,

3

where L; is the distance from extreme compression fibre to location of resultant of forces in vertical
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reinforcement in tension, and as is the horizontal length of the compression zone at the wall base
(Figure 2.9a).

Considering the equilibrium of the forces at nodal zone N, the tensile (T,) and compressive (C,)

forces in the boundary elements can be obtained as,
V, = D, cos(e,) (2.3)

where, D¢ is the compression force in the inclined strut and Vy is the shear force carried by the squat

wall without considering the web reinforcement effect. The strut width, S, can be estimated as,
S, =a,sin(a;) (2.4)

As proposed by Park and Paulay (1975), the simplified equation for as is given by,

P
a, =(O.25+0.85ANf.jLW

c

(2.5)

where, Ay is the cross-sectional area of the concrete section bounded by the web thickness (tw)and

the length of the section in the direction of the shear force (Lw), and fC' is the cylindrical compressive

strength of the concrete. From Eq. 2.5, it can be observed that the axial load enlarges the cross-
sectional area of the compression strut and thus increases the shear resistance. Using Egs. 2.4 and

2.5, the cross-sectional area of the inclined strut, Ast, is given by,
A%trt =t,a, Sin(as) (26)

Thus, the compression force in the inclined strut (D¢), can be calculated considering the cross-
sectional area of the inclined strut (Aswt), and the effective concrete compressive strength along the

axis of the strut (fcq), according to the following expression:
Dc = Astrt fcd (27)

The force D, can be further compared with the strut capacity of the wall panel. The proposed strut-
and-tie model by Kassem (2015) for shear strength estimation of squat walls provides a single
closed-form expression, which is more accurate and reliable than other predictive equations

available in the design codes and literature.
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Hwang et al. (2001) proposed a softened strut-and-tie model for determining the shear strength of
squat walls. A similar model for the seismic resistance of beam-column joints has been proposed by
Hwang and Lee (1999, 2000). This model was based on the strut-and-tie concept and derived
to satisfy equilibrium, compatibility, and constitutive laws of cracked reinforced concrete. Three
strut-and-tie load paths (Hwang and Lee 1999, 2000) were proposed to model the force transfer

within the squat wall, and they are the diagonal, horizontal, and vertical mechanisms.

Mun and Yang (2016) established a simplified strut and tie model for squat RC shear walls, based
on the crack band theory of fracture mechanics for evaluating the lateral load capacity. The load
transfer mechanism of concrete was identified by the strut-and-tie action contributed by the web
concrete and longitudinal reinforcement of the boundary elements of the walls, whereas that of shear
reinforcement was identified by the tie action idealised using a statically indeterminate truss system.

Zhi et al. (2017) developed a three panel strut-and-tie model considering the confinement effect on
concrete strength of the boundary element based on ACI 318-14 code and strut-and-tie model of
Hwang et al. (2001) and Kassem (2015) to investigate the force transfer mechanism of the
specimens. Hwang et al. (2001) and Kassem (2015) proposed a softened strut-and-tie and a closed-
form expression, respectively, to predict the shear strength of squat walls based on three strut-and-
tie load paths that were diagonal, horizontal and vertical mechanism. They were both applied only
to squat walls that the shear strength is sufficiently less than the flexural strength. It is generally
recognized that a more complex truss (more-panel) is required with aspect ratio of concrete members
increasing to avoid a strut angle less than 25°. Furthermore, in fact, there are no clear boundaries of
aspect ratio to distinguish the dominant shear-transfer mechanism of members that are a direct strut
and a sectional shear with aspect ratio between 2 and 2.5. It was observed that the simplest strut-
and-tie model approach was conservative for shear walls with aspect ratio between approximately
2.35t0 2.5.

In all the past studies, various strut-and-tie model for RC squat shear wall have been developed
considering the single wall panel. However, in multistoried buildings the shear wall are connected
with the floor slabs at every floor levels, resulting in many such panels. Thus, a detailed study is
required for developing the strut-and-tie model of a shear wall connected to floor slabs in a

multistoried building.

2.4 COUPLED STRUCTURAL WALLS

In most of the multistoried RC frame-wall buildings, the walls are connected to slabs at the different

floor levels. Due to the architectural or other requirements, shear walls may be closely located along
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the same frame grid-line. In the first case, the coupling action of slab and shear wall behaviour plays
an important role in the overall building response. In the second case, the set of walls is known as
beam-coupled shear walls or slab-coupled shear walls if they are joined with a set of beams or slabs
at certain levels. The coupled shear wall also provides more openings, which increase the functional
flexibility in architecture. Furthermore, by coupling individual flexural walls, the lateral load
resisting behavior gets changed significantly. Also, if the floor slabs are rigidly connected to the
walls, they serve in effect as connecting beam to produce shear interaction between the two inplane
cross walls. In this section past research work on the behaviour of such slab-coupled and beam-

coupled walls is reviewed.

When the two laterally loaded shear walls (Figure 2.10) are compared, the overturning moment is
resisted at the base by a single moment reaction in case of cantilever wall (Figure 2.10a). However
in case of coupled walls, a moment reactions are developed at the base of each wall. In addition, a
couple is also formed by the axial forces in each wall segment that is carried across the coupling
beam by vertical shear (Figure 2.10b).
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Figure 2.10: Lateral load resisting mechanism of shear walls: (a) cantilever wall and (b) walls
coupled by beams (Paulay and Taylor, 1981).

The relative magnitudes of internal moment resistance for beam coupled and slab coupled shear
wall are shown in Figure 2.11. The stiff and reinforced coupling beam will develop significant shear
force, and as a result, a large axial force will be introduced in the wall. Since the major part of the
moment resistance is obtained because of the axial force couple component that mechanism tends
to become the major source of energy dissipation during strong earthquake shaking. However, when
slab coupling is used, slabs induce relatively small axial forces in the wall because of their flexibility
and small potential strengths, the moment demand on the walls (M1+My) increases rapidly (Figure
2.11).
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Figure 2.11: Comparison of moment distribution in laterally loaded coupled shear walls with the
internal moment in isolated cantilever wall (Paulay and Taylor, 1981).

2.4.1 Beam Coupled Shear Walls

A beam-coupled shear wall is generally formed when the shear wall contains one or more rows of
openings along the same vertical panel (Figure 2.10b). During strong earthquake shaking significant
inelastic actions can occur in the coupling beams than in the coupled walls. It has been observed
that the beam experiences a large number of shear reversals as compared to the walls (Paulay and
Priestley, 1992). Coupling beams that contains inadequate shear reinforcement fail in diagonal
tension (Figure 2.12a). The diagonal cracks tends to divide a relatively shorter beam into two
triangular parts. If the shear force associated with the flexural strength of the beam at the wall face
is not transmitted by the vertical stirrups, it will results in only the diagonal failure. However, after
only few load reversals, flexural cracks at the critical support section will interconnect and a sudden
sliding shear failure tends to occur (Figure 2.12b). Providing diagonal reinforcement in coupling
beam results in ductile behaviour with excellent energy dissipating properties (Figure 2.12c). The
diagonal bars are either in tension or in compression over the full length, hence the bond problems
within the coupling beams do not arise. Such beams can then sustain large deformations imposed
on them during the inelastic response of coupled wall (Park and Paulay, 1975). When more slender
beams with a span to depth ratio of 3 to 4 are used in coupled shear walls, the possibility of sliding
shear failure across the plastic hinge zone may also arise. In such cases it will be more practical to
use diagonal bars bent approximately at 45° along both the directions across the plastic hinge zones
at both the ends. The overall response of the coupled shear wall structure is primarily determined
by the behaviour of the coupling beam provided that the plastic hinge zone at the base of the shear

wall is adequately reinforced for lateral stability and ductility (Paulay and Taylor, 1981).
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(a) (b)

Figure 2.12: Mechanism of shear resistance in coupling beam: (a) diagonal tension failure, (b)
sudden sliding shear failure at beam-wall junction, and (c) diagonal reinforcement in
coupling beam (Paulay and Priestly, 1992).

2.4.1.1 Modeling and Analysis

In order to compute the elastic distribution of internal forces and deformations under the influence
of code specified lateral forces, it is important to accurately model the wall piers, the coupling beam
elements, and the wall-beam connections between them. As discussed in Section 2.3, the coupled
shear wall can be modeled by an equivalent frame member and also by finite element meshing. In
case of equivalent frame model, a rigid link is used to represent the physical width of the wall, and
a rigid connection is assumed between the coupling beam and the link (EI-Tawil et al., 2010). Finite
element model is used to analyse structural walls, particularly flanged walls and walls with irregular
geometry. Various finite element models proposed by several researchers have been discussed in
Section 2.3.3. Selection of proper mesh size is an important aspect of finite element modeling of RC

walls for obtaining proper behaviour.

2.4.1.2 Reinforcement in Coupling Beam

The shear strength of the coupling beam must be greater than the shear force that can be developed
when plastic hinges form at its two ends. This demands a limit to be imposed on the tension steel
content in such beams. Reinforcement in the coupling beam may consist of parallel reinforcement
or full length diagonal reinforcement. Parallel reinforcement needs to be well anchored into the wall.
Closely spaced stirrups must be provided over the full length of the beam to confine the concrete
and provide better shear strength (Figure 2.13a). Diagonal reinforcement is more efficient as
compared to the parallel reinforcement in the coupling beams (Park and Paulay, 1975). The diagonal
bars are also well anchored in the wall and restrained over full length to avoid buckling (Figure
2.13Db).
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Figure 2.13: Typical reinforcement details for coupling beam: (a) parallel reinforcement and (b)
diagonal reinforcement as per IS: 13920-2016 (Medhekar and Jain, 1993).
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2.4.2 Slab Coupling of Shear Walls

For slab-coupled shear walls, the coupling action is mobilized through the response of the
connecting floor slab (Figure 2.14a). To investigate the coupling response, it is convenient to study
a wall unit with the mechanism of coupling at one floor only. In such systems, the possible failure
modes can be: (a) local shear failure of the slab, (b) flexure failure of slab (c) torsional cracking of
slab and (d) yielding of reinforcement in slab. During strong earthquake shaking if sufficiently large
rotation occurs in the wall, yield line moments develop in the slab (Figure 2.14b), which possibly
lead to significant shear transfer across the openings. Transverse bending and consequent torsion
also occur in the slab due to the rotation of walls (Figure 2.14c). Shear transfer at and around the
leading edges of the wall at the opening may become a critical feature leading to punching shear
failure before the yield lines could reach the free edges of the slab. Torsional cracking of the slab
and shear distortions around the toe are responsible for the poor hysteretic response of such slab-

wall system. Therefore, slab coupling is not a significant source of energy dissipation in ductile
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coupled wall-slab system (Paulay and Priestly, 1992; Paulay and Taylor, 1981). RC slab-coupled
wall is widely used all over the world because of its easy implementation in highrise buildings, in
which the coupling of the cross walls by the floor slabs can lead to an efficient structural system for
resisting lateral loads. A few past studies on behaviour of slab-coupled shear walls are reviewed

here.

(@) (b) (©)

Figure 2.14: Details of slab-coupled shear walls: (a) typical view of coupling slab, (b) development
of yield line moments in slab, and (c) reduced curvature near the edges due to torsional
distortion (Paulay and Priestly, 1992).

Experimental studies carried out using various arrangements of longitudinal and transverse slab
reinforcement by Paulay and Taylor (1981), suggest that minimum longitudinal reinforcement
prescribed by the building design requirement needs to be placed outside the central strip across the
doorway (Figure 2.15). Bars enclosed by stirrups ties within a strip width were found to be more
effective in developing flexural strength required for coupling two shear walls. Stirrups in slab strip
were found to enhance ductility by confining the cracked concrete and by preventing buckling of
flexural bars. Transverse bars prevented total punching failure at the wall toes although shear
deformation in the elastic range of response was significant. The use of steel section embedded in
the slab in the vicinity of wall toes and placed at right angles to the coupled walls proved very
effective in controlling punching shear and early damages. The stiffness of the slab during reversed
cyclic loading gets reduced significantly with increasing displacement ductility demand. The
observed stiffness degradation was more severe in coupling slab as compared to coupling beam and
hence the system cannot be considered suitable as a primary source of energy dissipation in slab

coupled wall structures.
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Figure 2.15: Observation of cracks in the plan view of a typical slab-wall coupling system (Paulay
and Taylor, 1981).

Numerous studies have been carried out on the coupling action between floor slabs and shear walls
to determine the bending stiffness of the slab for the overall structural behaviour. However, very
little attention has been given to the corresponding flexural and shear action of the slab. Coull and
Chee (1983) carried out finite element analysis of the coupled system to obtain the induced bending
moment and shear forces. A design method was proposed based on the estimated shear forces to
check against punching shear failure in slabs. In the analysis, the slab panel was divided into an
assembly of plate bending elements using a suitable mesh pattern. The mesh size was finer in the
region close to the wall than other regions with high stress gradients. A very wide range of simple
and higher order elements of triangular and rectangular shapes was investigated and, it was
concluded that the most suitable element from the point of view of convergence was the rectangular
Adini-Clough-Melosh (ACM) element of plan dimensions a and b and thickness t. The typical
element has three degree of freedom namely two rotations and transverse deflection at each node
(Figure 2.16). A single comprehensive design curve was derived (Figure 2.17) showing the variation
of critical bending moment factors for quick evaluation of the stresses induced in the slab. Based on
an assessment of the interactive shear forces between the wall and the slab, a design procedure was
proposed for checking against punching shear failure of the slab. Similar design curves were
developed for the slab coupled flanged shear walls. T- and L-shaped shear walls were analysed
using finite element method to evaluate the critical design bending stresses, subjected to a unit
relative wall rotation or vertical displacement. A similar method is proposed for checking against
punching shear failure of the slab and design curves have been developed for coupled planar flanged

walls-slab systems (Coull and Chee, 1984).
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Ul, U4, U7 and U10
are the translational
DOFs while U2, U3,
U5, U6, U8, U9, Ull
and Ul12 are the
rotational DOFs
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Figure 2.16: Nodal degrees of freedom of ACM element (Onu, 1984).
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Figure 2.17: Generalized design curve for longitudinal bending moments at critical transverse slab
section (Coull and Chee, 1983).

The previous studies were based on linear elastic finite element analysis of uncracked slab section.
In another study by Coull and Chee (1990), the influence of a pseudocrack on the coupling slab
behaviour was observed. The high stress concentrations around the inner edged of the shear wall led
to local cracking of the concrete, along with yielding of reinforcing steel, causing a significant
reduction in the coupling stiffness due to the loss of flexural resistance. Cracking is also expected
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to cause a redistribution of stresses to other parts of the slab which were still uncracked; this may
possibly lead to some compensation for the loss of stiffness at the crack location. The study
concluded that the presence of crack across the highly stressed inner end of the wall results in a
substantial reduction in the effective coupling stiffness, especially when the wall-opening ratio is

very small.

Qadeer and Smith (1969), carried out both theoretical and experimental investigations of the flexural
stiffness of the slab against the parallel rotation of pair of in-line walls. Stiffness values, with varying
size and spacing of the walls and slab proportions were assigned to cover the wide range of practical
possibilities. The experimental results for the stiffness of slabs connecting shear wall validated the
accuracy of the analytical studies. The proposed curves for the stiffness of the slab against the
rotation of the walls may be used to obtain the effective width or to derive an equivalent flexural
rigidity for the connecting slab. The calculated slab stiffness is found to be less than that estimated
by empirical method with an angle of dispersion of 45° or effective full width. Also, a fixed angle
of dispersion cannot be adopted for calculating the slab stiffness as this arbitrary angle varies with

the dimensions of slab and walls.

The floor slabs and shear walls together act as a rigid jointed frame in resisting gravity and lateral
loads during earthquake shaking. The vertical shear caused by the lateral loads in the floor slabs,
like the gravity loads, are transmitted to the walls. The junction between the slab and wall becomes
a critical region due to high stress concentration. Bari (1996) used a 3D nonlinear finite element
program to study the strength and stiffness of shear wall-floor slab connection. The program
incorporated 20 noded isoparametric brick element with embedded steel. Fifteen specimens were
tested to study the effect of shear reinforcement in the slab and various load and geometric
parameters that govern the strength of the connection along with comparison of analytical and
experimental results. The adopted model predicted ultimate loads to an acceptable level of accuracy.

The punching and flexural type of failure were also predicted satisfactorily.

Schwaighofer and Collins (1977) performed experiments to investigate the stiffness, shear strength
and flexural strength of coupling slab in RC shear wall-slab system. Under lateral loading, a pair of
coupled shear walls underwent relative displacements in the longitudinal direction of the walls
(Figure 2.18). The experiment showed that the cracks developed around the coupled edges of the
walls at the junction of slab and walls. Before these cracks were visible, the deterioration in the
stiffness of slab was noticed. On further increase of the wall displacement, the cracks spread along
the walls and new cracks from the corners developed and spread across the entire width of the slab
(Figure 2.19). However, in none of the past studies, the inelastic behaviour of wall in presence of

coupling slabs has not been investigated.
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4 = Relative displacement of floors

L.C. = Line of contraflexure in slab

Figure 2.18: Relative displacements of floors (Schwaighofer and Collins, 1977).
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Figure 2.19: Crack patterns at the top of the slab in slab-coupled wall system: (a) first visible crack,
(b) initial crack spread back along the wall and (c) flexural crack across the entire
width of slab (Schwaighofer and Collins, 1977).

2.5 STRUCTURAL WALL-SLAB JUNCTION

In multistoried RC frame-wall buildings, the structural wall is connected to floor slabs at different
levels. Thus, every wall-slab junction plays an important role in the transfer of forces from slab to
the wall and down to the foundation at the bottom. During strong earthquake shaking, the junction
region is subjected to high stress concentration which may lead to failure in that region and change
the force distribution in the wall and other lateral load-resisting elements. To avoid redistribution of

forces from walls to other elements not necessarily designed for lateral load resistance, the wall-
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slab connection was recommended to be designed considering stress concentration (Pantazopoulou
and Imran, 1992). It was observed that the design of slab-wall connection is governed by the same
requirements as shear walls, although it is common practice to omit shear design consideration due
to the large extent of connection boundary between slabs and walls. A simple plane stress model
was used to develop expressions for estimating the nominal shear resistance at the slab-wall
junction. The governing code requirements were evaluated based on the experimental evidence and
indicated that the existing codal equations are unconservative in case of lightly reinforced slab
diaphragms. An expression for the nominal shear resistance of the slab-wall connection region of
typical slab was also proposed.

Greeshma and Jaya (2013) carried out experimental and analytical studies of the floor slab-shear
wall connection by considering two different reinforcement details, namely (i) conventional joint
detailing with the provision of U-shaped hooks connecting shear wall and slab and (ii) extension of
slab reinforcement into the shear wall as 90° bent bars at the core region with the provision of shear
reinforcement in the slab. Good energy dissipation capacities were observed with the provision of
shear reinforcement for an effective width of the slab as compared to the conventional joint
reinforcement details. The experimental results were compared with numerical simulation results
obtained using the finite element software ANSYS and it was found that the experimental results
are in good agreement with the numerical results. Also, the specimens detailed with 90° bent slab
bars with slab shear reinforcement exhibited higher ultimate strength as compared to the other
specimens. They concluded that the exterior shear wall-slab joint with slab shear reinforcement and
90° bent bars at the joint can be effective in regions with the possibility of moderate to high intensity

of earthquake shaking.

In another study, the behaviour of a core wall-slab connection was investigated experimentally
under earthquake induced deformation to identify alternative details for improving the performance
of that connection under large rotational demands (Klemencic et al., 2006). The main objective was
to study the performance of those connections when subjected to gravity load combined with slab-
wall rotation consistent with deformation compatibility of building lateral drifts. Two full-scale
specimens were constructed and subjected to design gravity loads and increasing lateral
deformations. In this study, the slab-wall connection was made through reinforcing dowels placed
near the top and bottom of the slab, with mechanical couplers at the slab-wall interface, often
supplemented with intermittent shear keys. The test successfully demonstrated that connection
details proposed by the researchers achieved the collapse prevention performance objective of 2%

interstory drift as required by common building codes.

Rad and Adebar (2009) studied the interaction between tower walls and foundation walls due to
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diaphragm action of concrete floor slabs. The concrete slabs and columns are assumed to be part of
the gravity load system, not the seismic force resisting system, and the interaction between these
two systems is usually ignored by designers for simplicity. The core walls extend from the top of
the tower down to the foundation, and are supported near the base by a surrounding structure that
may be partially or entirely below grade (Figure 2.20). The foundation walls import significant
rigidity to the base structure. Nonlinear response history analysis was carried out to understand the
reverse shear phenomenon. Depending on the stiffness of floor diaphragms, and on the shear rigidity
and flexural rigidity of the highrise concrete walls, the reverse shear force below the flexural hinge
may be much larger than the base shear above the flexural hinge. Nonlinear dynamic analyses
indicated that the maximum reverse shear force is proportional to the bending moment capacity of
the wall and inversely proportional to the accompanying base shear force. The conclusions from
this study were summarized in terms of a complete design procedure that made use of a series of
linear static analyses with appropriate reduced effective flexure and shear stiffness to estimate the

reverse shear force.

,—777_..
Seismic
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Loads shear force
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Figure 2.20: Seismic shear force demand below base level (Rad, 2009).

In another study, comparative analyses of experimental and numerical research were carried out for
RC connections between the precast slab and monolithic wall and both monolithic slab and wall
elements (Zenunovi¢ and Foli¢, 2012). In total six specimens (3 precast and 3 monolithic) were
tested under quasi-static loading. Mathematical models were proposed in order to analyse both types
of connection, based on the exact method of displacement. Furthermore, the stiffness matrix was
modified by introducing the stiffness parameter for the semi-rigid connection. An approximate strut-
and-tie model was proposed according to the stress field analysis obtained by FEM was proposed.
From the experiments, it was proved that the designed precast connection enable dislocation of
joints opening on the outside of the wall and dissipation of seismic energy comparable with similar

monolithic connection.
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Mercer (2009) examined the nonlinear shear response of walls including the effect of wall-slab
system through state of the art nonlinear finite element analysis. The objective of the research was
to quantify the shear capacity and response from the wall-slab system. A state-of-the-art finite
element analysis was performed studying the behaviour of shear-critical walls. The analysis was
carried out by varying the parameters such as horizontal reinforcement ratio, axial load and different
slab spacings. The existing nonlinear shear models to describe the wall behaviour were first
validated. Then, the failure of the wall without slabs was analysed and the shear behaviour of walls
was compared with the behaviour of equivalent membranes. A simple shear model was developed
to predict the shear capacity of the wall-slab system as well as the shear strain response of isolated
systems. Also, some guidelines were provided for potential future development of a wall-slab
system shear model. Although the past studies on wall-slab junction focused on the overall
behaviour of the building system including different failure modes, none of the studies investigated
in detail the influence of floor slab on wall behaviour and the possible change in the design strategy
of the structural wall.

2.6 DESIGN OF STRUCTURAL WALL

Like other structural members, the design forces and moments in a structural wall section are
obtained after carrying out structural analysis under design load combinations. The same
requirement is mandated in design guidelines of different countries (BIS, 2016a; ACI 318-14, 2014;
BS EN 1998-1, 2005). Although, structural walls are expected to incur less damage as compared to
RC beams and columns during strong earthquake shaking, proper reinforcement detailing can impart
a certain level of ductility in the seismic behaviour of the walls (Paulay and Priestley, 1992). Thus,
the structural design codes of different countries prescribe reinforcement detailing for desirable
seismic behaviour (BIS, 2016a; ACI 318-14, 2014; BS EN 1998-1, 2005). In the following sub-

sections, the salient flexural and shear design provision for RC structural walls are discussed.

2.6.1 Flexure Design

The flexural strength of slender rectangular shear wall section can be derived by using the same
assumptions as for reinforced concrete beam (Cardenas and Magura, 1973). A typical isolated shear
wall is subjected to bending moments and shear forces due to lateral loads, and to axial compression
caused by the gravity. Hence, the strength of the critical section across the wall can be evaluated
from the moment — axial force interaction relationship (Park and Paulay, 1975). The vertical
reinforcement present in the wall determines the flexural capacity and hence the maximum shear
force to which it can be subjected. Two types of flexural failure may take place in the wall section,

namely (a) flexural tension failure and (b) flexural compression failure. For walls with enlarged
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boundary elements, IS: 13920-2016 recommends calculation of design moment capacity based on
superposition of web capacity and couple due to boundary elements. However, guidelines like ACI
318-14 and Eurocode 8 (Part 1) (BS EN 1998-1, 2005) recommends estimation of design capacity
using composite section. In the following sub-sections the salient flexural design provisions

prescribed by some of the codes are reviewed.

