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Abstract

A New Design Methodology of Reinforced Concrete Squat Shear Walls for
Ductile Seismic Behavior and Predictable Shear Strength

Ghassan Almasabha, PhD

The University of Texas at Arlington, 2019

Supervising Professor: Dr.Shih-Ho Chao

Reinforced concrete (RC) squat walls (with a height-to-length ratio of 2.0 or less)
have high strength and stiffness which makes them a popular seismic force-resistant
system for buildings and nuclear power plants. However, extensive studies on squat
shear walls showed that squat walls have limited drift ductility because a flexural yielding
mechanism is difficult to achieve, thereby undermining the role of squat walls as
structural fuse members in earthquake-resisting structures. This research proposes a
new design methodology of squat walls for ductile seismic behavior. While ACI 318-19
requires a mesh of steel bars to reinforce squat walls, the proposed design methodology
fortifies the squat walls by several steel cages which contain vertical bars enclosed by
transverse hoops. These steel cages can be easily prefabricated to significantly reduce
the onsite assembling work. Seven ACI compliant and proposed walls with an aspect
ratio of 0.5 or 1.0 were tested under symmetric cyclic loading protocols. Similar to prior
research results, ACI compliant walls exhibited a fast deterioration in shear strength at
low drift ratios and failed in a sliding shear failure mode after severe damage at the wall
base due to intersected compression struts under cyclic loading. On the other hand, the
proposed squat walls showed excellent behavior by confining the concrete at the most
critical zone of the wall base, thereby enhancing the ductility of the compression struts

and eliminating the sliding shear failure. As a result, the proposed walls reached a drift



ratio as twice as that attained by the ACI compliant walls, indicating a high ductile
behavior of the proposed squat walls. The proposed design methodology allows squat
walls to develop a ductile seismic behavior which is essential to promote levels of safety
during seismic events. An accurate strut and tie model-based proposed equation was

discussed and used to evaluate shear strength of 54 previously tested walls.
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Chapter 1

Introduction
1.1. Background and research motivation
Walls and moment frames are the two major seismic-resistant systems used for
reinforced concrete buildings, the high lateral stiffness and strength of walls makes them
more popular than moment frames. In a survey by Eberhard and Meigs (1995), 85% of
low-rise buildings in US used shear walls in high seismic zones. The walls having height
to length ratio less than 2.0 are designated as squat walls that commonly used in low-rise
buildings and nuclear plants. However, the insufficient drift ductility for squat walls
magnifies a problem in buildings design. They have limited level of dissipating energy,
and the equations and criteria used to estimate the strength of squat shear walls fail to
accurately predict the shear strength. Numerous studies explore the potential of
enhancing drift ductility using Fiber-reinforced Concrete (FRC), diagonal reinforcement,
high-strength steel, or high-strength concrete. However, the drift ductility improvement,

which is the motivation of this study, was minor.

<> The following three research gaps in literature remain unsolved:

(1) The strength of squat shear walls cannot be accurately predicted using current
procedures. Several models and equations, including the American Concrete Institute
(ACI) and European codes, were proposed. However, the predicted shear strength is
scattered and does not match the experimental results (Yu and Hwang 2005, Hwang et al
2001, Chandra et al 2018, Kassem 2014, and Gulec and Whittaker 2011). The reason of
this discrepancy of the predicted strength is that most of those equations (ACI 318-19,
Wood 1990, Barda 1977, Ramos et al 2012, and Gulec and Whittaker 2011, and Luna

and Whittaker 2019) are empirical and are derived to match results of previous tested



walls based on statistical analysis. However, they cannot predict strength of future-
designed walls, because these equations lack the principals and theory of shear transfer
mechanism on squat walls. Recently, Hwang et al (2001), Hwang and Lee (2002), Yu
and Hwang (2005), Kassem and Elsheikh (2010), Wael Kassem (2014), Weng et al.
(2017), Chandra et al. (2018) proposed predicting shear strength equations based on the
Strut and Tie model (STM). Although they fairly predict the shear strength, the procedure

to calculate the wall strength is complicated and consumes plenty of time.

(2) Another drawback of squat shear walls is they cannot attain a satisfactory drift
ductility which is essential to resist severe earthquake events (Paulay et al 1982, Hedaglo
et al 2002). Most conventional walls deteriorate rapidly, and the strength drops suddenly
once the peak strength is achieved at a drift of 1%. Paulay et al (1982) proposed
inserting diagonal reinforcement to delay the sliding failure and increase dissipating
energy of squat walls. However, results showed that improvement in maximum attained
drift is minor, also this type of walls is not commonly used in practice because of the

difficulties to construct the walls.

3) Lack of experimental data about high shear strength rectangular squat walls,
where essential for low-rise buildings and nuclear plants located in high seismicity zones.
In a study collected experimental results of more than 400 squat walls, Gulec and
Whittaker (2008) did not report any rectangular squat walls with shear strength more than
15+fem (psi); fcm is the concrete compressive strength (psi). While they reported several

barbell and flanged squat walls attained shear strength between 20 to 25+\fcm (psi).