2.6.1.1 Provisions of 1S: 13920-2016

The design moment of resistance, M ,, of a shear wall section is calculated in a similar way as

uv!?

prescribed for RC columns in IS: 456-2000. The cracked flexural strength of the wall section should
be greater than its uncracked flexural strength. This provision is for those walls which are much
larger in cross section than required from strength consideration alone. In walls without boundary
elements, vertical reinforcement consisting of at least 4 bars of 12 mm diameter arranged in 2 layers
should be provided along the edge of the wall. Concentrated vertical reinforcement near the edges
of the wall is more efficient in resisting bending moment. The moment of resistance of slender
rectangular shear wall section with uniformly distributed vertical reinforcement is estimated as

follows.

*

. - X X
(a) For under-reinforced wall section, i.e., —“<L—u

2 2
—Muvz = 14241 0a16X | [ X | {0168+ 5 (2.8)
fcktw Lw (1) 2 Lw I—W 3
where,
X __@+a X 00035 ,¢_0-87fyp_ P,
= 7 T f 7 - 7 5
L 294036 L. (0035, 0877 fe ot

S

where, p isthe vertical reinforcement ratio = A, /t, L, , A, isarea of uniformly distributed vertical

reinforcement, B is 0.87f,/(0.0035E,), E,is elastic modulus of steel and P, is the design axial

compression on wall.

.. . XX . o
(i) For over-reinforced wall section, i.e., g“ < g“ <1.0, normalized moment capacity is expressed

as,
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The value of x, /L, to be used in this equation, should be calculated from the quadratic equation

ofi ol oo (i oncac ()

These equations were derived, assuming a rectangular wall section of depth L, and thickness t,,

that is subjected to combined uniaxial bending and axial compression. The vertical reinforcement is
represented by an equivalent steel plate along the length of the section. The design stress-strain
curve assumed for concrete is the same as prescribed in IS: 456-2000 whereas, that for steel is
assumed to be bilinear. Although IS: 13920-2016 does not explicitly suggest any equation for wall
with enlarged boundary elements, the boundary elements are designed considering the axial force
(tension and compression) calculated using the additional design moment apart from the design

flexural capacity.

2.6.1.2 Provision of Other Codes

As per the provision of ACI 318-14, the design moment of resistance at a particular section of shear

wall can be calculated as:

N, -
M, = 0.5A5tfylw(1+mJ£1 ij (2.10)

where, M, is design resisting moment at section, N, P; is the axial load, positive if compression,

A, is the total area of vertical reinforcement at section, fy is the specified yield strength of the

vertical reinforcement, L, is the horizontal length of the wall, ¢, is the resistance factor for steel
reinforcement and embedded steel anchors (CSA A23.3 CI.8.4.3) and C is the distance from the
extreme compression fiber to neutral axis (Park and Paulay, 1975).

Similar equation for moment of resistance (M, ) was derived for the Canadian Code A23.3-14 as:
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In general, shear wall subjected to combined axial and flexure can be designed using interaction
diagram in a similar manner to columns. For walls connected with floor slabs, the flexural design

procedure has not been investigated or discussed separately in any of the past studies.

2.6.2 Shear Design

For seismic shear design of an RC wall section, elastic shear demand is calculated using various
code-prescribed load combinations. Subsequently, shear design is compared with design shear
resistance to check the safety of wall against possible shear failure. Inelastic shear demand in RC
wall is obtained when flexural energy dissipation mechanisms are mobilised at overstrength
conditions; this is obtained by applying capacity design principle. In capacity design, potential
plastic hinge regions are designed and detailed to achieve the required strength and ductility, and
other regions are designed to remain elastic during the formation of plastic hinge. In ductile isolated
slender walls, the bottom region is typically detailed for the formation of a single plastic hinge, and
in lightly reinforced walls, detailing is done to account for distributed plastic hinge throughout the
height of wall. Design codes prescribe design shear strength of concrete t. based on diagonal tension
failure mode (BIS, 2016a; ACI 318-14, 2014; CSA, 2004).

2.6.2.1 Provisions of 1S: 13920-2016

The Indian Ductile Detailing Code IS: 13920-2016 (BIS, 2016a) and the Indian Concrete Code IS:
456-2000 (BIS, 2000) provisions are referred for the earthquake-resistant design of isolated shear
walls. For shear design, the critical section for determining design shear force is to be considered at
a distance of 0.5L,0r 0.5 H,,, whichever is less from the base of the wall. Once the design shear
force at the critical section is estimated from structural analysis, the nominal shear stress is obtained
as z, =V, /t, d,, , where, V, is the factored shear force, t,, is the thickness of the web and d,, is the
effective depth of the wall section. The nominal shear stress is checked against the maximum design
shear strength (7, .. ) of concrete to ensure safety against shear compression failure. Based on the
area of the tension steel provided in the longitudinal reinforcement, the design shear strength (z_)
of concrete is obtained as per the tabulated values in IS: 456-2000. The estimated value of 7, is

recommended to be further enhanced in the presence of axial compression at the critical section of

the wall. The values of 7, and 7, are compared to determine whether minimum shear reinforcement

will suffice at the section (if z, < z) or the shear reinforcement needs to be designed (forz, >z ).
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For the second case, the area of horizontal shear reinforcement, shear walls shall be provided with
reinforcement in the longitudinal and transverse directions in the plane of the wall. The minimum
reinforcement ratio shall be 0.0025 of the gross area in each direction. This reinforcement shall be
distributed uniformly across the cross section of the wall. The uniform distribution of the shear
reinforcement helps to control the width of the inclined cracks. The maximum spacing of

reinforcement in either direction shall not exceed the smaller of L, /5, 3t,, , and 450 mm; where L,
is the horizontal length of the wall, and t,, is the thickness of the wall web. However, the provided

horizontal reinforcement should not be less than the prescribed minimum amount of reinforcement
as per IS: 13920-2016. The Indian guidelines also suggest that the provided uniformly distributed
vertical reinforcement shall not be less than the provided horizontal reinforcement as obtained from
flexural design.

2.6.2.2 Provision of ACI 318-14

Shear design provisions of ACI 318-14 consider the behaviour of both slender and squat walls for

prescribing the clauses. The nominal shear strength can be calculated asV, =V, +V, where V_is the
nominal shear strength provided by concrete and V, is the steel shear resistance. The code
prescribed that the ideal strength to be provided is related to the required strength by 4, V. >V,

where ¢, is the strength reduction factor and V, is the factored shear force at the section. V, at any
horizontal section for shear in plane of wall shall not be taken greater than 0.83,/ f, t, d , where d

shall be taken equal to 0.81,,. V, shall not be taken greater than 0.17/1\/f_c' t,d for walls subject to

0.29N,

axial compression, or shall not be taken greater than 0.17(1+ }1\/?C t, d for wall subject to

axial tension, where N, is the factored shear force, fC' is the compressive strength of concrete, Ais

the modification factor for concrete and Ay is the gross area of concrete section.

Horizontal shear reinforcement shall be provided if Vv, exceed ¢ V, . V,shall be calculated as

A f,d

S

V:

S

where, A, is the area of horizontal shear reinforcement with spacing s. Ratio of

horizontal shear reinforcement area to gross concrete area of vertical section, p,,shall not be less

than 0.0025. The prescribed minimum spacing of horizontal and vertical shear reinforcement is the

same as that mentioned in IS: 13920-2016. Ratio of horizontal shear reinforcement area to gross
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concrete area of vertical section, p,, shall not be less than the larger of 0.0025 and
hW
p, =0.0025+0.5 Z'S_E (0,-0.0025).

For earthquake resistant structures, V,shall be obtained from the lateral load analysis using the
factored load combinations. v, of structural wall shall not exceed V,, = A;v(ac/”t\/fT + 0 fy) where

a, =0.25for H,/L, <15, and ¢, =0.17for H,/L, >2 and varies linearly between 0.25 and
0.17 for H,,/L,, between 1.5 and 2.

2.6.2.3 Provision of Canadian Code A23.3-14

Canadian code has adopted similar provision mentioned in ACI 318-14, slender shear walls are
prescribed to be designed against factored axial load, factored moment about one or both axes, and
factored shear force. Squat shear walls are prescribed to be designed using strut-and-tie models.

According to A23.3-14, the shear resistance of a shear wall shall be determined byV, =V, +V,,

where V, is the concrete shear resistance and V, is the steel shear resistance. The shear resistance
for concrete can be determined as V,=g¢ A ﬂ\/f_c' t, d, where, ¢_is the resistance factor for

concrete, A is the factor to account for concrete density, /3 is the factor accounting for the shear
resistance of cracked concrete, and d, is the effective shear depth of the wall equal to 0.8l,,. The

shear resistance provided by the horizontal reinforcement (V,) can be determined as
V=4, A fy d, Coté’/s where s is the spacing of horizontal reinforcement, fy is the yield strength

for horizontal reinforcement, ¢, is the resistance factor for steel, and @ =35’is the angle between
the diagonal tension crack and the longitudinal wall axis. Suggested to be considered as 35°. Also,

a minimum amount of distributed horizontal reinforcement needs to be provided if V, <V_, where

V; is the factored shear force.

2.7 PLASTIC HINGE LENGTH

During strong earthquake shaking, a significant amount of energy gets dissipated at certain sections
of a few members in an RC frame-wall buildings. Such localized zone of energy dissipation is
known as plastic hinge zone. The performance of each plastic hinge zone determines the member-
level response and the global response as it influences the load carrying and deformation capacities

of the members. In seismic design of RC members, the length of each plastic hinge (L) zone is an
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important parameter as sufficient confinement should be provided for the concrete to increase the
ductile response of the member. Most of the studies done on plastic hinge length (L) in RC elements
have focused on length of the member, depth or height of the cross section of the member, yield
stress of the tension reinforcement and bar diameter of the tension reinforcement. However, some
researchers have also investigated the stress-strain properties of steel reinforcement and the effect
of axial compression, which have a significant influence on L. In this section, the different
analytical expressions of L,, proposed in past studies for beams, columns and shear wall are

reviewed.

2.7.1 Beams and Columns

In case of isolated RC column, the plastic hinges form at the maximum moment region. If L, is
known, the tip displacement of a column can be easily obtained by integrating curvatures. Therefore,
accurate assessment of L, is important in relating section-level response to member-level response
of a concrete column. Many researchers (Baker, 1956; Baker and Amarakone, 1964; Mattok, 1964;
Mattok, 1967; Corley, 1966) studied L, to estimate the flexural deformation capacity of RC beams.
To estimate the flexural deformation capacity, the plastic rotation capacity (¢,) and the L, are used

as,
Eu — &
0, =(%J ! (2.12)

where, &, is the maximum concrete compressive strain, ¢, is elastic concrete compressive strain

and c is distance from extreme compression fiber to neutral axis (Figure 2.21).
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Figure 2.21: Estimation of curvature at any section along the height of wall.

TH-1664_10610414



Plastic Hinge Length 39

Baker (1956) investigated the plastic deformation of hinges and members in concrete frames. It was
proposed that the length of plastic hinge in column is between 0.5h and h, where, h is the depth or
height of the member. Baker and Amarakone (1964) proposed the following expression to determine

the plastic hinge length of members with unconfined concrete as,

L 1/4
L, = klkzk{jj (2.13)
P 1/4
k, =1+ 0.5{3]
g (2.14)
( —09_ ta138
92 (2.15)

where, L,is the distance from the section of maximum moment to the section of zero moment, k,

is the factor for the influence of the tension reinforcement (considered as 0.7 for mild steel or 0.9

for cold worked steel). k, is the factor for the influence of axial load, k, is the factor for the influence
of concrete strength, d is the effective depth of the member, P is the axial load, P, is the axial
compressive strength of the member without any bending moment and f, is the concrete cube

strength in MPa.

Sawyer (1964) developed a design methodology for RC frames based on a bilinear moment-

curvature relationship. Three assumptions were made to develop the method, namely (a) the
maximum moment at any section is equal to the ultimate moment (M, ), (b) the ratio My/Mu is
taken as 0.85 based on the previous test results obtained for beams, and (c) the spread of plasticity
upto a distance of d/4 from the end in which the bending moment is equal to the yield moment

(M,). The plastic hinge length proposed on the basis of the assumption is given by,
L, =0.25d +0.075L, (2.16)

Mattock (1964) performed tests on simply supported beams subjected to a concentrated load at the
midspan to investigate the effect of confinement of the concrete in compression and the effect of the
size of the member in their rotational capacity. 37 beams were tested to investigate how the rational
capacity is influenced by the concrete strength, the effective depth, the distance from the section of
maximum moment to the point of contraflexure and the amount and yield stress of reinforcement.
On the basis of these experiments, the following equation was proposed to calculate the plastic hinge

length as,
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L, :%{1{1.14\/%—1}[1—(@—@') %11} (2.17)

where, @ and @ are the tension and compression reinforcement index respectively.

On the basis of the previously mentioned experiments, the following equation was proposed by
Corley (1966) to obtained L, as,

LS

L —0.5d +0.032
' Jd (2.18)

Based on the previous experiments carried by Mattock (1964) and Corley (1966), the simplified
equation proposed by Mattock (1967) was given as,

L, =0.5d +0.05L, 219

The ACI-ASCE Committee 428 (1968) proposed lower and upper bounds for the plastic hinge
length in beams and frames with the expression as,

Min [Rg(Lo.osLsij, Rgd} <L, < Rg(9+0.1OLSRm]
4 2 (2.20)

L M_, —M
where, R, = OGS < | R, =————2 R_is the strain ratio, R, is the moment ratio, & is
Ey — & M, -M,

cu ce

the concrete strain in the extreme compression fiber at yield curvature, &, is the concrete strain in

the extreme compression fiber at ultimate curvature (neglecting the effects of confinement, loading

rate and the strain gradients) and M, is the maximum moment in the length of the member.

Priestly and Park (1987) performed experiments on concrete bridge columns with different cross-
sections subjected to combined axial load and bending to study their strength and ductility. The
influence of axial load, the amount and yield strength of the transverse reinforcement and the aspect
ratio on the seismic behavior of concrete bridge column was investigated. Based on these test results

the expression for the plastic hinge length was proposed as,

L, =0.08L, +6d, (2.21)

The equation was used to compute the plastic hinge length of the columns with different aspect

ratios that were tested by other researchers, and the obtained values of L, were compared. It is

TH-1664_10610414



Plastic Hinge Length 41

observed that the average value plastic hinge length calculated for all the test was approximately as
0.5h.

In one experimental study, 14 RC bridge columns with different cross sections were subjected to
combined axial load and bending action for assessing the strength and ductility of the columns (Zahn
et al., 1986). As the equation of L,, proposed by Priestly and Park (1987), was valid for RC bridge
columns with axial load, the validity of the same equation in presence of axial compression was also
checked as part of the study. The test observations showed that the inelastic curvatures spread over
a longer portion of the column due to concrete spalling when under large axial compression.

Considering the effect of axial load L, was proposed as,

(2.22)

c c

L, = (0.08L, +6db)[o.5+1.67,i} for —— <03
f f

P
L, =(0.08L, +6d,);, for A >0.3 (2.23)

For circular columns with no confinement and one ring of reinforcement, L, was recommended as,

L, =0.06L, +4.5d, 220

Paulay and Priestly (1992) proposed the following expression to estimate the plastic hinge length.

L, =0.08L +0.022f, d,, >0.044f d, (2.25)

where, fy is the yield strength of reinforcement in MPa. The authors indicated that for commonly

used beam and column dimensions, Eq. 2.25 gave plastic hinge lengths of approximately as 0.5h .

Moehle (1992) indicated that the equivalent plastic hinge length in RC columns depends on the
section depth, aspect ratio, bar diameter and the axial and shear force. He stated that good agreement

with experimental results may be obtained when the plastic hinge length is equal to 0.5h .

2.7.2 RC Walls

Paulay (1986) presented design procedures for ductile reinforced concrete walls for earthquake
resistance. He indicated that the plastic hinge length was primarily a function of the wall length.
Based on this, the plastic hinge length id proposed in between 0.5L, and Lw. Wallace and Moehle

(1992) presented an analytical procedure to determine the requirement of confined boundaries in
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RC wall subjected to earthquake loading. They stated that the plastic hinge length is usually between
0.5L,and L. Paulay and Priestly (1993) reported tests on ductile concrete walls of rectangular

cross section subjected to seismic loading to study out of plane buckling. In that study, the curvature
ductility demand was not underestimated and the plastic hinge length gave a good approximation of
the portion of the height of the wall over which out of plane buckling can occur. L, was proposed

as,

L, =0.2L,+0.044H , (2.26)

where, H,, is the total height of shear wall.

Susani and Der Kiureghian (2001) developed probabilistic displacement capacity and demand
models for RC walls, and also derived an expression for the plastic hinge length in the walls, using
the earlier test results (Corley, 1996; Mattock, 1967). From the 40 beams tested by these researchers,
29 of them were selected with effective depth greater than 0.5m. That data was used to estimate the

plastic hinge length as,

, (2.27)

where, |, is the standard length equal to 1 m, inserted to make the model parameters dimensionless.

o, (=0.427) and a, (= 0.077) are model parameters and &, is the model error term.

Experiments were carried out by Panagiotakos and Fardis (2001) on RC members (beams, columns
and walls) subjected to uniaxial bending, with and without axial loads, to derive expressions for
deformation at yield and failure levels, in terms of the geometric and mechanical properties of the

menber. Results obtained from 1012 specimens were used to calculate the plastic hinge length as,

L, e =0.12L +0.014a,d, f,, for cyclic loading and (2.28)

L 15L,, =0.18L, +0.021a,d,f, , for monotonic loading (2.29)

p,mon —

where, L, is the plastic hinge length for cyclic loading, L, .,,is the plastic hinge length for

monotonic loading, a; is taken as 1.0 if slippage of longitudinal reinforcement is possible, and taken

as zero if there is no possibility of slippage.
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Based on the results of nonlinear finite element analyses using a model validated by test results, an
expression is proposed by Bohl and Adebar (2011) for L, as a function of wall length, moment

shear ratio, and axial compression. Eq. 2.30 is proposed for estimating the lower-bound plastic hinge

length L, of isolated walls as a function of wall lengthL,, bending moment-to-shear force ratio

P . . : . : .
z=M/V, and 3 axial compression stress ratio. The ratio z=M/V can either be determined

c
from analysis or estimated as 0.7H,, for plastic hinging near the base of a wall, which is primarily
due to displacement demand under fundamental mode dominant behaviour. The axial compression
force P can either be determined from analysis or estimated from the gravity load at the top of the
plastic hinge region of the wall. The proposed L, was given as,

L, =(0.2L,,+0.05z) (1—1.5f.'3Ag]so.8Lw (2.30)

c

An improved expression for the calculation of L, for structural walls has been proposed by Kazaz
(2013). The model depends on the wall length, the axial load ratio, the wall horizontal web
reinforcement ratio, and the shear-span-to-wall-length ratio. The proposed plastic hinge length was
found to constitute 40%-50% of the length of the plastic zone, that is, of the region where yielding
takes place. It was shown that the equation proposed in that study was more accurate as compared

to the relations proposed in other studies. It has been found that the widely used assumption of,

L, =0.5L,,, underestimates the plastic hinge length as the wall length increases and shear effects

become more pronounced. The proposed equation of plastic hinge length was given by,

_ il P _ fypsh M/V
Lp_o.27|w[1 Awfc'j(l . j{ o jso.s (2.31)

fC

where, L is the wall axial load ratio, and p,,, is the ratio of vertical web reinforcement of wall.

c

Deriving the plastic hinge length in the form similar to that given by previous researchers lead to

the simplified equation of plastic hinge length as,

L, =0.143L, +0.072M/V (2.32)

where, M/V is moment-to-shear ratio at the plastic hinge section.
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All the past studies on plastic hinge length in RC walls have been carried out on isolated walls
without any connected floor slab. The proposed expressions of L, may change under the influence

of floor slab. One of the objective of the present study is to investigate the same.

2.8 DRIFT CRITERIA FOR SHEAR WALL BUILDINGS

In multistoried RC wall-frame buildings, one of the objectives of providing RC wall is to reduce the
lateral displacement level of the building by virtue of its large in-plane stiffness.

During strong earthquake shaking, a structural wall is not expected to remain elastic (Wallace and
Moehle, 1992) with the possible inelastic actions at the base of the wall. Allowing inelastic
deformations tends to reduce the force demand on the wall and provides a fuse to limit actions on
other structural elements. In order to exhibit stable, inelastic response, the wall must be specially
detailed at critical regions, i.e., special transverse reinforcement must be provided within regions
where significant inelastic deformations are expected to be concentrated (Thomsen and Wallace,
2004)

The lateral displacement of a structural system is an important parameter from the seismic design
point of view. It has three major implications, namely (a) structural stability, (b) additional seismic
demand on structural component due to large deformations and (c) damage to various non-structural
components. Introduction of displacement-based design (DBD) led to more realistic consideration
of wall deformability in the design method. This is very important in performance-based design of
RC wall buildings with the possibility of lateral displacement being used as a performance limit
state. In the past, research has been carried out to obtain performance objectives and relate the level
of structural damage to parameters like lateral displacements and drift. Seismic assessment of
existing structures or design of new structures can be carried out by displacement-based design

procedures to ensure that particular deformation-based criteria are met (Priestley et al., 2007).

Within this scope, several investigations have been conducted for the improvement of displacement-
based procedures and associated deformation limits. Limit states for displacement-based design and
assessment are defined in the form of lateral drift ratios at overall structural level, and section
curvatures, rotations and strains at component level. Procedures have been developed to relate the
level of damage that is associated with the structural response in terms of displacements (drift ratio)
to strain-based limit state (Wallace and Moehle, 1992).

Wallace (1995) developed simplified approaches for symmetrically and unsymmetrical reinforced

walls with axial load. In addition, requirements for distribution of flexural strength over the height

of the wall and limiting values for shear stress were also suggested. Based on the computed strain
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distribution, both detailed and simplified approaches were presented to determine the amount and
distribution of required transverse reinforcement. It was also observed that the wall aspect ratio and

wall shear stress are important design parameters.

Thomsen and Wallace (2004) carried out experiments on rectangular and T-shaped shear walls to
verify the displacement based design approach. A simplified application of displacement-based
design was incorporated into ACI 318-99 to evaluate detailing requirements at wall boundaries.
Results of the tests indicate that the walls detailed using displacement-based design had lateral drift
capacities in excess of 2% of the specimen height, which was greater than that required by design
guidelines (which was prescribed as 1.5%).

Kazaz et al. (2012) carried nonlinear static analysis of several wall specimens by varying parameters
like wall length, shear-span-to-wall- length ratio, axial load level, the amount of boundary element
longitudinal reinforcement, and horizontal web reinforcement. The deformation limits at yield and
ultimate damage state for the curvature, rotation and drift ratio were obtained. Expressions and
limiting values were proposed for yield and ultimate deformation capacity of structural walls, based
on the most influential parameters. The proposed equations closely match the corresponding

experimental results.

Carrillo and Alcocer (2012) developed a performance-based backbone model capable of predicting
the seismic behavior of RC walls for one- and two-storied housing. The selected tri-linear model
was associated with three failure limit namely, (a) diagonal cracking, (b) peak shear strength and
(c) ultimate deformation capacity. The model was developed on the basis of the observed response
of 39 quasi-static and shake table experiments on RC walls. Iterative nonlinear regression analyses
were performed for deriving the semi-empirical equations. Several analytical parametric studies
were conducted on structural walls to investigate their deformation and strength properties (Wallace
and Moehle, 1992, Priestley and Kowalsky, 1998). The primary interest of these studies has been
the global response parameters, such as the drift or plastic rotation (Seneviratna and Krawinkler,
1997) and shear strength (Ghosh and Markevicius, 1991).

All the past studies on deformation limits in RC walls or lateral drifts limits, were carried out on

isolated slender walls. None of the studies focused on evaluation of such limits for RC walls

connected to floor slabs in a multistoried building.
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2.9 GAP AREAS

In the present chapter, past research on modelling global behaviour of beam-coupled and slab-
coupled walls, design aspects, estimated plastic hinge length and lateral drift aspects of isolated RC
walls have been reviewed. None of the past studies has focused on detailed investigation of the
behavior of floor slab and shear wall junction under earthquake shaking. Also, none of the studies
consider the effect of floor slabs for the evaluation of plastic hinge length of shear wall and the
recommended lateral drift for shear wall buildings does not consider the effect of connected to floor

slabs.

2.10 ScopPE OF THE WORK

The scope of the present study is identified as follows:
(@) To develop a simplified model for the shear wall-slab junction region for carrying out
nonlinear analysis.
(b) Investigation of tensile and compressive damage patterns in the rectangular shear wall-slab
assemblage under lateral loads.
(c) Estimation of plastic hinge length for the rectangular shear wall-slab junction region.
(d) Possible change in seismic design methodology of rectangular RC wall without boundary

elements considering the influence of connected floor slab.
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Chapter 3
FINITE ELEMENT MODELLING AND
VVALIDATION

3.0 OVERVIEW

Finite Element Method (FEM) is one of the structural analysis methods for investigating the detailed
behaviour of any structural sub-assemblage. To achieve the objectives of the present study, finite
element modelling of the entire RC frame-wall building and the wall-slab sub-assemblage is carried

out. In this chapter, the modelling details and the associated validation study are discussed.