1.2. Importance of ductile squat wall behavior

Squat walls shall have enough strength and stiffness to resist shear forces,
however it is uneconomically to design a wall to remain elastic. Rather, walls shall have
the ability to reach the yielding shear strength and behave nonlinearly for considerable
drift ratio after the yielding, without losing significant shear strength, this quality is termed
as “ductility”, which is the most preferable quality for squat walls (Figure 1-1). Ductile
squat walls are essential on earthquake-resistant reinforced concrete buildings, where
squat walls act as fuse members having excellent drift ductility but slightly lower shear
strength compared to the adjacent concrete members, the purpose of the fuse members
is to absorb energy by post-yielding deformation and redistribute internal forces from
yielded members to the non-yielded members based on their stiffness ratio. The non-
yielded members usually are stronger than the yielded members (ductile members) by
25% or more, but they are unnecessary to be ductile.

Although the design of elastic squat walls with insufficient ductility is expensive,
they significantly lose their strength suddenly at low drift ratios without adequate
warnings. Therefore, ductile squat walls are essential to promote levels of safety during
seismic events and unpredicted risks.

Kircher et al. (2010) evaluated FEMA P-65 acceptance parameters (system
overstrength and ductility factors) of reinforced concrete building models having different
wall aspect ratio, they used OpenSees software as the investigating tool. The
assessments indicate that squat walls located in short-period domain at high seismicity
zones attained low story drift ratios at ultimate shear strength and failed to meet FEMA P-
65 acceptance criteria. This study emphasizes the importance of having ductile squat

shear walls to meet FEMA buildings safety standards.



Figure 1-1 Ductile and non-ductile wall behavior

Non-ductile
e
)
(@)
c
L
. Ductile
®
(¢b]
e
(0p)]
Drift ratio

1.3. Squat walls design philosophy of ACI 318-19 versus Proposed Methodology

In this study, a new reinforcement configuration is proposed to improve squat
shear walls behavior. Reinforcement layout comparison between ACI 318-19 compliant
walls and proposed walls are illustrated in Figure 1-2. A typical ACI squat wall consists of
vertical and horizontal steel bars, and boundary elements, while the proposed squat walls
contain several steel cages of longitudinal steel bars confined by hoops. The advantages
of proposed walls are: 1) Steel cages can be easily prefabricated to significantly reduce
the onsite assembling work; 2) Wall web and boundaries are well-confined, thereby
resulting in ductile behavior. Figure 1-3 shows the test results of an ACI compliant wall
and a proposed wall that have the reinforcement layouts of Figure 1-2, both walls have
same amount of vertical steel bars but different configuration of horizontal reinforcement.
Once the sliding shear failure occurs on ACI walls at low drift ratio (around 1%), concrete
is no longer contributes to resist shear forces, only longitudinal steel bars do by dowel
action. On the other hand, concrete is still well-confined and contribute to resist shear

forces until a high drift ratio (around 2% — 2.5%), which improves wall drift ductility.
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Drift ratio 2%

ACI provisions-based design wall
e No concrete resisting shear forces.
e Shear forces resisted by dowel action.

Drift ratio 2%

Proposed wall
¢ \Wall web and boundaries are confined.
e Enhanced concrete strength and wall ductility

Figure 1-3 Typical shear behavior of ACI 318-19 compliant squat wall and Proposed wall

1.4. Research objectives and scope

This study aims to: (1) enhance wall drift ductility for both normal and high
strength demand by changing the reinforcement layout. The conventional wall design
requires vertical and horizontal steel bars. However, in this study, the proposed walls are

fortified by several steel cages which consist of vertical bars and multiple horizontal



hoops, and (2) propose a hew equation and criteria to predict the strength of conventional
shear walls based on experimental tests considering results of previous tested walls. The
new equation would eliminate the inconsistency between expected and experimental
shear wall strength. In the light of squat walls results in literature, it is hypothesized that
squat shear walls behave as softened strut and tie model, which eases to predict strength
of squat walls. The proposed procedure stiffens the walls by hoops to confine the
concrete, which enhances the wall drift ductility and eliminates the sudden deterioration
on wall strength.

Seven shear walls were recently tested in the Civil Engineering Laboratory
Building (CELB) at UT Arlington. The lab has abundant testing facilities which are
necessary to simulate earthquake loading protocols, e.g., a 300-kips MTS Actuator and a
strong floor. A set of three walls with 0.5 aspect ratio, were designed to resist high
demand shear stresses and two walls to resist moderate shear stresses. While the other
set of two walls with 1.0 aspect ratio were reinforced to withstand low shear stresses.

The proposed design methodology produces walls with high drift ductility which
cannot be achieved using the conventional walls. Also, this study will precisely quantify
the strength of the conventional walls. Therefor the new criteria is proposed to design
squat shear walls which have improved level of dissipating energy. The proposed walls

would fill the gap on restricted ductility walls that current design procedures cannot solve.

The following key terms are used in this proposal:
Squat shear walls are walls having aspect ratio (length/height) less than 2.0,
which are commonly used on low-rise buildings, nuclear plants, industrial structures. The

walls resist shear forces developed from seismic events.



Drift ratio: is the displacement of wall tip divided by the height of wall, usually the
unit is percentage (%).

Drift ductility: there is many definitions of this term, however in this study it refers
to the maximum wall drift achieved after the wall reaches the peak shear force and drops
15% of the peak force.

Conventional squat walls: squat walls that are designed based on current codes,
e.g. ACI and European codes. The walls are usually reinforced by a steel mesh which
consists of vertical and horizontal steel bars. A boundary element which contains vertical
steel bars and horizontal stirrups are recommended to be provide at both wall
boundaries.

Proposed squat walls: are squat walls contain multiple steel cages, each cage
consists of vertical steel bars and horizontal hoops to increase the wall confinement and

ductility.

1.5. Research Significance

This research investigated the seismic performance of proposed squat shear
walls that have superior advantages compared to conventional walls designed by ACI
318-19 provisions which suffers sliding shear failure. The proposed wall merits are high
shear ductility and easy to fabricate steel reinforcement. In previous studies, strut and tie
model has been widely explored to quantify shear force transfer, however, this study
accurately investigated strut and tie model components using advanced experimental
measuring techniques. Numerous studies have been conducted to explain sliding shear
mechanism in squat walls, however, this study clearly described the sliding shear

mechanism in a simple and unique methodology.



Chapter 2
Literature Review

2.1. Introduction

Numerous studies have been devoted to investigate the behavior of squat shear
walls due to their crucial role in earthquake-resistant reinforced concrete structures.
Squat walls are generally governed by shear mode failure which prevents the walls to
reach their full shear strength (flexural capacity). Therefore, special attention has to be
considered to estimate their shear strength. Although several models and equations has
been derived to predict shear wall strength, most of the estimated strength are scattered
and fail to accurately predict the shear strength, which rises structural safety concerns

and sometimes overestimate wall strength.

2.2. Experimentally tested walls

The downside of conventional shear walls, they cannot attain a satisfactory drift
ductility which is essential to resist severe earthquake (Paulay et al 1982, Hedaglo et al
2002). Most conventional walls deteriorate rapidly, and the strength drops suddenly once
the peak strength is achieved at drift of 1%. Dissipated energy has an essential role on
behavior of squat shear walls constructed on severe seismic zones. In practice, walls
having the ability to dissipate energy are needed since all other structural components
are affected by the wall ductility. However, conventionally designed shear walls have
insufficient level of dissipation energy since they are designed using a steel mesh -
horizontal and vertical steel bars- which are not capable to withstand diagonal shear
forces.

According to Paulay et al. (1982), sliding shear failure propagates in several

stages. First, majority of shear forces are transmitted throughout the flexural compression



zone (Figure 2-1a), in this stage, the flexural steel rebars significantly yielded. Second,
long cracks propagate on the wall base due to reversal loading which causes formation of
flexural cracks on the pre-compressed zone (Figure 2-1b). Finally, shear forces
transferred by dowel action of longitudinal steel bars (Figure 2-1c).

Paulay et al. (1982) proposed diagonally reinforced shear walls to improve the
amount of dissipated energy by relieving sliding shear failure. For this study, to eliminate
the sliding shear failure, diagonally reinforced walls were introduced. Four squat shear
walls constructed based on either conventional design or  conventional walls with
diagonal reinforcement (Figure 2-2). The walls were experimentally tested to investigate
the displacement ductility due to providing diagonal reinforcement on conventional squat
shear walls. Results (Figure 2-3) showed that shear forces on the conventionally
designed shear walls are transferred through (1) dowel action developed on not-yielded
steel bars on the middle wall region, and (2) kinking of vertical bars due to significant wall
slip. Inserting diagonal steel bars resists more than half of the applied shear forces on the
wall, which reduces sliding shear forces, enhances the displacement ductility, and
increases flexural strength.