The basic dimensions and the applied load on the building considered for analysis are discussed in
the present study along with the material properties considered. Among the various material
modelling techniques proposed for concrete in the past, Concrete Damage Plasticity (CDP) model
is discussed in detail in this chapter. Other than the material model used, the choice of solution
procedure also affects the accuracy of the solution obtained. At the outset, it is essential to discuss
the chosen material parameters. The material properties are validated with the experiments on slab-
wall connection carried out by Pantazopoulou and Imran (1992) at the University of Toronto. The
specimen used in these experiments is chosen for calibrating the parameters of the CDP model in
ABAQUS (ABAQUS, 2011).

3.1 MATERIAL MODELLING

Under low confining pressures, concrete acts in a brittle manner and the main failure mechanisms
are cracking in tension and crushing in compression. If the confining pressure is adequately large to
prevent the crack, the brittle behavior of concrete gets modified significantly. Two different material
models for concrete, namely (a) elasto-plastic and (b) CDP models have been employed during the
analysis. The elasto-plastic model is assigned to the beams and columns of the full building,
whereas, the CDP model of ABAQUS is chosen for shear wall and slab. The detailed description of
this model is presented in the next section. The model assumes that the material is isotropic and
requires the compressive and tensile behavior of concrete. It can simulate stiffness degradation with
the help of damage parameters, d: and d.. Detailed explanation about the damage parameters is
provided in the following section. The model also works well under cyclic loads. Stiffness recovery

parameters, w; and w, are used to consider stiffness recovery under cyclic loads.
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3.2 ELASTO-PLASTIC MODEL

For the elasto—plastic model, the same stress—strain curve of concrete is considered for tension and
compression regions. The plastic yield strength is given as the ultimate strength of concrete. The
material hardening is considered as isotropic.

Most materials that exhibit ductile behavior (large inelastic strains) yield at stress levels that are
orders of magnitude less than the elastic modulus of the material, which implies that the relevant
stress and strain measures are “true” stress (Cauchy stress) and logarithmic strain (ABAQUS, 2011).
Material data for all of these models should, therefore, be given in these measures. If the nominal
stress-strain data for a uniaxial test and the material is isotropic, a simple conversion to true stress

and logarithmic plastic strain is

Otrue = Gnom(l_'_ gnom) (31)

glﬁl = In(1+ ‘gnom)_ it
E (3.2)

is the nominal stress, <. is the

nom

where, E is the young’s modulus, o, IS the true stress, o

nom
nominal strain and g,ﬂ' is the logarithmic plastic strain. Plastic strain values (Egs. 3.1 and 3.2) are

used in defining the hardening behavior. Furthermore, the first data pair refers to onset of plasticity,
that is, the plastic strain value must be zero in the first pair. These concepts are applicable when

hardening data are defined in a tabular form for plasticity models in ABAQUS/Standard.

3.3 CONCRETE DAMAGE PLASTICITY MODEL

In the past research, several model is developed to study the effect of softening of concrete for
different structural members (Hsu and Mo, 1985a; Hsu and Mo, 1985b; Vecchio and Collins, 1981;
Vecchio and Collins, 1982). However, in the present study, the CDP model is considers which, uses
the concepts of isotropic damaged elasticity in combination with isotropic tensile and compressive
plasticity to represent the inelastic behavior of concrete. It provides a general capability for modeling
concrete and other quasi-brittle materials in all types of structures. It can be used for plain concrete,
even though it is intended primarily for the analysis of RC structures. It can be used with rebar to
model concrete reinforcement. It is designed for applications in which concrete is subjected to
monotonic, cyclic, and/or dynamic loading under low confining pressures. It consists of the
combination of nonassociated multi-hardening plasticity and scalar (isotropic) damaged elasticity
to describe the irreversible damage that occurs during the fracturing process. It allows user control

of stiffness recovery effects during cyclic load reversals. It can be defined to be sensitive to the rate
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of straining. It can be used in conjunction with a viscoplastic regularization of the constitutive
equations in ABAQUS/Standard to improve the convergence rate in the softening regime. It requires

that the elastic behavior of the material be isotropic and linear.

The plastic-damage model is based on the work by Lubliner et al. (1989) and by Lee and Fenves
(1998). The model is a continuum, plasticity-based damage model for concrete. It assumes that the
main two failure mechanisms are tensile cracking and compressive crushing of the concrete
material. The evolution of the yield (or failure) surface is controlled by two hardening variables,
g{p' and ggp' , where g{p' and g;p' are tensile and compressive equivalent plastic strains, respectively.

These are linked to failure mechanisms under tension and compression loading, respectively. The

equivalent plastic strains are obtained by subtracting the elastic strain from the total strain.

3.3.1 Uniaxial tension and compression behaviors

Under uniaxial compression (Figure 3.1a), the response is linear till the initial yield strength, o, .
In the plastic regime, the response is typically characterized by stress hardening followed by strain
softening beyond the ultimate stress, o, . Under uniaxial tension (Figure 3.1b) the stress-strain
response follows a linear elastic relationship until the value of the failure stress, o, is reached. The
failure stress corresponds to the onset of micro-cracking in concrete. Beyond the failure stress the
formation of micro-cracks is represented macroscopically with a softening stress-strain response,

which induces strain localization in concrete.
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Figure 3.1: Response of concrete to uniaxial loading: (a) compression and (b) tension.

The uniaxial tensile and compressive response of concrete are characterized by damage plasticity.

The stress-strain curves are also converted into stress versus plastic strain curves of the form
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~pl < pl

o, =0, (gt & T, fi) (3.3)
o, =0, (Ecpl ,ECDI T, fi)’ (3.4)

Where, Etpl and Ecpl are the equivalent plastic strains, Etp' and Ecp' the equivalent plastic strain rates,

T is the temperature, and f, are other predefined field variables.

As shown in Figure 3.1, when the concrete specimen is unloaded from any point on the strain
softening branch of the stress-strain curves, the unloading response is weakened as characterized by
the reduction of stiffness. The degradation of the elastic stiffness is characterized by two damage

variables, d, and d, which, are assumed to be functions of the plastic strains, temperature, and field

variables as,
g, =d,[5".7.), 0<d <1, (3.5)
d,=d, (5" 7.%), 0<d, <1, (3.6)

The values of one and zero for the damage variables refer to complete damaged material and no
damaged material, respectively. Considering the damaged variables, the stress-strain relationships

are formulated as,

o, =(1-d,)E, (gt -z ) (3.7)

o, =(1-d,)E (e, -5") 3.8)

The effective tensile and compressive cohesion stresses determine the size of the yield surface and

are given as,

7y b E) @9
— O, ~pl

o, = i-d) =E, (gc - & ) (3.10)

- - .y . . . . < pl . pl .
Under uniaxial conditions the equivalent plastic strain rates are given as ¢, = ¢&;, for tension, and

~pl

. pl . .
g, =—§&, for compression, respectively.
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3.3.1.1 Strain rate decomposition

In the incremental theory of plasticity, the total strain rate £ is decomposed into an elastic part and

a plastic part as,

e=¢% 4" (3.11)

where, £% is the elastic part of the strain rate, and &P' is the plastic strain rate. The plastic strain

represents all irreversible deformations including those caused by micro-cracks.

3.3.1.2 Stress-strain relations

The general stress-strain relation is given as,
o=(1-d)D¢ (g—gp'): D (g—gp'), (3.12)

where, D§' is the undamaged elastic stiffness of the material and D¢ represents the degraded elastic
stiffness. The damage variable d ranges from 0 (no damage) to 1 (complete loss of integrity), the

total strain is represented by ¢ , and the plastic strain by £ P'. According to Malm (2009), in case of
proportional loading of concrete structures, where cracking results from uniaxial tensile stress,
isotropic models are considered sufficiently accurate. The stiffness degradation is isotropic and
characterized by a single degradation variable d. In continuum damage mechanics, the stiffness
degradation (or damage variable) can be modelled by defining a relation between Cauchy stresses

and effective stresses as,

G=—2 (3.13)

@-d)’

where, & is the effective stress. Substituting Eq. (3.13) into Eqg. (3.12) we get,
5=D¢ [e-&") (3.14)

When damage occurs, the effective stress is a better representative parameter than the Cauchy stress

because it is the effective stress area that carries the external loads (ABAQUS, 2011).

Two hardening variables are used to characterize damage states in tension and compression.
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_ &
& Pt = "’t_P| (315)
gc
These variables control the evolution of the yield surface and the degradation of the elastic stiffness.
The evolution of the hardening variables is given by:
£ =h(z, #7)s" (3.16)
t .
P =j§tp'dt (3.17)
0
t .
g = j ZPldt (3.18)
0

3.3.1.3 Yield function

The plastic damaged concrete model in ABAQUS make uses of the yield function proposed by

Lubliner et al. (1989) and incorporates the modifications proposed by Lee and Fenves (1998) to

account for different strength evolutions under tension and compression. The yield function uses
two stress invariants of the effective stress tensor namely (2) the effective hydrostatic pressure, p,

and (b) the Mises equivalent effective stress @ . Its evolution is controlled by the hardening variables

= pl = pl
g andgg .

The two stress invariants are defined as,
1

p=—=ol 3.19
p=-30 (3.19)

_ |3z=

q=,/=SS (3.20)

2
where, S represents the deviatoric part of the effective stress tensor & , defined as,
(3.22)

S=pl+&
In terms of effective stresses, the yield function as shown in Figures 3.2 and 3.3 is expressed as:
(3.22)

ap

max

F :E(G—Saﬁ+ﬂ(5pl)<ém>_7<_
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(3.23)

(3.24)

(3.25)

where, o, f and y are dimensionless material constants, &, is the algebraically maximum

principal effective stress, &, and &, are the effective tensile and compressive cohesion stress, o,

is the initial equibiaxial compressive yield stress, o, is the initial uniaxial compressive yield stress.

K

. is the ratio of the second stress invariant on the tensile meridian, [q(TM)], to that on the

compressive meridian, [q(CM )], at initial yield for any given value of pressure invariant p such

that the maximum principal stress is negative: 3max <0.Avalue of K, =2/3 is recommended for

concrete (Lubliner et al. 1989).
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Figure 3.2:  Yield surface for concrete in plane stress condition.

The CDP model assumes a non associated plastic flow rule given by,

El =/iaG(_E)
oo
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where, 4 is the nonnegative plastic multiplier. The flow potential G represents the Drucker-Praguer

hyperbolic function.

G= \/(e o, tany f +q° — p tany, (3.27)

where, e is a parameter, referred to as the eccentricity, that defines the rate at which the function
approaches the asymptote (the flow potential tends to a straight line as the eccentricity tends to
Zero); oy, is the uniaxial tensile stress at failure and y is the dilatation angle measured inthe p—q
plane at high confining pressures. The recommended value for the eccentricity is e=0.1, which

implies that the material has almost the same dilatation angle over a wide range of confining pressure
stress values (ABAQUS, 2011).

(C.M.)

v

-S3

Figure 3.3: Yield surfaces in the deviatoric plane, corresponding to different values of K.
(ABAQUS, 2011).

3.3.1.4 Uniaxial Cyclic Behaviour

Figure 3.4 shows a uniaxial load cycle of the damaged material. Under uniaxial cyclic loading
conditions the degradation mechanisms are quite complex, involving the opening and closing of
previously formed micro-crack as well as their interactions. Experimentally, it is observed that there
is some recovery of the elastic stiffness as the load changes sign during a uniaxial cyclic test. The
stiftness recovery effect, also known as the “unilateral effect,” is an important aspect of the concrete

behavior under cyclic loading. The effect is usually more pronounced as the load changes from
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tension to compression, causing tensile cracks to close, which results in the recovery of the

compressive stiffness.

~——

Figure 3.4: Uniaxial load cycle (tension-compression-tension) assuming default values for the
stiffness recovery factors: wi= 0 and w.= 1 (ABAQUS, 2011).

The weight factors, w; and we, control the recovery of the tensile and compressive stiffness upon
load reversal, respectively. we, which results in the recovery of the compressive stiffness, is more
important due to the closure of tensile cracks during the transition from tension to compression. The
stiffness recovery factors are chosen as the default values: w;= 0 and w. = 1. For the tension stiffening
effect, strain option is used for tension stiffening of the concrete, which is more suitable for concrete
with reinforcement. The reduction of concrete tensile strength to zero is assumed to occur at 10
times the strain at failure.

The reduction of the elastic modulus is given in terms of a scalar degradation variable d as

where, E, is the initial elasticity modulus of the material. The degradation variabled is a function

of the stress state and the uniaxial damage variables d, and d_as follows:

A-d)=@0-sd,)@-sd,), 0<s,s, <1, (3.29)

— “trvc

where, s, and s, are functions of the stress state that represents the stiffness recovery for reversal

loads, express as:

s, =1-wr'(5,), 0<w<1 (3.30)
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s, =1-w,r'(5,,), 0<w, <1 (3.31)

where, w, and w, are factors that control the recovery of the tension and compression stiffness upon

load reversal, and 1" (5, )is a function of the tensile () > 0and compressive (5;,)< 0 side of the

cycle, defined as,

1 if 5,,>0
on } (3.32)

r*(all): H(Ell):{o if 5. <0
11

Figure 3.5 shows the effect of the recovery factors when the load changes from tension to

compression. The initial stiffness in compression is fully recovered when w, =1 and there is no

stiffness recovery whenw, =0. Under uniaxial cyclic conditions, the equivalent plastic strains are

also generalized as & =r"&[ in tension, and & :—(1— r ) 2P in compression.

In the current study, the dilation angle is assumed as 55°, eccentricity as 0.1, viscosity parameter as

0.01, shape factor ( KC ) as 0.667 and stress ratio o}/ as 1.16 (Gulec and Whittaker, 2009). Under

uniaxial tension, the stress-strain response follows a linear elastic relationship until the onset of
micro-cracking in concrete (failure stress) (Figure 3.4). Beyond this limit, the micro-cracked
concrete is characterized by a softening stress-strain response. Under uniaxial compression, the
response is linear till the value of initial yield. In the plastic regime, the response is typically
characterized by stress hardening followed by strain softening beyond the ultimate stress. When the
concrete specimen is unloaded from any point on the strain softening branch of the stress-strain

curve, the unloading response is weakened and the material damage reduces the elastic stiffness.

Oto =~~~

~
e I e

Figure 3.5:  Effect of the compression recovery parameter w, [ABAQUS, 2011].
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The degradation of the elastic stiffness is characterized by two damage variables, d; and d, as given

in Egs. 3.33 and 3.34, respectively, as proposed by Zheng et al. (2012). The two parameters are

expressed as,

1
d =1- x>1, Xx=-2, @ =0312f2 (3.33)
t \/at(x—1)1'7+x & t
1 & 0.785
d. =1- ; x>1, x=-—, ¢ =0.157f>"%—-0.905 (3.34)
oy (x—=1) +x &

where, f; is the average value of axial tensile strength, f. the average value of axial compressive
strength (taken as 25 MPa in the study), ¢ the compressive or tensile damaged plasticity strain, &
the compressive strain corresponding to f. (taken as 0.002 in the study) and & the tensile strain
corresponding to fi.. The salient material properties of the concrete and reinforcing steel are
mentioned in Table 1.

Table 3.1: Material properties for concrete and steel

Material Density  Elastic  Poisson’s Compressive Tensile  Yield Ultimate
(kg/m®)  Modulus Ratio Strength Strength ~ Stress  Stress
(MPa) (MPa) (MPa) (MPa) (MPa)
Concrete 2,500 25,000 0.2 25 3.5 - -
Steel 7,800 2,00,000 0.3 - - 415 527

3.3.1.5 Behavior of Concrete and Steel Reinforcement

In the current study, the uniaxial stress-strain curve is considered linearly elastic up to 30% of the

maximum compressive strength (Figure 3.6a). Beyond this point, the curvilinear nature extends till
the maximum compressive strength, fC . The post-peak softening behavior of the stress-strain curve,

till the crushing failure at an ultimate strain, ¢, , is given by the parabolic expression of Eg. 3.35 as,

o, = f{zgi,[l—iﬂ (3.35)

where, &} is the strain related to the peak stress. The modulus of elasticity, Ec and the compressive
strength of the concrete are dependent on each other and E. is considered as E, =5000,/ f, (BIS,
2000).
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Figure 3.6:  Stress-strain profiles for concrete (a) in compression and (b) in tension.

The concrete behaves as a linear elastic material till the uniaxial cracking strength, f; after which
softening behavior is assumed. The softening rate depends on the size of the elements in the crack
region. The post-failure behavior for direct straining across cracks is modeled with a tension
stiffening option, which is specified by either post-failure stress—strain relation or by applying a
fracture energy based cracking criterion. In this study, tension stiffening is defined with an assumed
post-failure stress—strain relation (Figure 3.6b). Steel reinforcement is modelled with plasticity
model in ABAQUS for both tension and compression (Figures 3.7a and 3.7b). Plastic strain values
(Egs. 3.1 and 3.2) are used in defining the hardening behaviour. Furthermore, the first data pair must
correspond with the onset of plasticity that is, the plastic strain value must be zero in the first pair.
These concepts are applicable when hardening data are defined in a tabular form for plasticity

models in ABAQUS/Standard. The details of the reinforcement used in the analysis are provided in

Table 3.1.
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Figure 3.7:  Stress-strain relationship for reinforcement: (a) Nominal and (b) Plastic.
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3.4 ANALYSIS PROCEDURE

The analysis in ABAQUS is carried out by dividing the problem history into steps. The problem can
be divided into different phases such as gravity load, pre-loading, main loading etc., between which
the boundary conditions may remain same or change. Such phases are defined as steps, for which
the type of analysis to be performed is also specified. ABAQUS offers two techniques to solve the
problems, namely ABAQUS/Standard and ABAQUS/Explicit. Both the techniques solve the
equilibrium equations using numerical step-by-step procedure at discrete intervals of time A¢ apart.
ABAQUS/Standard, using Newton Raphson method, employs an implicit integration scheme,
where in each time step the stiffness matrix has to be assembled to calculate the displacement. The
time increment is chosen such that the solution is accurate within the tolerance limits. Hence, in
problems involving nonlinearity, such as nonlinear materials, large deformation, nonlinear boundary
conditions, contacts, etc., there may be convergence issues since it requires very small time
increments. The storage of the stiffness matrix at each time step also requires large memory to
perform the analysis. However, accurate solutions can be obtained using ABAQUS/Standard. The
implicit finite element method has been applied effectively to 3D problems for some considerable
time. It has the advantage that it can analyse static and quasi-static events easily because it is
unconditionally stable with respect to the size of the time increment. Due to its stability, the implicit

analysis is considered in this study to carry out analysis.

3.5 VALIDATION

For any detailed finite element study, the material parameters and the modelling methodology need
to be validated for judging the consistency, reliability and accuracy of the obtained results. In the
past, several analytical and numerical studies have been carried out on the behavior of floor slab in
shear wall. However, very few experimental works are available on this topic. A series of
experiments for investigation of the behavior of slab-wall connection were carried out by
Pantazopoulou and Imran (1992) at the University of Toronto. The specimens studied were the
typical slab system of a multistoried structure. The floor system was used as a prototype. The test
specimen was a half scaled model of the interior shear wall-slab connection in the prototype
structure. In the present study, the experimental specimen (Figure 3.8a) was analysed using
ABAQUS and the results are compared with the available experimental results. Figure 3.8b presents
the finite element model constructed using ABAQUS. The compressive strengths of the concrete
used in the slab and shear wall were 27.6 MPa and 32.5 MPa respectively. The yield strengths of

reinforcing bars for slab and shear wall were 410 MPa and 400 MPa respectively.
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Loading Direction
loading beam

(@) (b)

Figure 3.8: (a) Details of the specimen tested at the University of Toronto and (b) reinforcement
details in ABAQUS model.

The details of experimental set up and loading history are mentioned in Pantazopoulous and Imran
(1992). The slab and shear wall reinforcement, which consist of 8 mm and 10 mm rebars, are
modeled as an elasto-plastic material with isotropic hardening. Shear walls, slabs and loading beams
are discretized with eight-noded solid elements with reduced integration option (C3D8R). Two
noded linear truss element (T3D2) was used to model the steel reinforcement. The concrete model
adopted herein, is a Concrete Damaged Plasticity (CDP) model implemented in ABAQUS. Full
bond between concrete and reinforcement is assumed using embedded element constraint. Tie

constraint is assigned to the nodes at the shear wall-slab and shear wall-foundation interfaces.

It is observed that for a large range of lateral displacement (till 16.5mm) the pushover curve from
finite element analysis matched closely with the experimental lateral force-lateral deformation curve
(Figure 3.9a). This indicates simulation of proper boundary conditions and load application in the
finite element model. For large displacement, the actual degradation of strength in experiment is not
captured in the finite element model. Figure 3.9b represents the comparison of the observed lateral
deflection profiles of the shear wall and slab at 0.7% drift with the results of the experimental model.
Although the shear wall and slab are planar diaphragm members, they show significantly different
behavior. Due to initiation of cracks in slab at early stages of experiment, the displacement is
overestimated from finite element analysis results. However, the wall displacements are
underestimated from the analysis. The difference in the analytical and experimental result is mainly
due to the mesh size considered for the analysis. The mesh size used for discretization is based on
the matching of the global behavior (load-displacement curve as shown in Figure 3.9a) of the
ABAQUS model with the experimental results. At the same time, the local behavior is significantly

sensitive to the mesh size.

TH-1664_10610414



Validation 61

Although the trends in the variation of lateral displacement are similar for both ABAQUS model

and the experimental results, the difference in the values arises due to the considered discretization.

Also, similarity in the crack pattern confirms the selection of appropriate mesh size.

350
300
250
200
150

Load (kN)

100
50

Figure 3.9:

0 5 10 15 20 0

%)

[

Lateral Deflection (mm)

—— ABAQUS Model

—— ABAQUS model for slab

— — — Slab behaviour [Experiment]
—— ABAQUS model for wall :
Wall behaviour [Experiment] = ’,

Displacement (mm)

(a)

400 800 1200 1600

Distance from the respective support (nm)

(b)

Comparison of experimental results with ABAQUS: (a) lateral load - lateral

displacement behaviour and (b) lateral deflections of shear wall and slab.

Stresses in the longitudinal reinforcement of slab for two different displacement levels are compared

with the finite element simulation results. The stresses are obtained at the face of the shear wall and

at the quarter of the span from the shear wall in Figures 3.10a and 3.10b respectively. The stress

distributions at the two cross sections are similar and the pattern of the stress distributions match

with that of the ABAQUS simulation. However, there is an error of about 25% in the stresses in the

longitudinal bar as compared with the experimental result (ABAQUS results are more conservative).
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Figure 3.10: Stresses in the longitudinal reinforcement of slab for two different displacement level:
(a) stress distribution at the face of the shear wall and (b) stresses located at a quarter

of the span from the shear wall.
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The cracking patterns from the experimental and the finite element studies are compared in Figures
3.11 and 3.12. Pantazopoulous and Imran (1992) have reported that flexural shear cracks developed
in the slab at the junction with the shear wall at 3.5 mm lateral displacement. As the maximum
plastic equivalent principal strains from the ABAQUS model give a better representation of the

cracks, these strains are shown to represent the cracking patterns in finite element analysis.

The cracking pattern at the shear wall-slab assemblage was observed to be similar to that in the
experimental observations (Figures 3.11a, 3.11b, 3.12a and 3.12b). The tensile damage patterns
obtained analytically at the junction of the shear wall and slab at 3.5 mm and 21 mm lateral
displacement level are presented in Figures 3.11c and 3.12c respectively. The tensile damage pattern
represents the crack propagation. It was observed that the cracking started at the junction of the
shear wall and slab and propagated in the slab. Damage in the slab was mostly concentrated within
the region adjacent to the shear wall. It was observed that the finite element analysis results are in
good agreement with the experimental results. All the observations indicate that the simulation of

the experimental results could be carried out with reasonable accuracy. Thus, the material modelling

parameters of ABAQUS are established for use in further finite element simulations.

(@) (b) (©)

Figure 3.11: Cracking pattern at 3.5 mm lateral displacement: (a) Experimental results from
University of Toronto test; (b) plastic strain pattern and (c) tensile damage pattern
from ABAQUS results.

(@) (b) (©)

Figure 3.12: Cracking pattern at 21 mm lateral displacement: (a) Experimental results from
University of Toronto test; (b) plastic strain pattern and (c) tensile damage pattern of
ABAQUS model.
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3.6 FINITE ELEMENT MODELLING

In this section, finite element modelling of RC shear wall frame building is discussed. Firstly, the
five storied symmetrical building is modelled using the program SAP2000 (CSI, 2000), to carry out
the linear static analysis under the design vertical and lateral loading combinations. Later, nonlinear
static analysis of a five storied and a ten storied symmetrical building is carried out using
ABAQUS/Standard program. Also, an exterior shear wall-slab assemblage is considered to study
the behavior of the junction region under lateral loading. A parametric study has been carried out
by varying design parameters such as, axial load, length and storey height of shear wall to study

their effect on the behavior of junction region.

3.6.1 Detailing of Shear Wall-Slab Junction

Two RC wall-frame buildings with symmetric plan (Figure 3.13) and assumed to be located in
seismic zone V, are modelled using the program SAP2000 in the present study. The two buildings
are five and ten-storied high with the total heights as 15 m and 30 m, respectively. The beams and
columns are modelled using two-noded frame elements and floor slab and structural walls are
modeled using four-noded shell elements. The typical storey height and the shear wall thickness are
considered as 3 m and 300 mm, respectively. Both roof and floor slabs have thickness of 120 mm.
The total intensity of live load is considered as 3 kN/m?and floor finish loading as 1 kN/m?. Seismic
weight at each floor of the building is obtained as the sum of dead and live loads. Reduced live load
is considered on roof and floor when combined with earthquake loads as per Indian standard (BIS,
2016Db), which recommends using 25% of live load on floor slab (if Live load is less or equal to 3
kN/m?) and no live load on roof.
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Figure 3.13: Details of buildings considered in the analysis: (a) plan (b) elevation.
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Design lateral force at each floor level is calculated as per Indian Seismic Code 1IS: 1893 (Part 1)
(BIS, 2016b). The design vertical loads are obtained considering dead loads of members and code
specified live loads on floor slabs. At each floor level, the lateral force in each of the two plan
directions (X and Y) is shared equally by the two walls oriented in that particular direction. The
walls are designed and detailed against combined vertical and lateral forces as per the relevant Indian
Standard (BIS, 2016b).

In the junction region, the longitudinal reinforcement of the slab is extended up to the wall. 8 mm
diameter bar spaced at 150 mm in the RC shear wall is provided in two layers along both horizontal
and vertical directions. The reinforcement provided in the floor slab is 8 mm diameter bar placed at
300 mm spacing in both directions. The reinforcement details in the shear wall - floor slab junction
are shown in Figure 3.14. Both the top and bottom bars of the slab are bent at 90° and extended up
and down to the exterior face of the shear wall. The reinforcement ratios in vertical and horizontal

directions are the same in case of shear wall.

3.6.2 Methodology

One five storied and another ten storied symmetrical frame shear wall building (FSWB) with or
without embedded reinforcement are used for the simulations. To study the detailed behavior of the
shear wall - slab junction, an exterior wall-slab assemblage (EWSC) is considered from the five
storied building. 8-noded hexahedral (brick) elements (C3D8R) are used for concrete with reduced
integration characteristics. 2-noded linear truss elements (T3D2) are used to model reinforcement.
The embedded method is adopted to simulate the bond between the concrete and the reinforcement,
assuming perfect bond. Two brick elements were used through the thickness of the 120 mm slab
with all concrete elements having the same mesh size of 60 mm. Restraints were introduced at the
bottom edges of the specimens in the direction of the applied load. The translational and rotational
Degrees of Freedom (DoFs) are restrained at the bottom nodes of all the specimens. The outer edges
of slabs are supported on rollers in case of EWSC model. The out-of-plane bending of the shear
wall and the vertical bending of slab are restrained along the roller supported edges. Generally, a
shear wall is designed to resist shear forces and bending moments in its own plane. In the present
study, displacement based pushover analysis is carried out in the in-plane direction of the wall to
investigate the behavior of slab-wall junction. Hence, the out-of-plane movement of the wall is
restrained in the present study. In finite element analysis, the in-plane displacement of the wall-slab
assembly does not get mobilized properly in absence of the restraint of vertical displacement. Also,
the intention of the study is to investigate the possible damages in the slab and the slab-wall junction

due to the in-plane lateral displacement of the wall. The vertical displacement of the slab under the
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applied vertical load does not influence the damage of the slab and the slab-wall junction

significantly. Thus, the vertical restraint does not affect the slab-wall junction behavior.

Chapter 4 provides the details regarding the geometry and the boundary conditions of the specimens
that are used for the simulations. FSWB specimens are analyzed using monotonic nonlinear static
analysis in ABAQUS/Standard and ESWC specimen is analyzed using both monotonic nonlinear
static and slow cyclic analysis in ABAQUS/Standard. In the monotonic static analysis, a
displacement is applied in the plane of the shear wall at the top node of the wall. In case of slow
cyclic analysis, the sequence of applied displacements consists of three cycles at each displacement
of 2.5, 5, 10, 20, 40, 60, 80, and 100 mm. The displacement is increased with a smooth amplitude
curve. Among the constitutive models for simulating the behavior of concrete, the CDP model is
used and a detailed description of this model is already furnished earlier in this chapter.

f—————l
Shear wall W
°
o|
_LDevelopment length =52 g
o| /
v
o '\Slab 120 mm
( - )
\

o k L» 8mm g @ 300mm c/c
° o

| —|_>8mm g @ 150mm c/c
°

R

Figure 3.14: Detailing of reinforcement at shear wall - slab junction.

3.6.3 Mesh Convergence Study

In the present study, the FSWB and EWSC models are analysed under combined vertical
compression and lateral force at the top of the wall. Mesh convergence study is performed for the
EWSC model. Three different mesh sizes (75 mm, 100 mm and 150 mm) are adopted in the analysis
of shear wall-floor slab connection in order to investigate the influence of mesh sensitivity on its
response. Although there is a marginal difference in the normalized lateral shear capacities for the

specimens with 75 mm, 100 mm and 150 mm mesh sizes, the mesh size of 150 mm is adopted in
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order to avoid the hourglassing numerical problem and the distortion associated with the C3D8R
elements (Genikomsou and Polak, 2015) (Figure 3.15).
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Figure 3.15: Variation of base shear with lateral drift for EWSC specimen with different mesh
sizes.

The choice of adopting 150 mm mesh size is based not only on the load-deflection response but also
on the comparison with the damage patterns. In the present study, the accuracy of the FE solution
is assessed by comparing the tensile damage pattern. It is observed that the propagation of tensile
damage does not depend on the mesh size. Similar damage pattern is observed considering different
sizes of mesh. Also, the measure of tensile damage is similar considering all the mesh sizes (Figure
3.16). By adopting the mesh size of 150 mm, the number of elements gets reduced and the analysis
takes less time to complete than by considering smaller mesh sizes. Since the 150 mm mesh size is
not affecting the damage propagation and giving the maximum capacity, for all subsequent analyses,

the mesh size of 150 mm is adopted.

3.7 SUMMARY

In this chapter the details of the material parameters used for finite element modelling are discussed.
Referring to the past research, the material parameters are selected and the behaviour is validated
with the experimental results of Pantazopoulou and Imran (1992). The concrete model adopted
herein, is a Concrete Damaged Plasticity (CDP) model implemented in the finite element code,
ABAQUS. It is observed that the finite element analysis results are in good agreement with the
experimental results. Thus, the material modelling parameters of ABAQUS can be used in further
finite element simulations. Mesh convergence study is also carried out with the 150 mm size mesh

being adopted for all parametric studies.
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Summary

(b)

Figure 3.16: Finite element meshing and damage pattern for EWSC model with different mesh

sizes: (a) 75 mm (b) 100 mm and (c) 150 mm.
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Chapter 4
ASSESSMENT OF TENSILE DAMAGE

4.0 OVERVIEW

RC structural walls play an important role in transfer of forces from floor slabs to the foundation
below in a multistoried wall-frame building. To investigate the influence of the presence of slab on
the behaviour of slender wall, detailed finite element modelling of a five-storied building and a ten-
storied building is carried out using the program ABAQUS/Standard. The models have been
subjected to non-linear static analyses to observe the extent of possible damages in wall, slab and
their junction region. The influence of vertical and horizontal reinforcement on the damages is also
studied. The difference in the behaviour of the wall in each building with the behaviour of isolated
slender wall is highlighted. Further, a wall-slab sub-assemblage is also analyzed to stimulate the
observed behaviour of the walls in the multistoried buildings. The main intension of the study
carried out is to develop a simplified but efficient analytical model. The result of all those analyses

are discussed in this chapter.

4.1 DETAILS OF SPECIMENS

A hypothetical wall-frame building is considered to be located in seismic zone V as per Indian
Earthquake Code (BIS, 2016b). Using finite element program ABAQUS, the beams, columns, shear
walls and slabs are modelled with eight-noded linear hexahedral 3D solid continuum elements with
reduced integration (C3D8R). Two noded linear truss element (T3D2) is used to model the steel
reinforcement. Figure 4.1 gives details regarding the geometry and the boundary conditions of the

specimens that are used for the simulations.

The concrete and reinforcement are modelled using CDP characteristics and elasto-plastic properties
respectively. The validated material parameters, used in the previous chapter, are assigned to the
models. Considering the variation in concrete material model and presence of reinforcement, four
different frame shear wall buildings (FSWB) (Table 4.1) are modelled in the present study. For
FSWB1 model, the building is of 10 stories with the storey height as 3 m with no reinforcement
embedded in the structural elements. FSWB2 model is similar to FSWB1 except that the building
is of 5 stories with the total height of shear wall as 15 m. In both these models, all the structural
elements are modelled using CDP concrete model. The FSWB3 model is simulated without
reinforcement embedded in the concrete. FSWB4 is similar to FSWB3 except that FSWB4 has
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embedded reinforcement in shear wall and in floor slabs. As the study is intended to investigate the

behaviour of the slab-wall junction region, linear elastic behaviour of concrete is considered for the
beams and the columns in models FSWB3 and FSWB4.

(@) (b)

(©

e

Fixed SUport

EWSC

(d)

Figure 4.1: Geometry and boundary conditions of specimens used for pushover analysis: (a) ten
storied building; (b) five storied building; (c) isolated slender wall and (d) exterior

wall-slab assemblage.

Table 4.1: Detail of specimens simulated

Model Configuration FSWB1 FSWB2 FSWB3 FSWB4 EWSC SSW
Wall thickness (mm) 300 300 300 300 300 300
Wall length (mm) 3000 3000 3000 3000 3000 3000
Wall height (m) 30 L5 15 15 15 15
Vertical bars of wall - - - 8@150 8@150 8@150
Horizontal bars of wall - - - 8@150 8@150 8@150
Slab reinforcement - - - 8@300 8@300 8@300
Slab thickness (mm) 120 120 120 120 120 120
Slab width (mm) 1500 1500 1500 1500 1500 -
Concrete material model CDP CDP CDP for CDP for CDP CDP

wall and  wall and
slab only slab only

Next analyzed specimen is the exterior shear wall-slab connection (EWSC) taken from the five

storied FSWB model The intention of analyzing EWSC model is to see whether the wall and slab-

wall junction behave in a similar way as observed in the FSWB model. Lastly, one isolated slender
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shear wall (SSW) is modelled with embedded vertical and horizontal reinforcement to observe how

the behavior changes by the inclusion of the floor slab.

Beams, columns, shear walls and floor slabs are created in individual parts using solid elements in
case of FSWB model. Connectivity is checked among the individual modelled parts after assembly.
Tie contact technique is utilized to create proper interaction between shear wall and floor slab and
also between the beams and columns [JABAQUS, 2011]. Using this technique, embedded nodes are
placed at desired locations with the constraints on translational Degrees of Freedom (DoFs) of the
embedded element by the host element. The rebars are modelled as the embedded region in concrete
using constraints in the interaction module, and making the concrete the host. Thus, rebar elements
can only have translations/rotations equal to those of the host elements surrounding them. In this
simulation, the embedded technique is used to constrain the two-node truss elements (steel
reinforcement) with solid element (shear wall and floor slab) in order to create proper bond between
steel and concrete. The translational and rotational DoFs are restrained at the bottom nodes for all
the specimens. The outer edges of slabs are supported on rollers in case of EWSC model. The out
of plane bending of the shear wall and the vertical bending of slab are restrained along the roller

supported edges.

For 15 m height of wall, the allowable lateral displacement for elastic behaviour (BIS, 2016b) is
obtained as 60 mm. However, as the study is intended to capture the possible nonlinearities and the
associated damage in wall-slab assembly, significantly higher values of lateral displacement have
been considered for displacement-controlled nonlinear static analysis. The total target lateral
displacements of 500 mm for EWSC and SSW models and 750 mm for all models of five and ten
storied frame - shear wall building (FSWB) are applied at the top level in the plane of the wall.
Translational restraints are imposed at the bottom nodes of the specimen to simulate the full restraint
boundary condition at the wall-footing junction. The gravity loads (both dead and live loads) on slab
are assigned as pressure loads on the surface of solid elements. The total intensity of loading on slab

including live load and floor finish is considered as 4 kN/m?.

HYSD Fe415 steel reinforcing bars are used to model the reinforcement in the specimens described
in the previous section. The reinforcement is obtained in the wall and slab by considering the design
load combinations provided as per Indian seismic code, BIS, 2016b. The detailing of reinforcement
in shear wall and continuous floor slabs is done as per Indian Standard, SP: 34— 1987 (BIS, 1987).
The detailing of steel reinforcement at the shear wall-slab junction for both EWSC and FSWB
models is explained in Chapter 3. A typical reinforcement mesh in the floor slab is shown in Figure
4.2, which is used to simulate FSWB4 model.
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The reinforcement is embedded in the slabs panels which are located between grid lines 2 and 5.
These slab panels are expected to be influenced by the behaviour of wall-slab junctions for wall A
and wall B. The other slab panels are analysed without reinforcing steel embedded in them, as the

main intention of the study is to check the behavior at the wall-slab junction region.

4.2 RESPONSE OF FINITE ELEMENT MODELS

The response of nonlinear static analysis of the ten storied frame shear wall building (FSWB1) is
compared with the analysis results of one of the five storied frame shear wall building (FSWB2) to
understand the behaviour of the wall and the wall-slab junction. Both the models are laterally
displaced up to 750 mm. For comparing the behaviour of the different finite element models, tensile
damage patterns are extracted. These represent the extent of cracking. Different drift levels are
chosen to compare the propagation of tensile damage corresponding to the results obtained at drift
levels of model FSWB4, as FSWB4 is the only model with embedded reinforcement among the
FSWB models. Figures 4.3 and 4.4 represent the propagation of tensile damage at different drift
levels, namely (a) 0.04% (development of first crack at the base of the wall); (b) 0.48% (tension
yielding of vertical reinforcement at the bottom of wall); (¢) 1.22% (yielding of reinforcement of
slab at junction region) and (d) 2.5% for FSWB1 and 5% for FSWB2 (final stage). In both the
cases, the damage starts from the base of the shear wall and propagates to the wall-slab junctions at
different floor levels. Also, the slab which is connected to the shear wall undergoes maximum
damage. At the same drift level, similar damage patterns are observed in the wall panels and wall-
slab junctions in the two models. Thus, the height of building does not influence the damage pattern

in walls.

Figure 4.2: Plan of FSWB with reinforcement mesh.
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Figure 4.3: Propagation of tensile damage in FSWB1 model at different drift levels: (a) 0.04%,
(b) 0.48%, (c) 1.22% and (d) 2.5% (Final stage).

TH-1664_10610414



74 Chapter 4 - Assessment of Tensile Damage

Next, the behaviours of FSWB3 and FSWB4 are compared to see the influence of reinforcement on
the tensile damage pattern in wall panels and wall-slab junction. The observed tensile damage
patterns for FSWB3 and FSWB4 are the same as observed for FSWB1 and FSWB2 (Figure 4.5). In
all the cases, the cracking of concrete started at the base of the shear wall at a lateral drift of 0.04%
and propagated up to the wall-slab junction. Subsequently, compressive struts start developing in
the wall between the floor slabs. Thus, the slender wall gets partitioned into a number of squat wall
panels between the floor slabs for transfer of forces from different floor levels through the wall to
the foundation. Also, it is observed that maximum cracks tend to develop in the slab panels
connected with walls A and B (Figures 4.6 and 4.7). The floor slab panels not connected with those
walls, experience less cracks and very less damage. The intermediate floor slabs exhibit higher
levels of tensile damage over a larger area as compared to the roof slab. This is because of more
propagation of damage from the corresponding wall-slab junctions due to concentration of higher
compressive stress through strut action from the connected upper and lower storey wall panels. At
the final stage, similar damage patterns are observed in the intermediate floor slabs. The behavior
of FSWB4 model is explained in details in the next section. In the walls located along the
perpendicular direction of the applied displacement, strut action is not observed to develop between
the floor slabs. However, the junction region shows significantly less damage as compared to the

junctions of wall A and B (Figures 4.6 and 4.7).

TH-1664_10610414



Response of Finite Element Models 75

DAMAGET
(Avg: 75%)

DAMAGET
(Avg: 75%)

0.951
0.871
0.792
0.713
0.634
0.554
0.475
0.396
0.317
0.238
0.158
0.079
0.000

DAMAGET
(Avg: 755%)

0.951
0.871
0.792
0.713
0.634
0.554
0.475
0.396
0.317
0.238
0.158
0.079
0.000

DAMAGET
(Avg: 75%)

Figure 4.4: Propagation of tensile damage in FSWB2 model at different drift levels: (a) 0.04%,
(b) 0.48%, (c) 1.22% and (d) 5% (Final stage).

TH-1664_10610414



76 Chapter 4 - Assessment of Tensile Damage

Drift (%) Tensile Damage

FSWB3 FSWB4
0.04 — :

TTITTT

B
o

DAMAGET HF i1 H | i a8 H H
(Avg: 75%) s HHE i i H tH H H
0,951 5 FH g H | S H =2 H =
0871 H ‘1I__— IEEEENS I ____I““ H s o LTI I _JJJ[[[ -
0.792 = e H 5 H FHH H El-C
0,713 H it : : i i oL
0,634 = ] o = ] HH | HH =l ofsl
0,554 A A TTTTTTY mEm B =i TTTT TTTTTTY TTTTTTT mEEEn |
0.475 E H £l H H H H £ H E
0.3296 = = H H H ] H |
0.317 & H Hy H H | H iH
0.238 5 ' - H ! H
0.158 = = e |= ml= k = H |
0,079 HHE s H | H j= - ol =
0.000 = =z cis iH ] : H E

0.48 ST T e i _
i H § B § K

DAMAGET g r ; PeTyLi e meLtnies i S - i
(Awg: 75%) H L HA = it
0,951 A 5 u = g |
0,871 H i H H ‘ = i H HH
0‘792 H TIHA - T I LIl - 1 1 2 ””_, TTTTTT I IT _Illlll' :
0713 Hild O i HH 0 H - H
0.634 Hild tH : Bl HH H
0.554 H = HH Himd s i H
0,475 A my TTTTTTT TITTT i T TTTTTT TTTTTTTY TOTTY |
0,295 i it H ~ H H ] it H
0.217 H HH = HH H H HH H
0.238 H g H | ‘ - H
0.158 = = i H i i
0.079 i H H : o o
0.000 9 H H : j H

CAMAGET

(Avg: 75%)
0.951
0.871

TITTTT
ITITTTY

IEEREEN] EREEEE I Ll

LT 1T

E | i ﬁ |

O VT T TITETriTT T

o TTTTTTE ITIIIT

15
T
T
|5
|
T

O T e T O T O T

T
T T E
O T T T T T TE S

[Feaass
T
T

[mzns mNEEERaE

5% (Final
Stage)

DAMAGET
(Avg: 75%)

Figure 4.5: Comparison of propagation of tensile damages of FSWB3 and FSWB4 models at
different drift levels.
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Figure 4.6: Comparison of tensile damage patterns in the slabs at different floor levels of FSWB1
and FSWB2 models at the final drift level.
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Figure 4.7:  Comparison of tensile damage patterns in the slabs at different floor levels of FSWB3
and FSWB4 models for the final drift level.
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4.2.1 Behaviour of FSWB4 Model

Nonlinear static analysis of FSWB4 model is carried out along X-direction, and the salient points
on the capacity curve are shown in Figure 4.8. The base shear is normalized with respect to the
weight of the model and plotted against lateral drift. The peak shear strength of FSWB4 model is
reached at a lateral drift of 1.65% along X direction. The propagation of cracks in FSWB4 model is
presented in Figure 4.5 at different drift levels. At the lateral drift of 0.03%, the concrete in the slab
region near the slab-wall junction at first floor starts cracking. The development of cracks at the
bottom of the shear wall starts at a drift of 0.04%. The onset of cracks at first floor level is due to
the development of diagonal tension, from strut action, in the squat wall panel between two floor
slabs. Tension yielding of vertical bar at the bottom of the wall starts at 0.48% lateral drift. This
shows the onset of material nonlinearity well before the code specified elastic drift limit. The peak
strength of concrete is reached at a lateral drift of 0.76%. At a drift of 1.22%, the longitudinal
reinforcement in the slab near the junction region of floor slab and shear wall starts yielding. The
vertical reinforcement at the base of the wall reaches its ultimate strain value at a lateral drift of
3.30%, leading to rupture of vertical bar in tension. The first crushing of concrete occurs at the toe
region of the wall at 2.20% lateral drift. This is due to the very high concentration of compressive
stress at the toe of the wall under the combined effect of diagonal compression (from the bottom
wall panel) and flexural compression. At the slab-wall junctions in the upper floors, the combined

effect reduces due to lesser flexural compression.
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Figure 4.8: Variation of normalised base shear during nonlinear static behaviour of FSWB4
model.
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The equivalent plastic strain in concrete at the shear wall - slab junction along the length of the wall
signifies the possibility of crushing of concrete. This may lead to the development of a major sliding
shear crack across the wall-slab junction in the plane of the wall. The sliding cracks can further
result in the formation of compressive strut in wall panel between the floor slabs. Yielding of the
slab and wall reinforcement adjacent to the wall-slab junction region, occurs simultaneously. It is
observed that the reinforcement in the floor slab, which is connected to the shear wall yields first,
while the reinforcement in the unconnected slab remains unyielded. The vertical reinforcement in

the shear wall region yields mostly at the slab-wall junction region.

4.2.2 Behaviour of EWSC Model

Displacement controlled nonlinear static analysis is carried out on a five storied exterior shear wall
- floor slab assemblage (EWSC model) from FSWB4 model for detailed study of the wall-slab
junction region. The target lateral displacement is applied in the plane of the shear wall. Figure 4.9
shows salient point for the global response of the EWSC model. The nature of capacity curve for
EWSC model is the same as that obtained for FSWB4 model with expectedly less lateral strength.
Figure 4.10 shows the propagation of cracks from the initial cracking with subsequent local crushing

of concrete up to the final displacement stage.
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Figure 4.9: Variation of normalised base shear during nonlinear static behaviour of EWSC model.
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First cracking starts at the first floor slab at a drift of 0.01%. The cracking of concrete in the shear
wall starts at 0.014% drift from the bottom and propagates to the shear wall-slab junction region.
The vertical bars on the tension side at the bottom of the wall start yielding at a lateral drift of
0.136%. Also at the same displacement, some of the vertical reinforcement at the first floor shear
wall-slab junction region start yielding. The reinforcement in the slab starts yielding at 0.245% drift.
Thus significant nonlinear behaviour is observed in wall and slab well before the code specified
elastic drift of 0.4%. The crushing of concrete starts in slab-wall junction at a lateral drift of 1.47%.
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Figure 4.10: Tensile damage pattern for EWSC model at: (a) first cracking in slab, (b) first cracking
in wall, (c) yielding of reinforcement in wall, (d) yielding of reinforcement in slab, (e)
crushing of core concrete at slab-wall junction and (f) final stage.
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Due to the presence of floor slab, a diagonal compressive strut develops in the wall panel between
two successive floor slabs. Thus, the wall panels between the floor slabs behave similar to squat
walls. The floor slab significantly modifies the behaviour of the slender wall by partitioning it into
squat wall panels. The diagonal struts tend to concentrate the damage at the wall-slab junction
regions. As the floor slabs provide diaphragm action in actual buildings, EWSC model aims to
investigate possible damages in such slab diaphragm. The peak lateral strength of EWSC model is
reached at a lateral drift of 1%.

The behavior of the junction between the shear wall and floor slab has been studied by observing
the stresses in the steel reinforcement, equivalent plastic strain and tensile damage pattern.
Concentration of compressive stresses is observed to be higher at the slab-wall junction as compared
to that at the base of the wall. Similar results were observed in the experimental study carried by lle
and Reynouard (2004). Deformation in individual bar at wall-slab junction also leads to
concentration of stresses. Stresses in the longitudinal reinforcement of the slab start reaching the
yield values from the face of the wall and extend linearly to the edge support. The stresses in the
longitudinal reinforcement of shear wall remain constant over the wall panels along the height of
the wall except in the junction region. In the shear wall — slab junction region, most of the vertical
reinforcing bars are yielded. The maximum tensile damage is observed in the shear wall-slab
junction region and spreads diagonally between the two adjacent floor slabs concentrating the
stresses at the corners. Flexural shear cracks are formed in the slab at the junction with the shear
wall (Pantazopoulou and Imran, 1992). In addition, major cracks develop on the tension side of the

slab from the face of the shear wall.