Results also demonstrated that sliding shear forces are resisted by vertical steel
bars and shear friction developed on the compressed concrete depth. Conventional squat
shear walls with flanged sections have a weak shear friction resistance since the
compressed concrete depth is small. Consequently, they are vulnerable to severe shear
sliding. However, flanged shear walls with diagonal reinforcement showed considerable

improvement on level of dissipated energy.
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Figure 2-2 Reinforcement detailing of tested walls; dimensions mm (Paulay et al., 1982)
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Figure 2-3 Sliding shear failure (Paulay et al., 1982)

Cardenas et. al. (1980) tested seven 1.0-aspect-ratio walls having different
vertical and horizontal reinforcement ratios. Walls dimension were 75 in. X 75 in. X 3 in.,
longitudinal steel bars were either placed uniformly or lumped at boundaries as shown in
Figure 2-4. The results showed that both vertical and horizontal steel bars are essential
and contribute to resist shear forces in walls having 1.0 aspect ratio, also enough web
reinforcement is a major factor to control mode failure (shear, flexural-shear, or shear-
anchorage). In addition, the shear strength difference between cyclic or monotonic

loading was insignificant. Figure 2-5 show the sliding shear failure of specimen SW-9.
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Figure 2-5 Specimen after testing (Cardenas et al., 1982)

Barda et al. (1977) tested eight flanged squat walls with aspect ratio ranges from
0.25 to 1.0, the purpose of this study was to investigate effect of vertical, horizontal,
boundary reinforcement ratios on wall shear strength. Specimen B6-4 and B8-5 have 0.5-
and 1.0-aspect ratios, respectively. Both walls have similar horizontal reinforcement ratio
of 0.5%, B6-4 have 0.25% vertical reinforcement ratio but B8-5 reinforced by 0.5%. Both
walls reached the ultimate shear stress about 12\fcm (psi) at drift ratio 0.6%, the
specimens failure mode at end of test is shown in Figure 2-6 and Figure 2-7, the photos

reveals the concrete crushing at the wall web.
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Figure 2-6 Specimen B6-4 at end of test (Bara et al. 1977)

Figure 2-7 Specimen B8-5 at end of test (Bara et al. 1977)
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In additional studies of squat shear walls, researchers focused on dissipated
energy of walls reinforced with normal strength steel bars (Hidaglo et al., 2002) and walls
reinforced with high-strength steel (HSS) bars (Cheng et al. 2016) and (Baek et al.,
2017). Hidaglo et al. (2002) tested 26 full-scale specimens reinforced by normal steel
strength, the major parameters of the study were wall aspect ratio (1.0, 0.69, 0.5, and
0.35), concrete compressive strength, vertical and horizontal reinforcement ratios. The
results showed the failure drift and the rate of strength degradation after the peak value
were adversely related to the aspect ratio (Figure 2-8). Vertical reinforcement has almost
no contribution on wall strength. Also, dissipated energy seems not effected by neither
aspect ratio nor amount of reinforcements. Hidaglo et al.’s work is different from Cheng et
al.’s work in a number of aspects. While Cheng et al. tested five shear walls, they did so
with reinforced normal steel or HSS. In particular, two walls had moderate shear strength,
while the other three had high shear strength. In further detail, one of the three
specimens had 50% confining reinforcement at boundaries less than the other four walls.
All specimens were designed so that shear failures are avoided. Results showed that
HSS specimens exhibited a 20% increase on wall drift at peak shear strength compared
to normal walls. Confining reinforcements at wall boundaries were found have no
contribution on overall wall performance, (Figure 2-11 and Figure 2-12). Regardless of
steel grade on walls, behavior of walls has no difference, and the ultimate wall drift
conversely related to shear wall demand (i.e. moderate vs high wall strength).

Similarly, Baek et al. (2017) investigated the potential use of high strength steel
bars on squat shear walls, by conducting an experimental study having three main
parameters: failure mode (shear or flexural), strength of steel bars (60 ksi or 80 ksi) and
existence of boundary hoops. In this study, five squat walls with aspect ratio of 0.5 and

seven squat wall with aspect ratio of 1.0, have been considered. To attain shear mode

16



failure, provided flexural reinforcement are higher than those on squat walls designed to
fail in flexural mode. Results showed that the margin of errors of walls with 80 ksi
reinforcement is slightly less compared to walls with 60 ksi. Inserting boundary hoops
does not have any effect on behavior of walls. Overall, results show that squat walls
either reinforced by steel bars with strength of 60 ksi or 80 ksi have similar performance.
Figure 2-9 and Figure 2-10 show the concrete crushing at wall web at end of test
Specimen NFO0.5M and NF1M, the walls have 0.5- and 1.0-apect ratio, respectively.
According to current studies by Cheng et al., 2016 and Baek et al.,, 2017, walls that
constructed by high steel strength are comparable to behavior of walls reinforced with low
steel strength. Therefore, current codes and procedures should adopt high steel strength
on squat walls. The use of HSS on walls, reduce the required reinforcement area, as a

result, walls construction become easier.
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Figure 2-11 Shear strength results of tested walls; Specimens identified with letters “M”
and “H” were designed for shear stresses level of 5 and 9Vfc' psi (0.42 and 0.75Vfc’
MPa), respectively. Specimens H60, H115, and H60X were designed for high (“H”) shear
stresses, “X” refers to 50% less hoops reinforcement at boundaries (Cheng et al., 2016)
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(¢) Specimen H60X