4.2.3 Comparison of FSWB and EWSC Models

The equivalent plastic strain values for FSWB and EWSC model are compared at different
displacement level. To compare the behaviour of vertical reinforcement in EWSC and FSWB, the
variation of plastic strain value in the reinforcement across the length of wall at the first floor level
is shown for 3.33% and 5% lateral drift in FSWB model and 3.33% lateral drift for EWSC model
(Figure 4.11a). Comparing the values of equivalent plastic strains for EWSC and FSWB model, it
is observed that the strain variation is following similar pattern at 3.33% lateral drift. Also, the strain
values are observed to be almost the same in the reinforcement for both the models at that
displacement level. Figure 4.11b shows comparison of the variation in the equivalent plastic strain
in the top longitudinal reinforcement of floor slab from the face of the wall for EWSC and FSWB
models. The tensile strains develop in the reinforcement up to 3.33% drift from the face of the wall.

At 3.33% lateral drift, the strain values are observed to be almost similar for both the models.
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Based on the same plastic strain values in reinforcement and formation of strut in partitioned wall
panels, it can be concluded that EWSC model can be conveniently used for studying the behaviour
of wall-slab junction instead of the more detailed FSWB4 model. Use of EWSC model will lead to
significant reduction in computational effort. EWSC model is considered in further study to carry

out the parametric study by varying the design parameters.
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Figure 4.11: Comparison of equivalent plastic strain at first floor level of EWSC and FSWB: (a) in
vertical reinforcement of the wall and (b) in longitudinal reinforcement of slab.
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4.2.4 Comparison of EWSC and SSW Models

In practice, the shear wall in a multistoried building is analyzed and designed as an isolated slender
wall. To investigate the influence of slab on the behaviour of shear wall, the behaviour of SSW
model is compared with that of EWSC model. For SSW model, displacement-controlled nonlinear
static analysis is carried out with the total target displacement applied at the top level. Although the
overall capacity curve has the same trend as that of EWSC model (Figure 4.12), the salient points
are discussed. It is observed that after achieving the peak strength, the model exhibits a gradual loss
of lateral strength. The peak lateral strength of the entire wall is achieved at a lateral drift of 0.77%
whereas, for EWSC model it is at a lateral drift of 1%. First cracking of concrete started at the early
drift of 0.05% whereas, in case of EWSC model the cracking of concrete in the shear wall starts at
0.014% drift due to the presence of slab at each floor level. The vertical bar on the tension side of
the wall started yielding at a lateral drift of 0.31% at the top. The peak compressive strength of
concrete in wall is achieved at 0.66% lateral drift for SSW model. The vertical reinforcement of the
wall does not reach its ultimate strain value, thus some reserve capacity remains in reinforcement.
The first crushing of concrete occurs at the toe region of the wall when the lateral drift is 1.66% and
1.47% for SSW and EWSC models respectively.
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Figure 4.12: Variation of normalised base shear during nonlinear static behaviour of SSW model.
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The maximum plastic equivalent principal strains also represent the onset of possible cracks in finite
element analysis. The comparison of tensile damage pattern for SSW and EWSC models are shown
in Figure 4.13a. The reduction in the lateral strength of the wall is mainly due to compressive
crushing of concrete at the toe of the wall. The compressive damage pattern for both SSW and
EWSC is shown in the Figure 4.13b. The tensile damage pattern follows the same trend as that of
cracking pattern. The face of the shear wall which is under tension experiences the tensile damage
first. The damage starts from the base of the wall and propagates vertically upward until the
maximum displacement is reached. Longitudinal stresses in horizontal reinforcement are not
significant. Figure 4.14 represents the plastic strain in the vertical reinforcement of the wall at the
height of 3m from base (first floor level). The equivalent plastic strain value is more in case of SSW
model as compared to EWSC, as the isolated shear wall displaces more in flexure. The maximum
value is at the tension face and linearly decreasing with increase in distance from the tension face.
In case of EWSC model, the equivalent plastic strain is observed at the compression edge also due
to the presence of floor slab.
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Figure 4.13: Comparison of response of SSW and EWSC models at maximum drift level: (a) tensile
damage pattern and (b) compressive damage pattern.

4.3 SUMMARY AND CONCLUSIONS

In this chapter, the finite element analysis of five different models are carried out to study the
behavior of shear wall - floor slab junction. These consists of one ten-storied building, three five-
storied building with different characteristics (FSWB models) and one shear wall-slab sub-
assemblage (EWSC model). Further, one isolated slender shear wall model (SSW) is also analyzed

to study the influence of slab on the behaviour of wall.
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Conventionally, slender shear walls in multistoried buildings are designed in the same way as
isolated shear walls. However, due to the presence of slabs, lateral stiffness of wall tends to increase
at each slab-wall junction. Thus, the slender wall gets partitioned into a number of smaller panels
between successive floor slabs. Each such panel behaves as a squat wall with the formation of
diagonal strut between two successive slab-wall junctions. This is observed for both EWSC and
FSWB models in the current study. Thus, the design methodology should consider strut formation
and associated failure modes for slender walls in multistoried buildings with floor slabs. The strut
formation leads to further propagation of damage in the floor slab as observed in EWSC model.
Conventionally, beams, columns and structural walls are designed to undergo desired levels of
damage during strong earthquake shaking. Floor slabs are not expected to undergo any seismic
damage. However, the portion of the floor slab connected to the walls undergoes significant damage
at higher levels of lateral displacement (as observed from the behaviour of EWSC and FSWB4
models). Significant damage at slab-wall junction may also lead to formation of sliding shear crack
across the wall. Any damage in slab is also difficult to repair as compared to the damages in beam,
column or structural wall. Thus, a new design methodology involving prevention or reduction of

damage in slab needs to be evolved.
The finite element analysis results confirm that the maximum stress concentration develops at the

base of the shear wall (EWSC) first and then propagates to the upper floor level at the junction.

Also, the developed tensile damage and the stresses are higher in the portion of the slab connected

TH-1664_10610414



Summary And Conclusions 87

to the shear wall. The slab panels not connected to the wall experience less strain and damage. The
behaviour of the shear wall slab assemblage (EWSC), with respect to maximum tensile stresses and

tensile damage, is in good agreement with the five storied building model (FSWB).

The finite element analysis also shows the formation of maximum stress concentration at the base
of the wall for both EWSC and SSW models. Due to the presence of slab, stress concentration
propagates to each slab-wall junction sequentially at upper levels in the EWSC model. However, in
all FSWB models, stress concentration is formed at first floor slab-wall junction. Although stress
concentration is observed to propagate at slab-wall junction in EWSC and in all FSWB models,
crushing of concrete occurs first at the toe of the wall for both the models. This is because of
extremely large stress concentration at that location due to combination of flexural compression and
diagonal compression in bottom panel. This observation also confirms the formation of diagonal
strut and partitioning of slender wall into squat wall panels. Thus, an overall seismic design
methodology for damage avoidance behaviour of floor slabs in multistoried RC frame-wall building

needs to be evolved.

The results of the different analytical studies carried out in this chapter show that the EWSC can be
conveniently used as the model to successfully predict the response of the structure. Therefore,

further studies will consider only EWSC model to understand the behaviour of wall-slab junction.
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Chapter 5
ANALYSIS OF WALL-SLAB ASSEMBLAGE: A
PARAMETRIC STUDY

5.1 OVERVIEW

In highly seismic regions, slender reinforced concrete (RC) structural wall is commonly used in
high-rise buildings as a primary lateral load resisting element. These walls are very effective in
limiting the lateral drift of the building due to their large in-plane stiffness. However, presence of
floor slabs influences the behaviour of the shear wall. Also, the current design requirements for RC
shear walls do not account for the presence of floor slabs. To understand the behavior of wall-slab
junction and to address the shortcomings of the current design requirements, the influence of two
parameters, namely (a) aspect ratio and (b) longitudinal reinforcement ratio on the behavior is
studied analytically. The present chapter presents the detailed investigation of the influence of floor
slab on the behaviour of shear wall. An exterior shear wall - slab assemblage from a multistoried

building is considered to carry out nonlinear static analysis.

The ESWC models analyzed in Chapter 4 are considered for carrying out the parametric study and
investigate the damage pattern at the wall-slab junction region under in-plane loading. For the
different slender shear wall-floor slab specimens, the amount of vertical reinforcement and the wall
length are varied. Using finite element analysis of the specimens, stresses and damage patterns are
monitored in wall, slab and at the shear wall-slab junction to observe the possible failure modes in
both wall and slab. The results highlight the requirement of changes in seismic design methodology

of RC wall, slab and wall-slab junction.

5.2 DESCRIPTION OF THE ASSEMBLAGE STUDIED

Considering different aspect ratios and vertical reinforcement ratios of the shear wall, eight different
models (Table 5.1) are analyzed in the present study. Two different vertical reinforcement ratios,
namely (a) 0.25% and (b) 3% in the shear wall are adopted in the analysis in order to investigate the
damage pattern in the floor slab. As tensile damage in the slab may extend beyond the ends of the
wall on either sides (Figures 3.11c and 3.12c), floor slabs in all the models except WSC1 and WSC5
have been extended on both sides of the shear wall. It is observed that an extension of slab by a

length Lw/4 (where Ly is the length of the wall) on either side of the wall, is sufficient to capture the
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possible extent of damage in the slab. The specimens WSC1, WSC2, and WSC3 are identical except
for the length of the slab and the wall. Similarly, WSC5, WSC6 and WSC7 are identical except the
length of the slab and the wall. WSC1 and WSC5, WSC2 and WSC6, WSC3 and WSC7, and WSC4
and WSCS8 are identical except for the vertical reinforcement ratio in the wall. WSC4 and WSC8
differ from all other specimen in height. These walls are more slender as compared to the other
models. Bars of 8 mm diameter are used at 150 mm spacing as vertical reinforcement in WSC1,
WSC2, WSC3 and WSC4. While WSC5, WSC6, WSC7 and WSC8 are reinforced with 28 mm
diameter bars at 130 mm spacing in vertical direction, 8 mm diameter bars are used at 150 mm
spacing as horizontal reinforcement in all the models. The thickness of wall, thickness of slab and
length of slab are considered as 300 mm, 120 mm and 1500 mm, respectively.

Table 5.1: Specifications of the models used in the analysis

Model Configuration WSC1 WSC2 WSC3 WSC4 WSC5 WSC6 WSC7 WSC8

Wall length (mm) 3000 3000 6000 3000 3000 3000 6000 3000
Wall height (m) 15 15 15 25 15 15 15 25
Vertical reinforcement 0.25% 0.25% 0.25% 0.25% 3% 3% 3% 3%
ratio

Vertical bars 8@150 8@150 8@150 8@150 28@130 28@130 28@130 28@130
Horizontal bars 8@150 8@150 8@150 8@150 8@150 8@150 8@150 8@150
Slab length (mm) 3000 4500 9000 5000 3000 4500 9000 5000

Both shear wall and slab are discretized with eight-noded solid elements having reduced integration
characteristics (C3D8R). Two noded linear truss element (T3D2) is used to model the steel
reinforcement. The rebars are modelled as embedded region in concrete using constraints in the
interaction module, and making concrete the host. The analyzed specimens are the exterior shear
wall-floor slab connection under lateral loading applied at the top. The entire height of the wall and
half width of floor slab, at every floor level, of the five storey frame-shear wall building (Kaushik
and Dasgupta, 2013) is considered for simulation. The translational and rotational Degrees of
Freedom (DoFs) are restrained at the bottom nodes of the wall for all the specimens. At the end of

the slab, all DoFs are restrained except in-plane displacement and rotations ¢, and ¢, . The out-of-

plane bending of the shear wall and the vertical bending of slab are restrained. Mesh convergence
study is carried out for the WSC1 model. Three different mesh sizes (75 mm, 100 mm and 150 mm)
are adopted in the analysis of shear wall-floor slab connection in order to investigate the mess
sensitivity of the model. Details of the mesh convergence study is given in Chapter 3. For all

subsequent analyses, the mesh size of 150 mm is adopted.

Concrete Damage Plasticity (CDP) model is used to assign concrete properties (as discussed in

Chapter 3). The steel reinforcement in wall and slab is modeled using theplasticity model in the
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finite element program. The material properties of the M25 grade concrete and HYSD Fe415 steel

are shown in Table 3.1. The reinforcement is obtained in the wall and slab by considering the design
load combinations as per Indian Standard of earthquake resistant design (BIS, 2016b). The detailing
of reinforcement in shear wall and continuous floor slabs is done as per Indian Standard (BIS, 1987).
The detailing of steel reinforcement at the shear wall - slab junction is already explained in Chapter
3. For shear walls, the reinforcement is provided along the horizontal and vertical directions in two

layers.
Displacement-controlled nonlinear static analyses of the eight models described in Table 5.1 are
carried out using Newton-Raphson method. For 15 m height of wall, code specified elastic drift
limit (BIS, 2016b) comes out to be 60 mm. However, as the study is intended to capture the possible
nonlinearities and the associated damage in wall-slab assembly, significantly higher values of lateral
displacement have been considered. The lateral displacement of 500 mm is applied at one of the top
node in the plane of the shear wall (Figures 5.1a and 5.1b). Along with the target lateral displacement
of 500 mm, a triangular variation of displacement distribution is considered along the height of the
wall (Figure 5.1c). It is observed that the pattern of displacement distribution along the height of the
walls does not affect the nonlinear response of the slab-wall assemblage significantly. The gravity
loads (both dead and live loads) on slab are assigned as pressure loads on the surface of the solid
elements. The behavior of the junction between the shear wall and floor slab has been studied by

observing the stresses in the steel reinforcement, plastic strain, minimum principal stress, tensile

damage and compressive damage patterns.
Roof slab
| "DITEITEITE ?

500 mm lateral ‘.
displacement F !
1

&

Lateral
- sle— - 1
displacement ! ]
) ,’
1 1
I |
Floor slab [mesl—---d
N H
I |
1 1
Iel—
[]
Compression !
p h, 1 Ly

_face ,
—-

Tensio
face

T TFFTFTFFFF

(©

(b)
Figure 5.1:  Finite element model of WSC1 specimen: (a) steel reinforcement, (b) applied lateral
displacement and (c) triangular variation of displacement.
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5.3 RESPONSE OF SHEAR WALL - SLAB ASSEMBLAGE

The response of shear wall-slab assemblage for displacement controlled nonlinear static analysis is
presented in this section.

5.3.1 Shear Force - Drift Relationship

For all the models, the variation of base shear capacity (normalized with respect to self-weight) with
lateral drift is obtained by carrying out nonlinear static analyses (Figure 5.2) and the results are
summarized in Table 5.2. A few salient points are also indicated on the capacity curves of the
respective models. The failure modes such as: (a) yielding of vertical reinforcement in wall, (b)
yielding of reinforcement in slab, and (c) crusing of concrete have been studied. For WSC1, the
model with vertical reinforcement ratio of 0.25% in shear wall, the first cracking of concrete occurs
in the slab near the junction region at a drift of 0.02%. The cracking of shear wall starts at the bottom
tension face at a lateral drift of 0.05%. Yielding of vertical reinforcement at the bottom tension face
of shear wall occurs at a drift of 0.13%. The reinforcement in the slab at the junction region yields
at a drift of 0.2% and the maximum lateral load capacity is reached at a drift of 1.19% (Figure 5.2a).

Table 5.2: Comparison of salient points for shear force - drift relationship of different models

First cracking of First cracking of Yielding of vertical rei;(;glgelz:?eﬁ{ in
concrete in wall concrete in slab reinforcement in wall Gts
Maan_um Drift Normalized Drift Normalized Drift Normalized Drift Normal-
Model normalized ;
(%) shear (%) shear (%) shear (%) ized shear
base shear

WSC1 17.85 0.053 4.18 0.028 2.32 0.130 7.26 0.205 9.21

WSC2 16.85 0.061 4.16 0.029 2.17 0.131 6.79 0.197 8.42
WSC3 21.41 0.061 5.57 0.029 3.07 0.094 7.25 0.155 9.44
WSC4 5.90 0.060 1.61 0.017 0.60 0.318 417 0.140 2.68
WSC5 26.39 0.053 5.50 0.028 3.00 0.221 12.43 0460 17.87
WSC6 25.15 0.105 7.66 0.029 2.80 0.211 11.35 0.401 15.70
WSC7 27.11 0.121 8.67 0.054 5.29 0.191 11.23 0.191 11.23
WSC8 8.38 0.039 1.30 0.017 0.65 0.563 6.76 0.215 4.04

In case of WSC2 model, the floor slabs have been extended on both sides from the face of the shear
wall in order to study the spread of damage in the slab along the length of the wall. The maximum
lateral load capacity is reached at a drift of 1.22% (Figure 5.2b). The maximum lateral load capacity
of WSC2 gets decreased approximately by 7% as compared to WSC1 because of spreading of more
damage in the floor slab region. Yielding of vertical reinforcement in the shear wall and horizontal
reinforcement in slab takes place at the same drift level as that of WSC1. The cracking patterns in

the shear wall and floor slab are observed to be similar to those of WSC1.
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WSCS is similar to WSC1 except for the amount of vertical reinforcement ratio in the shear wall.
The maximum load carrying capacity of WSC5 is more as compared to WSC1 due to the higher
amount of vertical reinforcement in the shear wall. At a drift of 1.38%, WSC5 reaches its maximum
lateral load capacity (Figure 5.2a). The first cracking of concrete in shear wall and floor slab of
WSCS5 takes place at a drift level same as that for WSCL. In case of WSC5, the vertical
reinforcement of shear wall yielded before the yielding of the slab reinforcement at a drift of 0.22%.

The difference in the models WSC6 and WSC2 is the amount of vertical reinforcement present in
the shear wall. WSC6 is analysed using 3% vertical reinforcement ratio in the shear wall. At a drift
of 1.35%, it reaches its maximum lateral strength. It is observed that the development of first crack
in WSC6 takes place at the slab region near the junction of shear wall and slab. The first crack in
the floor slab occurs at a drift of 0.02% and that in shear wall at 0.1% drift (Figure 5.2b). The
yielding of vertical reinforcement in shear wall occurs at a drift ratio of 0.2%. The reinforcement of
the slab in the junction region gets yielded at a drift ratio of 0.4%.

For WSCS3, the length of shear wall is increased to twice as that of WSC2. The shear wall behaves
more like a squat wall in between the floor slabs. WSC7 is similar to WSC3 except for the amount
of vertical reinforcement in the shear wall. Both WSC3 and WSC?7 reach their maximum strength
at drift levels of 0.99% and 1.06%, respectively (Figure 5.2c). The vertical reinforcement in the
shear wall and the horizontal reinforcement in the slab at the junction region starts yielding at the
same drift level as that of WSC2. But the lateral load capacities at those drift levels are more than
those of WSC2. As the entire wall behaves like an assembly of squat wall panels, the flexural
deflections for models WSC3 and WSC6 are less as compared to other models, resulting in the

higher maximum lateral load capacity.

The structural parameters of WSC4 and WSC8 are similar to those of WSC2 and WSC6,
respectively. The only difference in these models is the height of the slender shear wall. WSC4 and
WSC8 are modeled with 0.25% and 3% vertical reinforcement ratios in shear wall, respectively.
The maximum lateral strength occurs for WSC4 and WSC8 at a drift of 0.92% and 1.28%,
respectively (Figure 5.2d). There is a reduction in the maximum load capacity of these models
because of the slenderness of the wall as compared to the other models. Due to the flexural mode of
behaviour in slender wall, yielding and crushing of concrete occur earlier than occurrence of those
failure modes in a squat wall. In case of squat walls, crushing of concrete under diagonal
compression occurs later. Also, in these models, yielding of reinforcement in the slab takes place
before the yielding of wall reinforcement. The first cracking of concrete in slab occurs at a very less
drift ratio of 0.01%, and at the same drift level, slab reinforcement also gets yielded in both the

models. The vertical reinforcement in shear wall at wall-slab junction yields at 0.31% for WSC4
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and 0.56% for WSC8 model. The vertical steel of shear wall in WSC8 yields at a higher drift
compared to WSC4 due to higher amount of steel. At the wall-slab junction region, the combined
effect of in-plane moment of wall and the slab moment cause the yielding of the slab steel first in
the tension face of the junction. On the compression face of the junction, the reinforcement in slab

region does not yield in tension due to the counteractive nature of the in-plane moment.
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Figure 5.2: Comparison of lateral shear force-drift variation for different wall-slab models: (a)
WSC1 and WSC5; (b) WSC2 and WSC6; (c) WSC3 and WSC7; (d) WSC4 and
WSCS.

5.3.2 Minimum Principal Stress

Figure 5.3 shows the variation of minimum principal stresses in the shear wall at adrift level of

3.33%, normalized with respect to the characteristic compressive strength of concrete, along the
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height (Hw) of wall panel, varying from 0.2H,, to the full height of the wall panel. The principal
stresses at the tension and compression faces of the wall are more as compared to the values in the
middle of the wall. Due to this stress development, the damage is concentrated more at the tension
and compression faces. The stresses in the concrete are more due to the high vertical reinforcement
ratio in the shear wall. The nearly uniform variation of stresses in the middle of the wall shows the
extent of strut formation. Due to the same length of shear wall in models WSC1, WSC2, WSC5 and
WSC6, the minimum principal stress have similar pattern at the tension and compression faces
(Figures 5.3a and 5.3b). Due to the similar stresses, the lateral load capacity for all the four models
are almost similar (Figures 5.2a and 5.2b). For models WSC3 and WSC7, due to the increase in the
length of the shear wall, uniform variation of the stresses is observed along the length of the wall
and the values are less compared with the other models (Figures 5.3c), due to which, the strut action
is not dominant in this case. Due to the large stresses in the models WSC4 and WSC8 (Figure 5.3d),
the lateral capacity gets reduced as observed in Figure 5.2d. At a height Hy from the wall-slab
junction, i.e., at the bottom of the next upper floor slab-wall junction, the higher stress values reflect
the tendency of strut formation. Concrete at those locations fails earlier as compared to the models

with squat wall panels.

5.3.3 Propagation of Crack and Damage

The variation of equivalent plastic strain in slab concrete with respect to the lateral drift is obtained
at different locations along the wall-slab junction (Figure 5.4). Since the maximum equivalent
plastic strain reflects the trend of crack formation, the tendency of crack formation in slab concrete

in the different models is also obtained.

For WSC1, WSC2, WSC5 and WSC6 models (Figures 5.4a and 5.4b), almost similar cracking
patterns are observed due to the same aspect ratios of the wall panels. The plastic strain values for
3% vertical reinforcement ratio are less as compared to the values obtained for 0.25% steel ratio,
leading to less cracking in the junction region. The vertical reinforcement at the tension face of the

shear wall starts yielding first resulting in the high plastic strain concentration.

It is observed that the plastic strain value reduces with increasing distance from the tension face of
the wall. The web portion of the shear wall experiences less strain and the strain increases in small
amount at the compression face. The plastic strain values increase with the drift as the cracks start
propagating from the tension face of the shear wall. Cracking of concrete starts at the base of the
shear wall and propagates up to the wall-slab junction. Due to the presence of the floor slab, a
diagonal strut develops in the wall panel between two successive floor slabs, thus, the slender wall

gets partitioned into a number of squat wall panels between the floor slabs.
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Figure 5.3:  Variation of minimum principal stress in shear wall: (a) WSC1 and WSCS5; (b) WSC2
and WSC6; (c) WSC3 and WSC7; (d) WSC4 and WSCS8.

For WSC3 and WSC7 (Figure 5.4c) models, squat wall behaviour is observed due to the low aspect
ratio of those specimens. Maximum cracking is observed in the floor slab at the two ends of the
wall-slab junction region. In this case also, the strut action spreads over a large region in the wall
panel due to lower aspect ratio. Since the length of the shear wall is more, cracks do not propagate
till the middle of the slab for low drift ratios. Though plastic strain values in the middle portion of
the slab increase after 0.75% drift, the maximum values are observed at the two ends of the wall-

slab junction.
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Figure 5.4: Comparison of equivalent plastic strain in slab along the length of shear wall: (a)
WSC1 and WSC5; (b) WSC2 and WSC6; (c) WSC3 and WSC7; (d) WSC4 and
WSCS.