Figure 2-12 Sliding shear failure of tested walls; Specimens identified with letters “M” and
“H” were designed for shear stresses level of 5 and 9Vfc' psi (0.42 and 0.75Vfc’ MPa),
respectively. Specimens H60, H115, and H60X were designed for high (“H”) shear
stresses, “X” refers to 50% less hoops reinforcement at (Cheng et al., 2016)
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Nuclear and industrial structures usually are constructed using squat shear walls
with high stiffness. These walls have difficulties to be tested with hybrid simulation by
usual displacement tools (like LVDTs) due to poor accuracy on displacement results.
Whyte & Stojadinovic, 2014 have tried to solve this problem by using a high precision
encoder technique on the hybrid simulation. At UC Berkeley, two identical walls were
designed and scaled to a real wall on nuclear structure, the walls dimensions were 3 m
long, 1.6 m height, and 20.3 cm thickness. The volumetric horizontal and vertical
reinforcement ratios were 0.67%. A third identical wall also was tested at the State
University of New York at Buffalo, but it was tested under quasi static cyclic loading.
Although the walls were tested under different ground motions, performance of walls are
same, they failed due to sliding shear at walls bases (Figure 2-13). Therefore, squat
shear walls behavior seems not be sensitive to different types of loading protocol. The
study also advanced the technique used to perform hybrid simulation, this technique
accurately quantifies strength and stiffness of walls, which are hard to be estimated using

conventional methods.
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Figure 2-13 Shear strength response of Wall 1 and Wall 2 (Whyte and Stojadinovic,

2014)

2.3. Shear strength estimation based on Strut and Tie Model

Hwang et al (2001) proposed a softened strut-and-tie model to estimate wall
shear strength, the softened strut considers the strength deterioration of cracked
concrete which has a strength less than uniaxial compressive strength, this phenomenon
represents the Modified Compression Field Theory discovered by Vecchio and Collins
(1986) as shown in (Figure 2-14). The proposed softened strut-and-tie model (Figure
2-15) is similar to the model adopted to earthquake resisting beam-column joints by

Hwang and Lee (1999 and 2000). The shear strength resisted proportionally by Diagonal,
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Horizontal and Vertical mechanisms, the contribution percentage of each mechanism are
calculated by solving a set of equations satisfying Equilibrium, Constitutive and
Compatibility (Figure 1-2). Although the model predicts shear strength more accurately
than equations of ACI 318-95, the solution is time-consuming and requires significant
mathematical iterative efforts.

Therefore, Hwang and Lee (2002) used the same strut and tie model but
simplified the methodology to calculate shear strength (Figure 2-17), the model considers
the contribution of the softened concrete strut, in addition to the horizontal and vertical

steel reinforcement. The shear strength Cq, » is estimated by:

Cd,n = Ké/fc!Astr

Where:
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Figure 2-14 Stress-strain relationship for cracked and uncracked concrete (Vecchio and

Collins 1986)
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Wael Kassem (2014) built on the strut-and-tie model that proposed by Hwang et
al (2001), his model is shown in (Figure 2-18). The shear strength was estimated by the

following single closed-form equation which is easy to calculate and more accurate to

predict the shear strength.
, . H, ,
VR =0.27 /| wks sin(2a) +0.11w, a4 +0.3m, cot(a) |<0.83,/f, [MPa]
w

Vpy =39.75 fc{wks sin(2a) +0.11ay, %+O.3a)\, cot(a)} <10/f{ [psi]
w
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Chandra et al (2018) tested seven high strength concrete shear walls. Based on
the study outcomes and results of 77 other tested walls in literature, they proposed truss
model to estimate shear strength of reinforced concrete walls (Figure 2-19), the model
assumes stresses are uniformly distributed, the shear strength is calculated by:

V,, = (o —0g)sinBcosOt,,dy, +1.64by dpe 3/ ]

o, =0.02f;

Where; bes is effective width of boundary element (mm), Vnis nominal shear strength of
wall (Newtons), tw is wall web thickness (mm), dw is wall effective depth (mm).

If horizontal and vertical web reinforcement yielded before concrete strut

crushing, then calculate strut strength by:

oqg =—¢f¢
On the other hand, if the concrete strut crushed before yielding of web reinforcement, the
stresses of vertical steel bars shall be the minimum of (80% of their yielding stress or 500
MPa), then stresses on horizontal steel bars shall be calculated by satisfying equilibrium.
This is in case if wall aspect ratio is 1.0 or less, otherwise, the horizontal steel bars shall
be estimated to be the minimum of (80% of their yielding stress or 500 MPa), then apply
equilibrium equations to calculate stresses on vertical steel bars. This is to emphasis the
high contribution of horizontal reinforcement compared to vertical reinforcement for walls
of aspect ratio more than 1.0.

The model more accurately predicted the shear strength of the tested walls, the
average value of actual wall strength to the predicted strength was 1.36 with COV of 0.2,
the study showed that horizontal reinforcement become more effective than vertical
reinforcement for walls of aspect ratio higher than 1.0, also walls with boundary elements
exhibits higher shear strength than their counterparts due to the dowel action of

longitudinal steel bars at boundaries.
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Figure 2-19 Stresses components of a reinforced concrete wall (Chandra et al 2018)
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Wael Kassem and Ahmed Elsheikh (2010) used an algorithm consisting of 14-

equations to estimate shear strength of reinforced concrete walls, the equations satisfy

the Equilibrium, Compatibility and constitutive laws of materials, the solution based on the

softened truss model (

Figure 2-20) which assumes stresses are equally distributed in the wall. Unlike

Gupta (1996) who used a fixed strut angle based on wall aspect ratio, Kasseem and

Elsheikh’s model suggested the strut angle controlled by concrete strength, longitudinal

and horizontal reinforcement volumes, yielding steel stress, wall aspect ratio and axial

force. The model which is based on variable cracking angle more accurately predict

shear strength compared to the model adopted by Gupta and Rangan (1998) where the

cracking angle is fixed and only related to the wall aspect ratio.
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(a)View of a shear wall (c) Concrete struts within element A

Figure 2-20 Softened truss model (Wael Kassem and Ahmed Elsheikh 2010)
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Weng et al (2017) established a trilinear shear strength-lateral wall displacement
curve based on the strut-and-tie model proposed by Hwang and Lee (2002), the curve is
similar in concept to the curve adopted by Li and Hwang (2017) for short columns
controlled by shear failure. The cracking point is estimated using initial cracking strength
formula adopted by ACI 314-14 (2014), while the strength point is calculated by the
procedure developed for shear strength in Hwang and Lee’s model (2002). The cracking
displacement (Ac) is evaluated by summation of flexural, shear and slip deformation at
onset of cracking point. The flexural and slip deformation quantified by Sezen and
Moehle (2006) while the shear deformation calculated by the formula of Benjamin and
Williams (1957). The model predicts shear strength, pre- and post- cracking stiffness, and
the collapse displacement. The model fairly estimates strength and displacement
relationship compared to ASCE/SEI 41-13. The predicted strength by ASCE/SEI 41-13 is
underestimated especially for walls with aspect ratio less than 1.5, the collapse
displacement decreases for walls with low aspect ratio or walls lack horizontal

reinforcements.

VA

i Strength point

v, -
Cracking

point Collapse point

Figure 2-21 Trilinear shear strength-displacement curve (Weng et al 2017)
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2.4. Empirical shear strength equations

Barda et al. (1977) tested eight squat walls with aspect ratio ranges from 0.25 to
1.0, the purpose of this study was to investigate effect of vertical, horizontal, boundary
reinforcement ratios on wall shear strength. Results indicates the inefficient contribution
of horizontal reinforcement on behavior of walls with aspect ratio 0.5 or less, rather it was
efficient for 1.0-aspect-ratio walls. The longitudinal reinforcement was observed to
significantly increase wall shear strength, this finding was difficult to predict by the ACI
1971 code equation, which constantly underestimate strength of walls with aspect ratio
less than 1.0. Based on the results of this study, Barda et al. (1977) suggested the

following equation, which gives more contribution credit for vertical reinforcement:

; ; 1
" :8.3Jf—c_3.4ﬁ(lm_§j+pn f
W

Where v, is the wall shear strength (psi), pn is the vertical reinforcement ratio, f% is the
concrete compressive strength (psi) and hy/lw is the wall height to length ratio.

Wood (1990) investigated the results of tested143 squat walls in literature, based
on the shear-friction model, he proposed the following empirical equation to estimate wall

shear strength:

! A/ff 1
6\/f_cA:v SVn = 4 : Sloﬁ’%v

Where V, is the wall shear strength (Ib), f¢ is the concrete compressive strength (psi), Acy
is the wall web area (in.?).

Similar to ACI 318-08 Chapter 21 equation, ACI 318-19 Chapter 18 section
18.10.4.3 requires vertical reinforcement at least equals to the horizontal reinforcement
ratio for squat walls, the minimum reinforcement ratio for vertical and horizontal

reinforcement is 0.25%. Wall shear strength (section 18.10.4.1) shall be estimated by:
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Vo = Ay (@2 + iy ) <108

a.=3forh, /1, <15

a, =2forh,/1,>2.0

o, varies linearly between 3.0 and 2.0 for 1.5<h,, /1, <2.0
Where V, is the wall shear strength (Ib), p: is the horizontal reinforcement ratio, f% is the
concrete compressive strength (psi), Acv is the wall web area (in.2), hu/ly is the wall height
to length ratio and A is a reduction factor to reflect the reduced lightweight concrete
strength.

The ACI 318-19 Chapter 18 equation only considers concrete compressive
strength and the horizontal reinforcement to estimate wall shear strength, no credits are
given for vertical reinforcement also wall aspect ratio is not significantly affect on shear
strength.