For WSC4 and WSC8 (Figure 5.4d), the plastic strain values are maximum as compared to the other
models leading to a large number of cracks at the tension face of the wall and also in the floor slab.
It is concluded that the aspect ratio and the reinforcement ratio significantly affect the damage
propagation and the load carrying capacity. Specimen with lower reinforcement ratio tends to
develop more cracks in the junction region. After a drift level of 0.5%, the equivalent plastic strain
in concrete at the shear wall-slab junction along the length of the wall exceeds the crushing strain
of concrete (0.01). This may lead to the development of a major sliding shear crack across the wall-
slab junction in the plane of the wall. The sliding cracks can further result in the formation of

compressive strut in wall panel between the floor slabs.
Higher values of compressive stresses are observed at the wall-slab junction as compared to those

observed at the base of the wall. Similar results were observed in the experimental study carried by

lle and Reynouard (2004). Deformation of individual bar at wall-slab junction also leads to
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concentration of stresses. Stresses in the longitudinal reinforcement of the slab reach the yield values
starting from the face of the wall and extend linearly to the edge support. In the shear wall-slab
junction region, most of the vertical reinforcing bars get yielded. The maximum tensile damage is
observed in the shear wall-slab junction region and spreads diagonally between two consecutive
floor slabs concentrating the stresses at the corners. Flexural shear cracks are formed in the slab at
the connection with the shear wall (Pantazopoulou and Imran, 1992). In addition, major cracks
develop in the slab at the tension face of the wall-slab junction.

Figures 5.5 and 5.6 show the propagation of cracks from the initial cracking to the crushing of
concrete up to the final displacement. The cracks in the shear wall start from the bottom and
propagate to the shear wall-slab junction region. However, at wall-slab junction, first cracking starts
at the first floor slab and then in the shear wall. The vertical bars on the tension side at the bottom
of the wall start yielding for all the models. Also at the same displacement level, some of the vertical
bars at the first floor shear wall-slab junction region start yielding. Since the yielding of
reinforcement in the shear wall and floor slab starts at a very low drift ratio, significant nonlinear
behavior is observed in wall and slab well before the code specified elastic drift of 0.4% (BIS,
2016b). The crushing of concrete is observed to initiate in wall-slab junction at a lateral drift of
1.47% for WSC1 and WSC2 and at 1.6% for WSCS5 respectively. Due to the presence of floor slab,
a diagonal compressive strut develops in the wall panel between two successive floor slabs similar
to squat wall behaviour. Thus, the floor slab significantly modifies the behavior of the slender wall

by partitioning it into squat wall panels.

Comparing WSC1, WSC2 and WSC5 models at different drift ratios, it is observed that with higher
reinforcement in WSC5, the patterns of cracking and tensile damage are completely different as
compared to the other two models. The damage does not spread significantly in the floor slab for
WSCS5, whereas, in case of WSC1 and WSC2, diagonal struts tend to concentrate the damage at the
wall-slab junction regions along with considerable propagation of damage in the slab panel (Figure

5.5). These models are compared since the length of the wall is same in all of them.
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Figure 5.5: Variation of tensile damage with lateral drift level in WSC1, WSC2 and WSC5
models.

Comparing the pattern in WSC2, WSC3 and WSC4 models, it is observed that the formation of strut
is more prominent in case of WSC2. All these models are compared as they are having the same
reinforcement ratio but different aspect ratios. WSC3 model is more squat and WSC4 model is more
slender than WSC2 model. Comparing the propagation of damage in the slab and the wall at
different drift levels, it is observed that the maximum level of damage is attained faster in case of
slender wall model (WSC4). Less damage propagation is observed in squat wall model (WSC3). It
is observed that the slab reinforcement connected to the shear wall, along the length of wall, yields
first, while the reinforcement in the extended slab region remains unyielded. The vertical
reinforcement in the wall yields mostly at the wall-slab junction region.

Also, it is observed from the cracking pattern and tensile damage pattern that maximum cracks are
developed in the slab panels connected with shear wall. The extended part of floor slab panels, not
connected with shear wall, experiences less cracks and very less damage. Conventionally, slender
shear wall in multi-storied buildings is designed in the same way as an isolated shear wall. However,
due to the presence of slabs, lateral stiffness of wall tends to increase at each wall-slab junction.
Thus, the slender wall gets partitioned into a number of smaller panels between successive floor
slabs. Each such panel behaves as a squat wall with the formation of diagonal strut between two
successive wall-slab junctions as observed for WSC1 and WSC2 models. Thus, the design
methodology for slender walls in multistoried buildings with floor slabs need to consider strut

formation and the associated failure modes in the partition wall panels.
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Figure 5.6: Variation of tensile damage with lateral drift level in WSC2, WSC3 and WSC4
models.

5.3.4 Tensile and Compressive Damages

In order to find the effect of aspect ratio and vertical reinforcement of shear wall on the damage
pattern at shear wall - slab junction region, the variation of tensile damage in slab with drift ratio is
obtained at different distances from the face of the wall (Figure 5.7). For all the cases, the tensile
damage starts at the base of shear wall and then it forms at the shear wall-slab junction. For WSC1
and WSC2 models (Figures 5.7a and 5.7b), similar behavior is observed with the tensile damage
reaching the maximum value below 0.5% drift. The only difference is that the tensile damage
spreads beyond the face of the shear wall (towards the extended slab) in case of WSC2 model,
whereas, the spread of damage is lesser in case of WSC1 model. For WSC5 and WSC6, the
behaviors are similar to WSC1 and WSC2 models respectively, however, the damage in the floor
slab is less as compared to WSC1 and WSC2 models. Maximum damage does not reach the middle
of the slab even at high drift ratios. Maximum damage in the shear wall is concentrated at the tension

face and to some extent at the compressive face.

WSC3 and WSC7 models (Figure 5.7c) show less damage as compared to the previously described
models. The maximum damage occurs in the slab at the tension face. As the distance increases from
the tension face, it is observed that the damage in the slab does not reach the maximum damage
value even at high drift ratios. Thus, by increasing the length of the shear wall and the percentage
of steel in shear wall, damage in the floor slab can be avoided. Since the floor slab is experiencing
less damage, the load carrying capacity is maximum in this case. Due to higher aspect ratios of
WSC4 and WSC8 models, the shear wall is slender as compared to other models. They experience
maximum damage at a low drift ratio, hence the load carrying capacity is less in these cases. Thus,
increasing the percentage of vertical reinforcement in the shear wall leads to reduced damage in the
floor slab connected to it. The code specified minimum vertical reinforcement in shear walls needs

to relooked at and possibly modified accordingly.

TH-1664_10610414



Response of Shear Wall - Slab Assemblage 103

,_.
[
—
5]

—_

o
0

Tensile Damage

0.2

Lateral Drift (%)
(a)

._
)

—_

o
)

Tensile Damage

02

Lateral Drift (%) Lateral Drift (%)
(©) (d)

Figure 5.7:  Variation of tensile damage in slab along the length of shear wall: (a) WSC1 and
WSCS5; (b) WSC2 and WSC6; (c) WSC3 and WSC7; (d) WSC4 and WSCS8.

The maximum tensile damage is observed in the shear wall-slab junction region and spreads
diagonally between the two floor slabs concentrating the stresses at the corners. In previous
experiments flexural shear cracks were observed to form in the slab at the connection with the shear
wall (Pantazopoulou and Imran, 1992). In addition, major cracks develop on the tension side of the
slab from the face of the shear wall. Although floor slabs are not expected to undergo any damage
during earthquake shaking, the portion of the floor slab connected to the wall undergoes significant
damage at higher levels of lateral drift. The tensile damage starts propagating into the slab from the
junction region. Figure 5.8 shows the propagation of cracks from the face of the wall into the slab.
For models WSC1, WSC2, WSC3 and WSC4 with less reinforcement ratios, the cracks propagate
across the full width of the slab to maximum damage. For WSC5, WSC6, WSC7 and WSC8 models,
the maximum tensile damage is attained at a distance of one fourth width of the slab from the face
of the wall. From Figure 5.8, it is clear that increasing the minimum percentage of steel in the shear

wall may lead to lesser damage in the floor slabs.
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Figure 5.8: Variation of tensile damage in slab with distance from the face of shear wall: (a) WSC1
and WSCS5; (b) WSC2 and WSC6; (c) WSC3 and WSC7; (d) WSC4 and WSCS.

The compressive stresses in concrete lead to the development of compressive damage. The major
compressive damage is observed in the slab at a distance of one fourth length of slab from the tension
face of the shear wall. Also some damage is observed on the compressive face. Figure 5.9 explains
the pattern of compressive damage in slab at the junction region for all the models. For all the
models except WSC3 and WSC?7, the compressive damage starts at a higher drift value. Due to the
low aspect ratio of the wall for those specimens, higher compressive stresses in concrete develop at
the junction of shear wall and floor slab reflecting behavior of wall panel like squat wall. The
damage is concentrated mostly near the tension and compression faces of the wall and gets reduced
with increase in distance from the face of the wall. The compressive damage starts at very high drift
ratios when concrete is over-reinforced at the compressive face of the shear wall. The tensile damage
is more dominating for all the models, as the reinforcement at the bottom of the shear wall reaches
its yield limit first. Then, the reinforcement in the slab at the junction region starts yielding, due to

which more tensile damage is observed at the shear wall-slab junction.
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Figure 5.9: Variation of compressive damage in slab along the length of shear wall. (a) WSC1 and
WSCS5; (b) WSC2 and WSC6; (c) WSC3 and WSC7; (d) WSC4 and WSCS8.

5.4 DISCUSSION OF RESULTS

In this chapter, result of nonlinear static analysis of wall-slab assemblage carried out using CDP
model, which are used to predict the behavior of shear wall - floor slab junction are discussed. In
particular, eight different shear wall-slab assemblages with different aspect ratios and vertical
reinforcement ratios are analyzed for obtaining the influence of parametric variation on wall-slab
junction behaviour. The CDP model has been first calibrated using experimental results of
Pantazopoulou and Imran (1992). After validation with the experimental results, simulation of eight
different models is performed in ABAQUS/Standard using IMPLICIT method to study the seismic
damage pattern of the shear wall-slab assemblages. The findings of the study are summarized in the

following paragraphs:

1) WSC1 and WSC2 models show similar behaviour in terms of lateral load carrying capacity.
The maximum lateral load capacities of WSC5 and WSC6 models are higher than those of
WSC1 and WSC2 models. The maximum lateral load capacities depend on the vertical
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reinforcement ratio in the wall and the aspect ratio. WSC3 and WSC7 models have larger
lateral load capacities as compared to all other models. On the other hand, WSC4 and WSC8
models have the lowest capacities. The analytical results show that lower aspect ratio of wall
panel between two successive floor slabs results in higher load carrying capacity of the
specimen.

2) Equivalent plastic strain distribution in the slab along the length of the wall shows maximum
equivalent plastic strain values for WSC4 and WSC8 models leading to a large number of
cracks at the tension face of the wall. Models with lower reinforcement ratios (WSC1, WSC2,
WSC3 and WSC4) tend to develop more cracks at the junction region. After a lateral drift level
of about 0.5%, the strain value exceeds the crushing strain of concrete leading to major sliding
cracks. Compressive strut in the wall panel starts developing between the floor slabs due to the
formation of cracks at the tension and the compression faces of the wall.

3) The study shows that the tensile and compressive damage in the slab depend on the aspect ratio
and the amount of vertical reinforcement ratio in the wall. It is observed that higher aspect ratio
and lower reinforcement ratio result in maximum damage at lower drift values.

4) Considering the tensile damage at the junction region, it is observed that the maximum stress
concentration develops at the base of the shear wall first and then forms at the upper floor level
slab-wall junction. Also, the developed tensile damage and the stresses are more in the portion
of the slab connected to the shear wall along its length. The slab panels not connected to the
wall experience less strain and damage. Conventionally, slender shear wall in multistoried
buildings are designed in the same way as isolated shear walls. However, due to the presence
of slabs, lateral stiffness of wall tends to increase at each wall-slab junction. Thus, the slender
wall gets partitioned into a number of smaller panels between successive floor slabs. Each such
panel behaves as a squat wall with the formation of diagonal strut between two successive
wall-slab junctions as observed in WSC1 and WSC2 models. Thus, the desigh methodology
should consider strut formation and associated failure modes for slender walls in multistoried
buildings with floor slabs.

5) Conventionally, beams, columns and structural walls are designed to undergo desired levels of
damage during strong earthquake shaking. Floor slabs are not expected to undergo any seismic
damage. However, in the present study it is observed that the portion of the floor slab connected
to the walls undergoes significant damage even at moderate levels of lateral drift. Significant
damage at wall-slab junction may also lead to formation of sliding shear crack across the wall.
Any damage in slab is also difficult to repair as compared to the damages in beam, column or
structural wall. Thus, a new design methodology involving prevention or reduction of damage

in slab needs to be evolved.
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Chapter 6
PLASTIC HINGE LENGTH IN RC SHEAR WALL
CONNECTED WITH FLOOR SLABS

6.0 OVERVIEW

In multistoried RC wall-frame buildings, shear walls play an important role in the seismic behaviour
of such buildings. At every floor level in such building, the walls are generally connected to the
floor slabs. In the previous chapters, it was observed that the floor slabs tend to partition the slender
wall into panels with mobilized squat wall behaviour. Also, the concentration of tensile and
compressive damages at the wall-slab junctions indicates development of material nonlinearity at
certain locations along the height of wall. This is in contrast to the conventional isolated slender
wall behaviour with a single region of inelastic behaviour. Past studies have mainly focused on
isolated slender wall specimens with the zone of predominantly inelastic behaviour, i.e., the plastic
hinge zone developed at the base of the wall under seismic actions. However, the regions of
nonlinearity and inelastic action in a wall connected with floor slabs have not been investigated in
any past study. In the present study, displacement-based nonlinear static analysis is carried out,
under monotonic as well as cyclic modes, to investigate the plastic hinge region in shear wall - floor
slab assemblages. To obtain the plastic hinge length (L;), a parametric study is carried out by varying
axial compression on wall and wall panel aspect ratio. It is observed that unlike the concentration
of inelasticity at the base of a wall without slabs, the curvature demand increases significantly at the
wall-slab junction, leading to the development of nonlinearity and damage at those locations. Based
on curvature distribution and variation of tensile damage along the height of the wall, closed form
expressions for estimation of plastic hinge length are proposed for shear wall with slabs connected

at every floor level.

6.1 PLASTIC HINGE LENGTH

In multistoried RC frame buildings, typical material nonlinearity is observed in beams and columns
during strong earthquake shaking. Along with beams and columns, similar nonlinear behaviour may
get mobilized in shear walls for RC frame-wall buildings. The development of material nonlinearity
along with possible tensile damages takes place in the plastic hinge region of each member. The
extent of the plastic hinge zone is expressed in terms of plastic hinge length (Lp). In isolated slender

shear wall specimen, maximum nonlinearity and the plastic hinge zone develop at the base of the
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wall. Also it is assumed that the maximum curvature at the bottom of the wall is uniform over the
plastic hinge length which is considered within the range of 0.5Lyto Lw, where Ly, is the wall length.
All the past studies on estimation of L, in shear wall specimens have been carried out on isolated

slender wall specimens.

6.1.1 Parameters required for estimation of L,

Plastic hinges are expected to form at the regions of maximum bending moment demand in RC
members. Traditionally, the concept of plastic hinge is discussed in the context of cantilever RC
members in which the tip displacement can be easily obtained by integrating curvature with a known
L, value. Therefore, accurate assessment of L, is important in relating section-level response to
member-level response. The L, depends on many factors such as: 1) level of axial force, 2) gradient
of bending moment, 3) level of shear stress in the plastic hinge region, 4) mechanical properties of
longitudinal and transverse reinforcement, 5) compressive strength of concrete, and 6) level of
confinement in the potential hinge region. In the past, researchers (Baker, 1956; Baker and
Amarakone, 1964; Mattock, 1964; Mattock, 1967 and Corley, 1966) studied L, to estimate the
flexural deformation capacity of reinforced concrete beams. To estimate the flexural deformation

capacity, the plastic rotation capacity is obtained as,
O, =4 & x| (6.1)

where, . isthe maximum concrete compressive strain, ¢ is elastic concrete compressive strain and

c is distance from extreme compression fiber to neutral axis. In a cantilever column, the plastic hinge
length is defined as the equivalent length over which the inelastic curvature is considered to be
constant (Park and Paulay, 1975). By elastoplastic idealization of the actual moment-curvature (M-
¢) response, the yield curvature (¢y) and the ultimate curvature (¢.) are estimated (Figures 6.1a and
6.1b). The assumption of constant inelastic curvature over a length L, (Figures 6.1c and 6.1d) leads

to the expression of total flexural displacement at the tip of the column (Ayip) as,

gL
3

A.

— A +A, =2 (g4, )L, (L, -05L,) 6.2)

where, Ay is the yield displacement, A, is the plastic displacement and L is the distance from critical

section to point of contraflexure. The term (¢—¢y)Lp in Eq. (6.2) refers to the plastic rotation and

is based on the assumption that the plastic curvature is lumped in the center of the equivalent plastic
hinge length. The terms ¢ and ¢, represents the total and yield curvature, respectively, at the base of

the shear wall.
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By further simplifying Eqg. (6.2), Park and Paulay (1975) obtained the relationship between

curvature and displacement ductilities as,

Lp Lp
1y =143 (s, _1)f 1-05.2 (6.3)

S S

Equations (6.2) and (6.3) have been commonly used to estimate the L, of concrete columns. It is
interesting to note that the curvature profile along the column is often related to the tip displacement
rather than flexural displacement (Park and Priestley, 1982; Priestley and Park, 1987; Paulay and
Priestley, 1992; Sheikh and Khoury, 1993; Sheikh et al., 1994 and Bayrak and Sheikh, 1998). Plastic
hinge analysis is based on the assumption of an elasto-plastic behaviour and an equivalent plastic
hinge length. The elastoplastic idealization of actual M-¢ curve depends on the type of RC element,
Figure 6.2 shows the difference between the equivalent yield curvature for a column and for a shear
wall (Adebar and Ibrahim, 2002).

v Moment, M
A
M, b e R
My A
¢ tactual curve |
: |\ -
< 1 i > Lp
.r/?,'?/f/ ¢y ¢U |<— ¢u —>| —>¢y|<— ‘J *
Curvature, ¢ Severely damaged uaps
region
(a) (b) © %

Figure 6.1: Definition of plastic hinge length: (a) Cantilever wall, (b) Moment-curvature curve,
(c) curvature of maximum response and (d) equivalent curvature (Park and Paulay,
1975).

6.1.2 Previous Work on Plastic Hinge Length

The following section describes the models developed by various researchers to determine the

plastic hinge length for various kinds of concrete elements.
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Figure 6.2: Bending moment-curvature relationship for: (a) column and (b) shear wall.

6.1.2.1 Beams and Columns

In the past studies on RC beams and columns, several researchers have proposed the estimation of
L, using different parameters. Chan (1955) suggested that the plastic hinge length is equal to the
distance over which the flexural reinforcement yields in beam. Based on the tests carried out on 94
beam and column, Baker (1956) proposed that the plastic hinge length in columns lies between 0.5h
and h, where h is the column dimension perpendicular to the axis of bending. Baker and Amarakone
(1964) proposed an expression for Lp, observing that the structural elements with cold-worked
reinforcement have longer plastic hinge zone than the mild steel reinforcement. Sawyer (1964)
developed a design methodology for RC frames based on a bilinear moment-curvature relationship.
Here, assumption was made that the ratio of yield to maximum moment is 0.85 and the estimate of
L, proposed by Chan (1955) was modified as 0.15 times shear span. It was also assumed that
plasticity would spread over a length of d/4, and an equation for plastic hinge length was proposed
in terms of effective flexural depth and shear span. Mattock (1964) and Corley (1966) conducted
experiments on several beams and proposed a similar equation as that of Sawyer (1964) and
observed that L, increases with effective depth d and shear span to depth ratio, while it decreases
with the quantity of flexural tension reinforcement ratio. Mattock (1967) proposed similar equation

of plastic hinge length for beams by varying the coefficients of effective depth and shear span.

6.1.2.2 Shear Walls

Paulay (1986) proposed the expected variation of plastic hinge length in ductile RC walls in the
range of 0.5Ly to Lw. The same limit was proposed by Wallace and Moehle (1992) considering the

confined boundaries in RC walls subjected to earthquake loading. Paulay and Uzumeri (1975)
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modified the equation of L, proposed by Sawyer (1964) to apply for shear walls by assuming

effective depth as o0.8L,and lever arm for flexural action, z as H with the proposed equation as,
L,=08¢L,+4H, (6.4)

where, Hy is the height of wall. &y and S, are dimensionless parameters on length and height of wall,
respectively. Paulay and Priestley (1992) reported tests on ductile concrete walls of rectangular cross
section subjected to seismic loading to study out-of-plane buckling and recommended the
parametric values as o =0.25 and pn =0.044 respectively. Sasani and Der Kiureghian (2001)
reexamined the plastic hinge length proposed by Corley (1966) and Mattock (1967) and proposed a

new plastic hinge length as,
L, =0.43d +0.077,/L, /d , (6.5)

Panagiotakos and Fardis (2001) carried out experiments on more than 1000 reinforced concrete
members (out of which 61 were shear walls), subjected to uniaxial bending, with and without axial
loads, to estimate flexural deformation in terms of the member geometric and mechanical properties.

The proposed plastic hinge length is as follows.

L., =0.12L+0.014d, f, for cyclic loading, and (6.6)

Lp.mon =1.5L, ¢, for monotonic loading, (6.7)

Ty

where, dy is the diameter of bar in meters, fy is the yield strength of reinforcement in MPa, Ly IS
the plastic hinge length for cyclic loading in meters and Lymon iS the plastic hinge length for

monotonic loading in meters.

Bohl and Adebar (2011) have conducted analyses on a range of isolated walls with different wall
lengths, maximum bending moment-shear force ratios, axial compression levels, axial tension

levels, and shear stress levels. The results were used to develop a simple expression for L, as,

L, =(0.2L, +0.05LS)£1—1.5.L} <08L, | (6.8)

C

where, fc' is the cylinder compression strength of concrete, A, is the gross area of wall cross section

and P is the axial load.
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Kazaz (2013) proposed an expression for plastic hinge length for cantilever structural walls

depending on wall length, axial force ratio (P/Ag fc) horizontal reinforcement ratio in web of wall,

and shear span-to-wall length ratio. The proposed equation of L, is given by,

L, =0.27L,,|1- Agpf. [1— fypf“](MN ]so.s, (6.9)

fC LW

where, M/V is the shear span and ,_ is horizontal reinforcement ratio in web of wall.

Mun and Yang (2015) have formulated the L, as a function of longitudinal tensile reinforcement
ratio in the boundary element, vertical shear reinforcement ratio in the web and axial force ratio.
Takahashi et al. (2013) carried out experiments on different shear wall specimens by varying wall
length, wall thickness, detailing of reinforcement, and axial force to predict the flexural drift
capacity, with the extent of plastic hinge zone considered as 2.5 times that of the wall thickness.

In isolated slender shear walls, plastic hinge is expected to form at the base of the wall under lateral
loading, with the restriction of plastic rotation in the hinge zone within an acceptable limit. The
conventional seismic design based on a single plastic hinge at the bottom of the wall is not
applicable for walls in multistoried buildings (Munir and Warnitchai, 2012). It was suggested that
plastic hinges may form at several selected locations along the wall height and not just at the base
of the shear wall. The deformation of the first storey controls the compatibility forces transferred
therein, which to a large extent account for the increase in the base shear demand on the short wall
relative to single walls. In another similar study, a second plastic hinge was introduced at the mid-
height of the shear wall to allow for more realistic spread of plasticity over the height of the first

storey (Beyer et al., 2014).

Several other expressions have been proposed by researchers based on analytical and experimental
work on isolated slender shear walls. However, the development of nonlinearity and the possible
plastic hinge region in RC wall in presence of floor slabs, have not been investigated in the past
studies. In the present study, nonlinear static analysis is carried out on an exterior shear wall-slab
assemblage for investigating the plastic hinge length at the junction of shear wall and floor slab with
reference to the variation of curvature and tensile damages. The presence of floor slab tends to
partition the wall into a number of panels between the successive floors. A parametric study
considering the length (Lw), as well as the aspect ratio of wall panel and axial load ratio is carried
out and expressions for plastic hinge length at the wall-slab junction are proposed towards the end

of the chapter.
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6.2 MODELLING AND ANALYSIS DETAILS

A five storey RC frame-wall building located in highest Seismic Zone in India is considered in the
present study (BIS, 2016b) (Figure 3.13). From that building, an exterior shear wall - slab
assemblage (Figure 4.1d) is considered for investigation of plastic hinge length near the wall-slab
junction region (Kaushik and Dasgupta, 2013). The modelling details, using ABAQUS program,
are mentioned in Chapter 3. The assemblage is modelled using solid elements with reinforcement
embedded in the shear wall and floor slab region. The thickness of shear wall and slab are 300 mm
and 120 mm, respectively. Two layers of vertical and horizontal reinforcement are provided in the
shear wall; 8 mm diameter bars are spaced at 150 mm vertically and horizontally. In slabs, 8 mm
bars are used at top and bottom at a spacing of 300 mm. For all the cases, the shear walls and floor
slabs are modeled using Concrete Damaged Plasticity (CDP) properties as discussed in Chapter 3.
The assemblage analyzed in the current study has a characteristic concrete compressive strength of
25 MPa. The tensile strength of concrete is assigned as 3.5 MPa. The stress-strain characteristics of
concrete in compression and tension are shown in Figures 3.6a and 3.6b, respectively. The elastic
modulus of concrete is taken as 25,000 MPa. Steel reinforcement is modelled with the material
property assigned using plasticity model in ABAQUS. The vyield stress, ultimate stress and the
modulus of elasticity of steel are considered as 415 MPa, 527 MPa and 2,00,000 MPa, respectively.
The gravity loads (both dead and live loads) on slab are assigned as pressure loads on the surface of
solid elements. The total intensity of loading on slab including live load and floor finish is
considered as 4 kN/m2. The floor slabs are tied to the shear wall at the floor levels using tie
constraint. The translational and rotational Degrees of Freedom (DoFs) are restrained at the bottom
nodes of the wall. As the present study intends to investigate the nonlinear behaviour for in-plane
analysis of wall, the outer edges of slabs are supported on rollers, and the out-of-plane bending of

the shear wall is prevented. The details of mesh convergence study are mentioned in Chapter 3.

For the parametric study, the length of the wall is considered as 3 m, 4 m, 5 m, 6.7 m and 10 m
respectively. The height of the wall in between the floors (storey height, hs) is kept constant as 5 m.
To investigate the influence of axial compression on the plastic hinge region in the wall-slab
assemblage, three different force levels of 10%Agfc, 40%A4f. and 70%A4f. are considered and they

are applied on the top surface of the wall.

Displacement based nonlinear static analyses are performed under monotonic as well as cyclic
modes with varying axial load and length of wall. The gravity loads on the slab are kept constant
during each analysis. For cyclic loading, the specimen is subjected to three cycles of applied
displacement levels of 2.5 mm, 5.0 mm, 10.0 mm, 20.0 mm, 40.0 mm, 60.0 mm, 80.0 mm and 100.0

mm respectively (Figure 6.3a). It is observed that the general trend of force-displacement response

TH-1664_10610414



114 Chapter 6 - Plastic Hinge Length In RC Shear Wall Connected With Floor Slabs

for different ratios of axial force on the assemblage is similar for both cyclic and monotonic analysis
case when compared separately. Also, the extent of tensile damage at the junction region at the
maximum drift level is similar for different axial load levels. Hence, the possible plastic hinge length
in wall-slab junction region is not sensitive to the level of axial compression applied on the top
surface of the wall. Thus, all further analyses (monotonic and cyclic) for different lengths of wall
are carried out for axial compression of 10%Afc. In case of monotonic pushover analysis, first the
assemblage is displaced up to a lateral displacement of 500 mm to study the maximum spread of
damage in the floor slabs. During actual earthquake shaking, the displacement demand on frame-
wall building may not reach that level. Thus, for the same lateral displacement in monotonic and
cyclic analyses, the results are presented for the behaviour upto 100 mm lateral displacement.

6.3 RESULTS OF NONLINEAR ANALYSIS

During cyclic nonlinear static analysis, the peak lateral strength of slab-wall assemblage expectedly
increases with reduction in aspect ratio of wall panel (Figures 6.3b - 6.3f). The wall panel with the
lowest aspect ratio also exhibits the maximum degradation in lateral strength as reflected from the
backbone curves. This is due to the crushing of concrete at the junction region and developing
inelasticity at a low drift. As cracking of concrete is not explicitly modelled, the typical pinching

characteristics of the force-displacement loop is not observed.

The variation of concrete strain at first floor wall-slab junction shows similar trends at different drift
ratios (Figures 6.4a - 6.4€). One of the salient observations is that the strain profiles remain almost
the same under the three different axial compression levels (10%Agfc, 40%Afc and 70%Agfc), unlike
slender isolated wall in which the influence of axial compression on strain profile in wall cross-
section is significant. Due to the similarity of the strain profile of different axial compression levels,
the plastic hinge length also remains approximately the same for all the three cases. Similar results
were also observed in case of estimated L, for RC columns in a previous study (Park et al, 1982).
As the axial compression on wall is not observed to affect the stress-strain response of the wall-slab
specimen, a compression of 10%Agf. along with low reinforcement ratio of 0.25% are considered

for further analyses.
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Figure 6.3: Behaviour of wall-slab assemblage under cyclic loading with different panel aspect

TH-1664_10610414

ratios: (a) Variation of drift level with loading cycles, (b) for aspect ratio 1.67, (c) for
aspect ratio 1.25, (d) for aspect ratio 1.0, (e) for aspect ratio 0.75 and (f) for aspect
ratio 0.5.
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Figure 6.4: Variation of strain in concrete at first floor level along the length of wall in wall-slab
junction under different axial compression levels and aspect ratios: (a) for aspect ratio
of 1.67, (b) for aspect ratio of 1.25, (c) for aspect ratio of 1.0, (d) for aspect ratio of
0.75 and (e) for aspect ratio of 0.5.
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Although the maximum compressive strain in concrete is observed to be the same for the 2% drift
level, the maximum tensile strain tends to increase with reduced aspect ratio of wall panel. This is
due to the increase in the diagonal tension from the bottom wall panel with mobilization of more
squat wall behaviour. Extensive cracking is expected towards the edge of the wall in the wall-slab
junction region at the mentioned drift level. For all the drifts levels in the specimen, the strain profile
crosses the zero strain point at the same location. Similar trend was also observed for the strain
variation along the web of an isolated slender wall in past studies (Thomson and Wallace, 1995).
However, the zero-strain point shifts towards the tension side of the wall with reducing panel aspect
ratio (Figures 6.4a - 6.4e). Thus, the compression region reduces with increased wall length. The
variation of longitudinal stress in the vertical reinforcement on the tension and the compression
faces of the wall is shown in Figure 6.5. It is observed that the vertical bar at the wall- slab junction
region reaches the yield strength level while the bar over the remaining height of the wall panel

remains unyielded.

The floor slabs tend to partition the entire wall into different squat panels, and the strut-and-tie
actions lead to concentration tensile and compressive strains in wall-slab junction at every floor
level. These further cause yielding of vertical bars only at the junction region and not throughout
the height of the wall panel. This highlights a significant deviation from the behaviour of vertical
reinforcement in isolated slender shear walls in which the bars yield over a zone at the bottom of
the wall during flexural deformations. Similar behaviour is observed for the stress distribution of
longitudinal steel in wall panel with increased aspect ratio which tends to make the wall panel more
slender. The zone of yielding on the compression face reinforcement towards the bottom of the wall
tends to increase with the aspect ratio of wall panels. The curvature is obtained based on the strains
obtained at the tension and compressive faces of the wall for maximum drift level (Figure 6.6). The

curvature is calculated as,

¢=(s—&)lL, (6.10)

where, ¢ is the curvature, & is the strain on tensile face, ¢ is the strain on compressive face and L

is the length of wall (Kazaz, 2013). The same procedure is adopted for obtaining the curvature
profiles along the height of the wall for both monotonic and cyclic loadings. Unlike isolated slender
wall section having maximum curvature at the bottom of the wall (Bohl and Adebar, 2011), the slab-
wall junction at every floor level is subjected to large curvature as observed in the wall panels on
the different aspect ratios (Figures 6.7a - 6.7d). With increasing distance from the wall-slab junction,

the curvature reduces sharply to a very small value along the storey height.
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Figure 6.5: Comparison of stresses (normalized with yield stress) in vertical reinforcement of wall
for different wall panel at 2% drift ratio: (a) for aspect ratio of 1.67, (b) for aspect ratio
of 1.25, (c) for aspect ratio of 1.0, (d) for aspect ratio of 0.75 and (e) for aspect ratio
of 0.5.
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Figure 6.6: Estimation of curvature at any section along the height of wall.

A similar trend is observed for tensile damage in wall in which maximum damages are observed in
wall-slab junction region (Figures 6.8a - 6.8d). The tensile damage gets initiated at the base of the

wall. However, it does not propagate along the height of the wall but tends to increase at the wall-
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slab junction at every floor level. This is due to the partitioning of the wall into a number of panels
and the consequent strut and tie action. This is observed for all the specimens with different wall
panel aspect ratios. However, along the height of each wall panel, insignificant damages are

observed.

hs/Lw = 1.25 hd/Lw=1

amli

hs/Lw = 0.75 hs/Lw = 0.5

= 7
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Figure 6.7: Variation of curvature for different aspect ratios of wall panels at final drift level: (a)
for aspect ratio of 1.25, (b) for aspect ratio of 1.0, (c) for aspect ratio of 0.75 and (d)
for aspect ratio of 0.5.

Conventionally, plastic hinge length in an RC member refers to the distance from the member end
in which maximum nonlinearity is expected to occur in steel or concrete or both the materials under
flexural behaviour. The flexural deformations are related to the curvature at a particular section, and
the plastic hinge length is expressed in terms of curvature and other parameters. Thus, in the plastic
hinge zone, maximum tensile and compressive damages occur due to the nonlinear behaviour of the
materials. In the present study, the presence of floor slab tends to reduce the flexural deformations
along the height of the wall. However, in each wall panel between two successive floor slabs, tensile

and compressive damages accumulate at the wall-slab junction region. So, along with curvature and
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compressive strain in concrete, tensile damage zone is also used to estimate the extent of the plastic
hinge region at every wall-slab junction in the present study. For the specimens with wall panel
aspect ratios of 1.67, 1.25, 1.0, 0.75 and 0.5, the possible plastic hinge regions are obtained by
observing the variation of the mentioned parameters in the wall cross-section (Figures 6.9a - 6.9d).
All the parameters show similar distribution across the height of the wall with higher values at each
wall-slab junction. By observing the distance over which each of these parameters reduces to zero
on each side of the wall-slab junction, the possible extent of plastic hinge region is obtained.

6.3.1 Plastic Hinge Length

Based on the tensile damage at wall-slab junction region, possible extent of plastic hinge region are
identified for different wall panel aspect ratios (Figures 6.10 and 6.11) during monotonic and cyclic
analyses. Although conventionally inelastic curvature is directly used for expressing the plastic
hinge length (L;), the extent of tensile damage is also considered as a useful indicator for the present
study. In case of monotonic pushover analysis, the curvature profile considering the strains at the
extreme tension and compressive faces of the shear wall is obtained at the maximum damage level.
The curvature profile for cyclic loading is obtained at the maximum lateral load capacity of the shear
wall. The variation in stress in the vertical reinforcement over the height of the wall and possible
yielding of reinforcement at the wall-slab junction region are related to the maximum tensile damage
at the wall-slab junction region. Although the observed maximum curvature reduces with increase
in wall panel aspect ratio, the spread of tensile damage also decreases with the spreading out of
strut-and-tie action in squat wall panels. This is observed for both monotonic and cyclic
displacement-controlled nonlinear static analyses. It is observed that the spread of plasticity at the
junction region reduces with an increase in the length of wall. Since the effect of axial compression
is not contributing to the tensile damage and the compressive strains at the wall-slab junction region,
the aspect ratio is considered as the key parameter affecting the extent of the zone showing inelastic

behaviour.

For both monotonic pushover and cyclic pushover analyses, the identified L, normalized with
respect to the length of the wall, is observed to increase with the wall panel aspect ratio (hs/Lw)
(Figure 6.12). Considering L, to be linearly varying with storey height and length of shear wall
panel, the normalized plastic hinge length at the wall-slab junction is obtained using regression

analysis and is expressed as,

L.
pliicm - 0,0546(%) +0.0174 for cyclic loading, and (6.12)
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L
—”'mI:”N‘"””“ = 0.0728(%) +0.0234 for monotonic loading. (6.13)

From Egs. (6.12) and (6.13), it is observed that L, monotonic®1-34L oyeiic - TO €xamine the accuracy

of the proposed Egs. (6.12) and (6.13), the plastic hinge length (L,) at the wall-slab junction is
estimated for five different lengths of shear wall and compared with the calculated values of L,
proposed in the various past studies on RC walls (Table 6.1). In the past studies, it is mentioned that
inelastic behaviour is observed mostly at the bottom of the isolated slender shear wall. However,
the presence of slabs at every floor level in a multistoried building leads to inelastic behaviour at
the wall-slab junction in addition to the inelastic behaviour at the base of the wall. The estimates of
L,, as per Egs. (6.12) and (6.13), are obtained considering the possible zones of inelastic behaviour
along the height of the wall and at wall-slab junction.

0.2 : . . 0.2
Ly/Lw = 0.0728[hy/L,]+0.0234 Lo/Lw = 0.0546[hs/L]+0.0174
R?=0.9491 R?=0.832

015 | e 0.15 rrrrrrrrrrrrrrrrr —————————————————
<'i 0.1 di 0.1
0.05 ----------------- 0.05
‘ | | ¢

0 : : : 0 3 : :
0 0.5 1 1.5 2 0 0.5 1 1.5 2
he/Luw he/Lu
(@) (b)

Figure 6.12: Variation of normalized plastic hinge length with wall-panel aspect ratio for: (a)
monotonic and (b) cyclic analysis cases.

Among the past studies, Panagiotakos and Fardis (2001) have proposed expressions for plastic hinge
length under monotonic and cyclic loadings. Closed form equations were developed for the ultimate
deformation capacity and for the deformation at yielding of RC members in terms of their geometric
and mechanical characteristics. The database used for the study comprised of 1012 tests (mainly
cyclic loading) of RC members in uniaxial bending, with or without axial compression. Out of these
specimens, 61 specimens are walls with a rectangular, barbelled, or T-section. On comparing the
estimated plastic hinge lengths under monotonic and cyclic loadings, it is observed that the

analytical estimates using the equations of Panagiotakos and Fardis (2001) are slightly lesser than
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the estimated values as per the proposed equation (Table 6.1). However, the proposed expressions
are applicable only for the plastic hinge region adjacent to the wall-slab junction region. Between
the two parameters, hs and Ly, more weightage is given on hs which reflects the increase in plastic

hinge length with more slender wall panel.

Table 6.1: Comparison of plastic hinge length for different lengths of shear wall

Model Le=3m Lw=4m Lo =5m Ly=6.7m Ly =10 m
Baker and Amarakone (1964) 049L,  046L. 043 L, 0.40 Ly 0.36 Ly
Sawyer (1964) 026L,  025L. 024 L, 0.23 Ly 0.22 L
Mattock (1964) 047L,  040L,  0.36Ly 0.31 Ly, 0.25 L,
Corley (1966) 042L,  04lL,  041L, 0.41 Ly, 0.40 Ly,
Mattock (1967) 044L,  043L. 043 L, 0.42 L, 0.41 L.,
Priestly and Park (1987) 008L,  006L,  0.05L, 0.04 Ly, 0.02 L,
Paulay and Priestly (1992) 009L,  007L.,  0.05L, 0.04 L, 0.03 Ln
Paulay and Priestly (1993) 024L,  023Ls  0.22Ls 0.22 L, 0.21 L,
Sasani and Der Kiureghian (2001) 0.36 L, 0.35 L, 0.35 Ly, 0.34 L, 0.34 Ly,
Panagiotakos ~ =YSIC. 0.10 Lu 0.08Ly  0.06 Lu 0.04 Lu 0.03 Lu
. analysis

and Fardis Monotonic
(2001) i 015Lw  0.09Ly  0.09 Ly 0.07 Lw 0.05 Lu
Bohl and Adebar (2011) 024L,  022L,  021Ly 0.20 L, 0.19 L,
Kazaz (2013) 016Ls,  017L, 018 Ly 0.19 Ly, 0.20 L,
Kazaz (2013) 020L,  019L,  0.18L, 017 Ly, 0.16 L,

Cyclic. 0.11 Luw 0.07 Lw 0.07 Lw 0.06 L 0.04 Lw
Present study analysis

Monotonic 014Ly  010Lw  0.10 Lu 0.08 Lu 0.06 Lu

analysis

6.4 CONCLUSIONS

In case of highrise buildings, typically a shear wall is usually connected with the slabs at every floor
level. Thus, the analytical estimates of plastic hinge length, proposed in earlier studies without
considering the effect of floor slabs, will not be applicable. In the present study, an expression is
proposed for estimation of possible plastic hinge length at the junction of shear wall and floor slab.
The expression is developed by observing variation in tensile damage pattern and curvature along
the height of the wall during monotonic and cyclic nonlinear analyses under constant axial load.

Due to the mobilization of the strut-and-tie mechanism in each partitioned wall panel, the
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concentration of tensile damage at each floor level plays an important role in identifying the extent
of plastic hinge region. The amount of vertical steel in wall is not observed to influence the plastic
hinge length at the wall-slab junction region. The reinforcement did not reach the ultimate stress in
any of the analysis. The proposed expression needs to be further validated through detailed

experimental studies on RC wall-slab junction regions.

e P or—
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Chapter 7
DRIFT CRITERIA FOR RC SHEAR WALL
BUILDINGS

7.0 OVERVIEW

The lateral displacement of a structural system is an important parameter from the seismic design
point of view. It has three major implications, namely (a) structural stability, (b) additional seismic
demand on structural component due to large deformations and (c) damage to various non-structural
components. Incorporation of desirable lateral displacement limits in the seismic design
methodology has led to the proposition of displacement-based structural design. In the conventional
seismic design, limits of lateral drift have been prescribed in the design guidelines of a few countries,
e.g., prescription of design elastic lateral drift limit of 0.4% by the Indian Standard 1S:1893 (Part 1)
(BIS, 2016b). However, direct prescription of inelastic drift limit for desirable seismic behaviour of

building is absent in the design guidelines of different countries.

In case of buildings with ductile RC moment-resisting frames, the lateral displacements tends to
become large with the increase in the height of the building. Thus, beyond a certain height of such
buildings, provision of RC structural wall in the building become necessary. By virtue of its large
lateral stiffness, the structural wall tends to reduce the overall displacement of the building during
strong earthquake shaking through the floor slab-frame-wall interaction. Although, past studies have
been conducted on ultimate drift capacity of lightly reinforced shear wall with low aspect ratio
(Duffey et al., 1994), similar investigations on slender shear walls have not prescribed any limiting
drifts. As observed in the earlier chapters, the wall-slab junction region in multistoried RC wall-
frame buildings tends to incur damage even during static lateral loading. Similar damages in the
upper stories of RC wall-frame buildings have been observed during 2010 Chile earthquake. Thus,
to prevent extensive damage in the wall-slab junction and subsequent propagated damage in the
floor slab, lateral drift limits for slender structural walls need to be prescribed. The present chapter
provides details on the investigation of lateral drift limits for a wall-slab assemblage isolated from

a multistoried frame-wall building.
Different codes employ different load and material factors (or strength reduction factors) for the

design of members, and hence the actual provided strength in different codes may not follow the

same pattern as the design base shear. Further, the drift may govern the design in many cases,
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resulting in further discrepancies in the actual provided strength. Various codes differ not only in
the limits on interstory drift, but also in the estimation procedure. In ASCE 7 (2010), elastic
displacement at a floor level is calculated and amplified by a deflection amplification factor
depending on the type of building. Limits are provided on amplified interstory drifts, representing
the inelastic deformations in the building. Eurocode 8 (BS EN 1998-1, 2005) presents limits on the
elastic displacements amplified directly by the behavior factor. NZS 1170.5 (2004) requires the
elastic displacements to be multiplied by the structural ductility factor and drift modification factor
in order to obtain inelastic displacements. The drift modification factor accounts for higher mode
effects and depends on the height of the building. The Indian standard, IS 1893 (Part 1), provides
the drift control limits directly on the elastic displacement at the design load, without any
amplification for ductility demand. The code limits the drift at design load (i.e., the elastic drift at
reduced load), and not the total drift. This has serious implications towards the performance of the
buildings designed as per the code.

ASCE 7 (2010) limits story drift according to occupancy category and allows up to 2.5% drift for
ordinary multistory RC frame buildings. According to Eurocode 8 (BS EN 1998-1, 2005), the
allowable story drift depends on the type of non-structural elements, and for multistory RC framed
buildings, the allowable drift is 1% for buildings having brittle non-structural elements, 1.5% for
buildings having ductile non-structural elements, and 2% for buildings having non-structural
elements or without non-structural elements. NZS 1170.5 allows a story drift of 2.5% for all types
of buildings, irrespective of material and occupancy class. IS 1893 limits the interstory drift to 0.4%
at the design load level, which renders it dependent on the ductility class of the building (Haldar and
Singh 2009). This is also crucial for the development of future versions of seismic codes based on
displacement-based design methodology (Khose, et al., 2012). The limits and estimation procedure
for permissible drift are necessary considering the nonlinear behaviour of the buildings designed as

per the codes.

In the past studies on response of RC shear walls (Wallace and Moehle 1992, Priestley and
Kowalsky 1998, Derecho et al. 1978), the structural parameters considered were, (a) ratio of wall
cross-sectional area to floor-plan area, (b) fundamental period, (c) shape of the structural wall cross-
section, (d) aspect ratio (hyZw) and configuration in the plan, (e) axial load (Pf:Aw), (f) length, (g)
amount of web reinforcement, (h) normalized shear stress, (i) percentage of the longitudinal
reinforcement (pu) and (j) confinement of compression zone concrete. In the present study, out of
the above mentioned parameters, aspect ratio of wall panel, length of the structural wall axial load
and the amount of longitudinal steel are varied as the salient parameters and nonlinear static analysis
is carried out. The results of nonlinear static analyses are used to define the lateral drift limit of

structural walls. The lateral drift values at maximum damage state for different locations are
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presented and a limiting range of lateral drift is recommended to avoid damage at the wall-slab

junction region.

7.1 MODELLING DETAILS AND PARAMETERS

An exterior wall-slab assemblage (similar to the specimen mentioned in previous Chapter) of a
hypothetical five storied RC frame-wall building (Kaushik and Dasgupta, 2013) is considered for
investigation of the drift requirement. The building is assumed to be located in Seismic Zone V as
per the Indian Earthquake code (BIS, 2016b) (Figure 3.13a). Considering the variation in wall
thickness, slab thickness and wall panel aspect ratio, twelve different models (Table 7.1) are
analyzed using finite element program with the material properties and the boundary conditions
similar to those of EWSC model.

Table 7.1:  Dimensional and reinforcement details of the models used in the analysis for lateral
drift criteria

Configuration Thickness Length Height  Longitudinal Transverse Thickness Width Length
(mm) (mm)  (mm) reinforcementreinforcement (mm) (mm) (mm)

WSM_TW1 200 3000 15 8@300 8@300 120 1500 3000
WSM_TW?2 300 3000 15 8@300 8@300 120 1500 3000
WSM_TW3 400 3000 15 8@300 8@300 120 1500 3000
WSM_TS1 300 3000 15 8@300 8@300 100 1500 3000
WSM_TS2 300 3000 15 8@300 8@300 120 1500 3000
WSM_TS3 300 3000 15 8@150 8@150 200 1500 3000
WSM_TS4 300 3000 15 8@150 8@150 250 1500 3000
WSM_AR1 300 3000 10 8@300 8@300 120 1500 3000
WSM_AR2 300 3000 15 8@300 8@300 120 1500 3000
WSM_ARS 300 3000 25 8@300 8@300 120 1500 3000
WSM_AR4 300 5000 25 8@300 8@300 120 1500 5000
WSM_ARS5 300 10000 25 8@300 8@300 120 1500 10000

The elements and the method of modelling are also considered to be the same as the EWSC model.
WSM_TW2, WSM_TS2 and WSM_AR?2 models are similar to EWSC model in geometry and the
provided amount of vertical steel. The models WSM_TW1, WSM_TW2 and WSM_TW3 are
identical except the thickness of wall, which is considered as 200 mm, 300 mm and 400 mm,
respectively for the three models. In slabs, the longitudinal and transverse reinforcement are
provided using 8 mm diameter bars at spacing of 300 mm. Similarly, WSM_TS1, WSM_TS2,
WSM_TS3 and WSM_TS4 are identical except the thickness of slab. The thickness of slab is varied
and considered as 100 mm, 120 mm, 200 mm and 250 mm, respectively, for WSM_TS1,
WSM_TS2, WSM_TS3 and WSM_TS4. For WSM_TS1 and WSM_TS2 models, bars of 8 mm
diameter are used at spacing of 300 mm as longitudinal and transverse reinforcement in slab. The
slabs of WSM_TS3 and WSM_TS4 are reinforced with 8 mm diameter bars at a spacing of 150
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mm. WSM_AR1, WSM_AR2 and WSM_ARS are identical except the height of shear wall panel
between the floor slabs. The height of shear wall panel between the floor slabs is considered as 2 m,
3 mand 5 m for WSM_AR1, WSM_AR2 and WSM_AR3 models respectively. Also, models
WSM_AR3, WSM_AR4 and WSM_ARS5 are identical except the length of wall. The length of wall
is varied as 3 m, 5 m and 10 m, respectively, for these models. Bars of 8 mm diameter are used at
150 mm spacing as vertical reinforcement and horizontal reinforcement in shear wall for all the
models in two rows. The maximum damage is observed mainly at three locations, namely (a) at the
base of the shear wall, (b) in wall at the wall-slab junction and (c) in slab at the wall-slab junction.
The drift levels corresponding to the maximum damages at the mentioned locations are also noted.