Gulec et al. (2008) used 120 rectangular walls of the collected wall-database to
evaluate the accuracy of previously mentioned equations; ACI 318-08 Chapter 21, ACI
318-08 Chapter 11, Barda et al. (1977), ASCE-43-05 and Wood (1990); the majority of
walls had aspect ratio 0.25 to 1.0, web reinforcement ratio from 0.25% to 0.75%, and
concrete compressive strength 2 to 5 ksi. The study showed that all predicting equations
failed to accurately estimate wall shear strength, majority of walls were overestimated
while lightly reinforced walls were underestimated. Wood’s equation was found to be the
most accurately predicting shear strength of rectangular walls. None of tested rectangular

walls reached the limiting shear stress 20Vfcm (psi) imposed by ASCE-43-05.
In addition, Gulec and Whittaker (2009) evaluated the test results of 150

rectangular squat walls reported in literature that failed in shear mode. The results show

that shear strength predicted by Wood (1990) have the most accurate estimation
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compared to ACI, Barda, and ASCE 43-05 equations (Figure 2-22), while ASCE 43-05

found to be the best to predict shear strength of walls with boundaries.
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Figure 2-22 Predicted to measured shear strength ratio for rectangular squat walls (Gulec

and Whittaker 2009)

Gulec et al. (2009) evaluated 247 squat walls having flanged or barbell. Most
walls have web thickness from 2 to 4 inches, concrete compressive strength from 2 to 6
ksi, vertical and horizontal reinforcement ratio from 0 to 1%. The study revealed that
ASCE 43-05 equation has the best average predicted to the experimental shear strength
ratio. However, it considerably overestimates and underestimates several tested walls.
On the other hand, the other equations by ACI 318-08, Wood (1990), and Barda (1977)

are incapable to precisely estimate the wall shear strength of flange and barbell sections.
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Figure 2-23 Predicted to measured shear strength ratio for rectangular squat walls (Gulec

et al. 2009)

However, Luna et al. (2015) tested NSF-funded twelve large scale squat shear
walls with length of 10 ft and thickness 8 inches, the wall height varies based on the
selected aspect ratios of 0.33, 0.54 and 0.94. They tested the specimens at NEES facility
(Network for Earthquake Engineering Simulation) at the University at Buffalo. The results
highlighted that all current equations (ACI 318-08 Chapter 21, ACI 318-08 Chapter 11,
Barda et al. 1977, Wood 1990, and Gulec 2011) showed significant scatter predicted
shear strength (Figure 2-24), this indicates the need to modify current equations to

estimate squat wall shear strength.
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Figure 2-24 Predicted squat shear strength by various equations (Luna et al. 2015)

Ramos et al (2012) statistically evaluated the database of squat walls collected
by Gulec and Whittaker (2009), the considered walls were 329 shear-critical walls that
failed before reaching their nominal flexural strength, the walls have different cross
sections — rectangular, flanged or barbell. The assessment criterion is to compare
experimental shear strength to the predicted shear strength by the Mexican Code,
Canadian Code, New Zealand Code and the Eurocode. The results showed that all four
codes considerably inconsistent to predict the shear strength, especially walls with
boundary elements. The Mexican and New Zealand codes are the best to estimate shear

strength of rectangular walls and walls having boundary elements which was found to
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have higher shear strength compared to walls do not have boundary elements. The
Eurocode tends to underestimate shear strength of all shear-critical walls. For the same
walls database, Gulec and Whittaker (2009) assessed the shear strength predicting
equations of ACI 318-08 Chapter 21, ACI 318-08 Chapter 11, Barda et al. (1977), ASCE-
43-05 and Wood (1990). In addition to the Mexican and New Zealand codes, the ACI
318-08 Chapter 11 are the best to predict strength of shear-critical walls, where the
average predicted-to-experimental ratio is almost 1.0 with coefficient of variation about
0.43. The ASCE 43-05 is the best to estimate shear strength of walls with boundary
elements.

Gulec et al. (2011) investigated the squat walls database to build a new

predicting shear strength model for squat walls with aspect ratio 1.0 or less,

_ A" At + BsFw + BaFow + PoFuve + P
(M /1)

Where, B1 to 87 are the model unknowns; f is the concrete compressive strength (psi);

Vm

Aert (in.2) is the effective wall area; Fuw, Frw, and Fuye (Ib) are the forces developed due to
longitudinal, horizontal and boundary reinforcements, respectively; The forces are
calculated by multiplying the reinforcement area by yielding steel stress; hy (in.) is wall
height; I (in.) is wall length; P (Ib) is the applied external axial force.