7.2 ANALYSIS DETAILS

Displacement based nonlinear static analyses are performed under monotonic loading with no axial
load for the mentioned slab-wall assemblages. The gravity loads (both dead and live loads) on slab
are assigned as pressure loads on the surface of the solid elements. These loads on the slab are kept
constant during each analysis. The target lateral displacement of 500 mm is applied at the top node
in the plane of the shear wall with a triangular variation of displacement distribution across the floor
levels along the height of the wall (Figure 5.1c). The inelastic drift limit is proposed by carrying out
parametric study, first by varying the thickness of shear wall, secondly by varying the thickness of
floor slab and lastly by varying the aspect ratio of shear wall panel.

The compressive and tensile stress-strain characteristics of concrete (as discussed in Chapter 3) are
assigned using Concrete Damage Plasticity (CDP) model. The steel reinforcement in wall and slab
is modeled using plasticity model of ABAQUS program. The concrete members is modelled using
8 noded solid elements with reduced integration (C3D8R) and reinforcement embedded in the shear
wall and floor slab regions. The steel reinforcement of the assemblage is modelled with 2 noded
truss element (T3D2). The reinforcement is obtained in the wall and slab by considering the design
load combinations as per Indian Standard of earthquake resistant design (BIS, 2016b). The detailing
of reinforcement in shear wall and continuous floor slabs is done as per Indian Standard (BIS, 1987)
and already explained in Chapter 3. The material properties of the M25 grade concrete and HYSD
Fe415 steel are given in Table 3.1.

7.3 EVALUATION OF RESULTS AND PROPOSED DRIFT LIMITS

In the previous chapter, it was mentioned that the possible regions of inelastic behaviour are located
at the base of the wall and the slab-wall junctions at each floor level. Thus, in the present study, the

tensile damage is monitored at those locations for developing lateral drift criteria for frame-wall
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buildings with rectangular walls (Figure 7.1). At any location in an RC member, the tensile damage
gets initiated through cracking of concrete and finally leads to yielding of reinforcement in tension
and crushing of concrete. In the behaviour of shear walls controlled by flexure, the tensile strain in
the extreme layer of steel is observed to reach 0.003 at the yield level. In members with more than
one layer of reinforcement on the tension side, all the layers do not yield simultaneously. The global
behaviour of the assemblage i.e., the variation of lateral shear capacity with lateral displacement)

gets influenced by yielding of reinforcement at a single or multiple locations.

In the present study, the percentage drift at first floor level is presented instead of roof level drift of
the wall-slab assemblage because the drift obtained at the roof level is not a meaningful measure to
investigate the deformation capacity of structural walls (Seneviratna and Krawinkler, 1997).
Additionally, the base stories are the most critical regions when the deformability of the cantilevered

walls is considered.

Regions where
hs maximum tensile
damage is observed

Figure 7.1: Location of regions where maximum tensile damage is observed.

7.3.1 Variation of wall thickness

For variation of wall thickness (200 mm, 300 mm and 400 mm), the models WSM_TW1,
WSM_TW?2 and WSM_TW3 are analysed and the tensile damage is observed at the different
locations as mentioned in Figure 7.1. The different lateral drift levels for the maximum damage

states at the different locations are shown in Figure 7.2.
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Model at the base of |  at the junction at the junction | at maximum at maximum
shear wall | region in shear wall | region in slab lateral load lateral drift
capacity
WSM_TW1 0.104% 0.080% 0.330% 0.890% 3.33%

DAMAGET

(Avg: 75%)
+2.019e+00
+%9.500e-01
+8.7058e-01
+7.917e-01
+7.125e-01
+6.333e-01
+5.542e-01
+4.750e-01
+3.958e-01
+3.167e-01
+2.375e-01
+1.583e-01
+7.917e-02
+0.000e+00

0.090% 0.310% 0.794%

WSM_TW?2 0.101%

0.133% 0.130% 0.310% 0.715%

.....

Figure 7.2: Comparison of tensile damage at different drift levels with variation in thickness of
shear wall.

Also, the tensile damage pattern is compared at peak lateral shear strength and the drift capacity
noted. The drift capacity at the peak shear strength is directly obtained from the pushover curve of
each model. As per the current provisions of the Indian Earthquake Code (BIS, 2016b), RC buildings
are expected to show linear elastic behaviour till the lateral drift limit of 0.4%. However, for all the
studied models, nonlinearity in concrete starts at much lower drift levels. Also, yielding of vertical

reinforcement in wall is observed at lower or comparable drift levels. Thus, the existing codal
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prescription needs to be relooked at for RC wall-frame buildings considering the realistic behaviour.
Figure 7.3 shows the variation of lateral drift level at the attainment of maximum damage at different
locations of the assemblage for different thickness of shear wall. It is observed that the percentage
drift at maximum damage level for shear wall at its base is 0.10% when the wall thickness is
considered as 200 mm, while it gets increased to 0.133% for 400 mm thickness of wall. Also, the
percentage lateral drift at maximum damage level for shear wall at the junction region increases
with the increase in wall thickness, for example, from 0.08% for 200 mm wall thickness to 0.13%
for 400 mm thick wall. The percentage of drift varied from 0.08% to 0.13% in shear wall considering
the maximum damages at the base of the shear wall and at the wall-slab junction region. The tensile
damage in the slab reaches its maximum value at a higher drift as compared to the drift at which the
maximum damage is attained in the shear wall. Hence, the drift limit is proposed considering the
maximum damage occurring at a particular drift in the shear wall. Also, at the base of the shear wall
it is observed that the drift capacity is minimum when the thickness of shear wall is less (200 mm).
The finite element analysis results confirm that the maximum stress concentration develops at the
base of the shear wall first and then at the wall-slab junctions of the upper floor levels. Also, the
developed tensile damage and the stresses are higher in the portion of the slab connected to the shear
walls which are oriented in the direction of the applied displacement. The observed damage in the
shear wall at the wall-slab junction reaches its maximum value at lower drift as compared to other

locations in the assemblage.
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Figure 7.3: Variation of lateral drift levels with respect to maximum damage at different locations
of the assemblage for different thickness of shear wall.

Considering three different thickness of shear wall, the variation of tensile damage from zero to

maximum at three different locations of the assemblage is obtained (Figure 7.4). Figure 7.4a
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compares the damage variation for shear wall of 200 mm thickness. The shear wall in the junction
region reaches the maximum damage value first at a very low drift. The damage in the slab reaches
the maximum value at a higher drift as compared to the wall. Similar trend is observed when the
thickness of shear wall is increased to 300 mm and 400 mm, respectively (Figures 7.4b and 7.4c).
Figures 7.4d, 7.4e, and 7.4f show the details of damage pattern at very low drift level for 200 mm,
300 mm, and 400 mm thick walls, respectively. It is observed that in all the cases, the wall
experiences inelastic behaviour (maximum damage level) at a drift level between 0.08% and 0.13%.
However, IS 1893 (Part 1) (BIS, 2016b) provides the elastic drift limit of 0.4% without considering
the inelastic displacement.
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Figure 7.4: Variation of tensile damage at different locations of wall-slab assemblage with the
thickness of shear wall; (a) 200 mm, (b) 300 mm and (c) 400 mm, (d) details at A, ()
details at B and (f) details at C.

During pushover analysis, no damage is observed in the wall or slab up to a drift level of around

0.005%. Afterwards, cracks start developing at the base of the shear wall and in the slab at the wall-

slab junction region. With increase in the thickness of wall, the tensile damage tends to reduce at
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the base of the wall. Maximum variation in the lateral drift level is observed in the shear wall at the
junction region. With an increase in the thickness of wall, the maximum damage at the wall-slab
junction is reached at a higher lateral drift level. Not much variation is observed in the lateral drift

level for maximum damage in the wall at the base and in the slab at the junction region.

7.3.2 Variation of slab thickness

During earthquake shaking, lateral forces are generated at floor level and then transferred through
the shear wall to the foundation. Thus, the wall-slab junction becomes a critical region due to high
stress concentration. In the present section, the variation of lateral drift level for maximum tensile
damages in wall and slab is observed by considering four different thickness of floor slab in the
assemblage. Figure 7.5 shows the variation in the lateral drift levels at three different locations of
the assemblage.
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Figure 7.5: Variation of drift levels with respect to maximum damage at different location of the
assemblage for different thickness of floor slab.

With the increase in the thickness of the slab, the value of observed drift for maximum damage at
the base of the shear wall decreases. Due to increase in the thickness of wall, there is an increase in
the lateral load at each floor level, which transfers more force to the shear wall leading to more
damage at the base of the shear wall. The tensile damage at the base of the shear wall reaches its
maximum value first when the thickness of slab is on the higher side. At the base of the shear wall,
the damage reaches its maximum value at different drift levels varying between 0.09% and 0.13%
for different thickness of slab. The various drift levels observed considering the maximum tensile

damage reaching first at the shear wall in the junction region are 0.12%, 0.09%, 0.14% and 0.17%
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(varies between 0.09% and 0.17%) for the models with 100 mm, 120mm, 200 mm and 250 mm
thickness of slab, respectively. Figure 7.6 shows the tensile damage reaching its maximum value at
different locations of the assemblage. The drift capacity is observed at these locations for maximum
damage. As discussed in previous chapters, the shear wall gets partitioned due to the presence of
floor slab. Due to the formation of struts between the floor slabs, the cracking get distributed at the
slab-wall junctions along the height of the shear wall instead of concentration of inelasticity at the
base of an isolated slender shear wall without connected floor slabs. In the slab region, the tensile
damage reaches its maximum value at a higher drift level as compared to the drift level causing the
same level of damage in shear wall at the junction region. The nonlinearity starts in the shear wall
first at a very low drift level which is less than the elastic lateral drift limit recommended by the
Indian Seismic Code.

Figure 7.7 explains the variation of tensile damage at the base of the shear wall, in the wall at the
slab-wall junction and in the floor slab at the slab-wall junction region. Although the assemblage is
displaced up to a lateral drift of 3.33%, but for better comparison, the damage pattern is represented
till the lateral drift level of 0.6%. Upto a lateral drift of 0.6%, the elements at the mentioned three
locations reaches the maximum damage level. As discussed in the previous section, similar
behaviour is observed by varying the thickness of the slab. The shear wall at the wall-slab junction
reaches the maximum damage level first and then the same is obtained at other locations. The
intensity of damage is more for higher thickness of slab. From Figure 7.7d, it is observed that with
an increase in the thickness of wall, the maximum damage reaches the maximum value at the base
of the wall first then other locations. Higher thickness of floor slab increases the shear capacity and
lateral drift level of the assemblage. With an increase in the thickness of slab, the drift level for
maximum damage at the base of the shear wall decreases. The drift level reaching the maximum
damage varies between 0.09% and 0.17%.

7.3.3 Variation of aspect ratio of wall panel

From the previous two sections, it is observed that the inelastic behaviour of the wall-slab
assemblages started at a very low drift level and the tensile damage reaches it maximum value
between drift levels of 0.08% and 0.17% considering the variation in the thickness of wall and slab.
In this section, the influence of wall-panel aspect ratio on the attainment of tensile damages is
investigated and the lateral drift levels for maximum damages at three different locations of the
wall-slab assemblage are presented. As the floor slabs tend to partition the structural wall into a
number of panels, the aspect ratio of each panel tends to affect the local behaviour in the vicinity of

each wall-slab junction. In this study, walls of 3 m, 5 m, and 10 m in length (L«) and
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Model

at the base of
shear wall

at the junction
region in wall

at the junction
region in slab

at maximum
lateral load
capacity

at maximum
lateral drift

WSM_TS1

(Avg: 75%)
+2.019e+00
+9.500e-01
+8.708e-01
+7.917e-01
+7.125e-01
+5.333e-01
+5.542e-01
+4.750e-01
+3.958e-01
+3.167e-01
+2.375e-01
+1.583e-01
+7.917e-02
+0.000e+00

DAMAGET

0.13%

0.12%

0.21%

0.79%

3.33%

WSM_TS2

0.10%

WSM_TS3

DAMAGET
(Avg: 7S50)
19,505

+3. o1
+7, 01
+7. QL
+6. 0l
+5. ol

+3. 0l
+3. 01
+2. 01
+1. 1
+7. 02

0.11%

0.14%

Figure 7.6:
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2m, 3 m, and 5 m, in effective panel height (hs) between the floor slab are analyzed. Each pair of
wall length and effective panel height corresponds to different wall panel aspect ratios (hs/Lw),
namely (a) 0.5, (b) 0.67, (c) 1 and (d) 1.25. Although not considered as an independent parameter
in earlier studies, wall length appears to be an important parameter affecting response of shear walls.
As shown in the following sections, for the walls that have the same aspect ratio but different wall
lengths (WSM_AR2 and WSM_AR4) the deformation characteristics can be quite different.
Variation of lateral drift levels with respect to maximum damage at different locations of the
assemblage for different wall panel aspect ratio is shown in Figure 7.8. The drift level considering
the maximum damage at the base of the base of the shear wall varies between 0.1% and 0.18%,
while it varies between 0.08% and 0.11% in the wall at the junction region of the assemblage.
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. Maximum damage at Maximum damage in  Maximum damage in Maximum load capacity
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Figure 7.8: Variation of drift levels with respect to maximum damage at different locations of the
assemblage for different wall panel aspect ratio.

For all the five models, the tensile damage starts at the base of the shear wall but reaches its
maximum value in the shear wall at the junction region (Figure 7.9). For the maximum damage, the
observed drift level is less for the shear wall at the junction region as compared to the drift level at
the base of the wall. For the slab at the junction region, the maximum tensile damage depends on
the length of the shear wall panel. Models WSM_AR1, WSM_AR2, and WSM_AR3 have the same
length of wall as 3 m but the aspect ratio varies due to different heights of wall panel between the
floors. Since the model WSM_ARL is squat in nature, the observed drift level is more as compared
to other models. As the wall length increases, the lateral drift of the shear wall gets reduced. For
models WSM_AR3, WSM_AR4 and WSM_ARS5, the lengths of shear wall are 3 m, 5 mand 10 m,

TH-1664_10610414



140 Chapter 7 - Drift Criteria for RC Shear Wall Buildings

Model at the base of at the junction at the junction at maximum at

shear wall region inwall  region in slab lateral
capacity

load lateral drift
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Figure 7.9:  Comparison of tensile damage at different drift levels with variation in aspect ratio of

wall panel.
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respectively, and the lateral drifts observed from the maximum damage in the slab are 0.25%,
0.15%, and 0.14%, respectively. The lateral shear capacity is achieved at almost same drift level for

all models.

From Figures 7.10a, 7.10b, and 7.10c, it is observed that the maximum damage is achieved at very
low drift level at the base and junction region of shear wall, while the slab at the junction region
shows the maximum damage at the higher drift ratio. This is because the length of the wall is same
for the three models (WSM_AR1, WSM_AR?2 and WSM_AR3). As the length of the wall is
increased the drift ratio for maximum damage gets reduced (Figures 7.10d and 7.10e). At the lower
drift ratio, cracks start developing at the base of the shear wall first and then in the junction region;
thus, no significant damage level is observed (Figures 7.10f, 7.10g, and 7.10h). The cracks in the
slab region develop at a very high drift level as compared to that for shear wall. The wall length is
found to be the most significant parameter affecting the drift level of the structure. As the length of
the shear wall is increased for models WSM_AR4 and WSM_ARb5, it is observed the cracks in the
slab region start at a lower drift and also the tensile damage reaches its maximum value at lower
drift ratio (Figures 7.10i and 7.10j). The drift level varies between 0.08% and 0.18% for the observed
maximum tensile damage at the two locations of the shear wall, i.e. at the base and the wall-slab

junction region.

7.4 PROPOSED DRIFT LIMITS

Chilean code limits the lateral interstorey displacements resulting from the design forces to 0.2% of
the storey height. From the studies carried out on buildings damaged during Chile Earthquake of
March 3, 1985, it is observed that most of the multistoried buildings have experienced the maximum
interstorey drift between 0.05% to 0.07%, which is much less than the allowable 0.2% (Riddle,
1992). Cassis and Bonelli (1992) carried out studies on four different buildings under three different
ground motion records and observed that the drift ratios vary between 0.33% and 0.77%. The
Chilean code imposes 0.2% lateral drift limit that results in elastic design, whereas, the building
guidelines of USA and Turkey impose a drift limit of 2%. Such wide variations in prescribed lateral
drift limits in design practices deserve a limitation for the interstorey drift and performance of tall
buildings particularly with RC walls. Based on the records obtained from the 2011 Tohoku
earthquake, many buildings reached an average drift ratio of 0.5% to 1% (Celebi and Okawa, 2014).

Although the Indian seismic code (BIS, 2016b) recommends the design elastic lateral drift level for
buildings as 0.4%, it is observed that inelastic behaviour gets initiated at different locations in the
wall-slab assemblage well before the recommended elastic drift level. From the parametric study

carried out with variation in the thickness of wall, thickness of slab and the aspect ratio of wall
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panel, it is observed that the maximum damage at a lateral drift level in most of the cases is between
0.08% and 0.15%. Based on the parametric study, it is recommended that for RC frame-wall
buildings with floor slab-wall junction, the lateral drift should be limited between 0.08% and 0.15%
to prevent significant damage in slab at the wall-slab junction region. As the proposed drift limit is
purely based on the parametric study involving numerical simulation, an experimental validation is
required to propose a single value of the lateral drift limit for the multistoried RC wall-frame
buildings displaced under lateral loads. As the level of damage in slab and wall depends significantly
on the wall panel aspect ratio, the recommended length of wall should not exceed 3 m along with
minimum wall panel aspect ratio of 1.0. With reducing wall panel aspect ratio, the strut action in
the wall tends to maximize the tensile damage in the wall-slab junction region, thus increasing
possibility of damage in the connected slab. Based on the present study, the following steps are
recommended for the design of shear wall to avoid damage at the wall-slab junction region:

Step (i):  The buildings should be analysed under design load combination and the maximum
lateral drift should be estimated.

Step (ii):  If the observed lateral drift is less than the recommended lateral drift (maximum damage
in wall at junction region) then the design is acceptable.

Step (iii): Otherwise redesign the members so that the possible lateral drift level gets reduced
below the recommended lateral drift (satisfying the recommended length of the wall and

wall panel aspect ratio limits).

7.5 CONCLUSIONS

In this chapter, nonlinear static analyses of twelve different wall-slab assemblages are carried out
by varying the thickness of shear wall, thickness of floor slab and aspect ratio of shear wall panel.
Based on the observed tensile damage at wall-slab junction region, a lateral drift limit between
0.08% and 0.15% is recommended to avoid the possibility of damage propagation in the floor slab
under seismic action. The recommended length of wall is 3 m along with minimum wall panel aspect
ratio of 1.0. Finally a drift based design procedure for shear wall with connected floor slabs is
proposed for implementation. The result obtained is based on a parametric study involving
numerical simulation, thus an experimental verification is required to propose a single lateral drift

limit for RC wall-frame buildings.
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Chapter 8
SUMMARY AND CONCLUSIONS

8.1 OVERVIEW

In the present study, the behaviour and the possible failure modes of an RC wall connected with
floor slabs in a typical RC frame-wall buildings, have been investigated. Displacement controlled
nonlinear static analysis has been carried out on wall-slab assemblage by varying salient structural
parameters. In this chapter, the summary of the study, the salient conclusions drawn and the possible
future scope of work have been discussed.

8.2 SUMMARY

The study can be summarized into the following parts:

= Finite element modelling and material validation: To achieve the objectives of the present
study, finite element modelling of the multistoried building and a wall-slab assemblage is
carried out. Also material model (CDP) used for the analysis is validated with an

experimental study from the past research.

= Development of numerical model: To investigate the influence of floor slab on the behaviour
of shear wall, a simplified and efficient numerical model is developed. The model is
subjected to nonlinear static analysis to observe the extent of damage at the shear wall-floor
slab junction region. Six different models are considered for the analysis, tensile damage
patterns for all the models are observed and based on the observed behaviour, the numerical

model of wall-slab assemblage is refined for further analysis.

= Assessment of tensile damage: By varying the aspect ratio of the shear wall panel and
vertical reinforcement ratio in the wall, parametric study is carried out for the shear wall-
slab assemblage. Considering different lengths of shear wall, the influence of floor slab on
the behaviour of shear wall is studied. The tensile damage in the slab may extend beyond
the ends of the wall on the either side, hence the floor slabs in some models are extended
beyond the length of the shear wall. The behavior of the junction between the shear wall
and floor slab has been studied by observing the stresses in the steel reinforcement, plastic

strain, minimum principal stress, tensile damage and compressive damage patterns.
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= Calculation of plastic hinge length at RC wall-slab junction: As compared to an isolated
slender wall, the region of nonlinearity and inelastic actions in a shear wall will differ when
connected with the floor slab at every floor level. In the present study, displacement based
nonlinear static analysis of the wall-slab assemblage is carried out considering in both
monotonic and cyclic modes. The axial compression on wall and the wall panel aspect ratio
is varied to propose a close form equations for plastic hinge length of the shear wall when
connected with the floor slab.

= Lateral drift limit for shear wall connected with floor slab: To investigate the lateral drift
limit of the shear wall, parametric study of the wall-slab assemblage is performed. The
primary variables are the aspect ratio of the wall panel, thickness of shear wall and thickness
of floor slab. The axial load ratio, the amount of horizontal and vertical web reinforcement
are kept same for all the models. A limited range of lateral drift is proposed to minimize the
damage in slab and wall-slab junction of RC frame-wall buildings.

8.3 CONCLUSIONS

The following salient conclusions are drawn from the study:

1. Under lateral loadings, the slender wall of a shear wall-floor slab system gets partitioned into a
number of smaller panels between successive floor slabs. Each such panel behaves as a squat
wall with the formation of diagonal strut between two successive slab-wall junctions. Thus, the
design methodology should consider strut formation and associated failure modes for slender
walls in multistoried buildings with floor slabs. The strut formation leads to further propagation
of damage in the floor slab.

2. The portion of the floor slab connected to the walls undergoes significant damage at higher
levels of lateral displacement. Significant damage at slab-wall junction may also lead to
formation of sliding shear crack across the wall. Thus, a new design methodology involving

prevention or reduction of damage in slab needs to be evolved.

3. The finite element analysis results confirm that the maximum stress concentration develops at
the base of the shear wall (EWSC) first and then move to the upper floor level at the junction.
Also, the developed tensile damage and the stresses are higher in the portion of the slab

connected to the shear walls which are oriented in the direction of the lateral loadings.

4. As per the current provision of the Indian earthquake code IS: 1893 (Part-1)-2016, RC buildings
are expected to show linear elastic behaviour till the lateral drift limit of 0.4%. However, for all

the studied models, nonlinearity in concrete in wall-slab junction starts at much lower drift
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levels. Also, yielding of vertical reinforcement in wall is observed at lower or comparable drift

levels. Thus, the existing codal prescription needs to be relooked at for RC wall buildings.

5. The tensile and compressive damages in the slab depend on the aspect ratio of the wall panel
and the amount of vertical reinforcement in the wall. It is observed that higher aspect ratio and

lower reinforcement ratio resulted in maximum damage at lower values of lateral drift.

6. The plastic hinge length for wall-slab junction region increases with the wall panel aspect ratio.
A relation between plastic hinge length with monotonic and cyclic loading is developed, which

is L ~1.34L

p,monotonic p,cyclic

7. A lateral drift limit between 0.08% - 0.15% is recommended to avoid the damage at the junction
region of shear wall and floor slab during earthquake shaking, and implementation of drift based
design of rectangular shear wall is recommended. Also, recommended length of wall should not

exceed 3 m along with minimum wall panel aspect ratio of 1.0.

8.4 RECOMMENDATIONS SCOPE FOR FUTURE WORK

Based on the present study, limitations of the study and future extension of this work are discussed.
In the present study, parametric studies are carried out to study the behaviour of isolated wall-slab
assemblage; however the global response of RC wall-frame multistoried building need to be
investigated in light of the proposed design methodology. Present study of wall-slab assemblage
does not involve nonlinear analysis under ground motions, and this aspect can be further explored.
Experimental studies need to be carried out to validate the proposed equations for plastic hinge
length in shear wall connected with floor slabs. Also, the proposed lateral drift criteria for shear wall

buildings in the present study needs experimental verifications.

e P o
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