While validating the model unknowns based on the walls database, the horizontal
steel reinforcement found to have minor contribution on wall shear strength. Therefore,
the force developed due to horizontal reinforcement, Fny, was omitted from the model.
The model unknowns are affected by the walls section; rectangular (Vrec) or flanged (Vse),

the equations are given by:

1.5,/f A, +0.25F,, +0.2F. +0.4P
_ \/_CA\N VW vbe Slo\/]TC;AN

V
rec ,_hw n,
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0.04f/ +0.4F,, +0.15F, . +0.35P
BE:( C)A\eff VW vbe S15\/f7C'At
Jhw /1y

The coefficient of variance (COV) are 0.13 and 0.11 for rectangular flanged walls,

respectively, the average predicted-to-experimental shear strength ratio is almost 1.0
which gives better estimation accuracy compared to the other investigated equations in
this study.

Teng and Chandra (2016) tested several 1.0 and 2.0-aspect-ratio walls with high
strength concrete 100 MPa (14.5 ksi). Similar to normal concrete walls, horizontal
reinforcement found to be more efficient for high wall aspect ratio, low aspect ratio walls
and walls having flanges have higher shear strength than estimated values by the
available building codes including the ACI 318-19 Chapter 18 equation.

Cheng et al. (2016) tested five walls, in particular, high strength steel bars were
used in two specimens and the normal strength steel bars were used on the remaining
walls. Compared to the equations predicting shear strength available in literature, the ACI
318-14 found to be adequately predict the shear strength while the equations of Wood
(1990) and Gulec and Whittaker (2011) consistently underestimate shear strength with an
average experimental-to-predict ratios of 1.92 and 1.54, respectively.

However, Baek et al. (2017a) observed that the ACI 318-14 Chapter 18 equation
underestimates the shear strength of four critical-shear walls with reinforced by normal
(60 ksi) or high (80 ksi) steel strength bars, where the tested-to-estimated strength ratio
varies up to 1.46. The results also emphasized that no difference in wall behavior (mode
failure, attained shear strength) for walls either reinforced by high or normal strength steel
bars.

In other study, Baek et al. (2017) tested several walls with aspect ratio 0.5 or 1.0,

high (80 ksi) or normal (60 ksi) steel strength bars were also considered. The results

37



showed that the ACI 318-14 underestimates the wall strength by tested-to-predicted
shear strength ratio up to 1.9 for normal steel strength reinforced walls.

Moehle J. (2015) suggested an expression to estimate shear strength of squat
walls, the model assumes shear forces to be transferred throughout the web diagonal
struts like segment ab (Figure 2-25a), the developed stresses in diagonal struts shall be
equilibrated by vertical web reinforcement only (Figure 2-25b), based on the model,
horizontal reinforcement are needed to reduce crack opening and satisfy force

equilibrium for segment cde (Figure 2-25c). The shear strength expression is given by:

Vi :(Nu A fyAcv)ﬁ

Where, pi is the longitudinal steel ratio, Ny is the axial force, fy is the yield steel stress,

and V, is the wall shear strength.

<«
v
— tta, e
" 1Nu (web thickness b, )
(a) Idealized cracks (b) Free-body diagram ab (c) Free-body diagram cde

Figure 2-25 Squat shear walls force distribution (Moehle J. 2015)

Luna et al. (2019) modified Moehle’s model by adding the contribution of
aggregate interlock (Fs), assuming strut inclination angle to be 40 degrees, and
introducing shear-friction factor of 0.5 that used at the base of segment A (Figure 2-26) to

calculate the horizontal resisting-shear component. The shear strength of rectangular
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squat walls without boundary elements are estimated by summation of all three segments
shear contribution that illustrated in (Figure 2-27 and Figure 2-28), the final shear
strength equation is given by:

h, ¢ h 7
Vo =1.2( o1 A fy + plw)(1—0.7|—W—I—J+O.25pt I—prfy +0.5pc <10,/f/ A,
w

w w

The shear strength of rectangular squat walls without boundary elements are

estimated by:

h, .l
Vipe =1.2( o1 Auy Ty + p)[l—O.?I—W—ZIb—e)+l.75(plbe +P)

w w

+1.29pe A pe fy +0.250, Ay Ny f, <10/T{ Ay

IW
Based on the shear force mechanism in this study, the authors modified the shear
strength equation proposed by Gulec and Whittaker (2011), the updated shear strength

for rectangular squat walls without boundaries is given by:

1.1/ Ay +0.25F,, +0.2P
(P /1)

Where, /¢ is the concrete compressive strength (psi); Aeff (in.2) is the effective wall area;

Vn

Acy (in.2) is the gross section area; pi, ptand ppe are vertical, horizontal, and boundary

element reinforcement ratios, respectively; Fuw (Ib) is the force developed due to
longitudinal reinforcement, the force is calculated by multiplying the reinforcement area
by yielding steel stress; hy (in.) is wall height; Iy (in.) is wall length; P (Ib) is the applied

external axial force.
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Figure 2-27 Force free-body diagram in segment B (Luna et al. 2019)
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Figure 2-28 Force free-body diagram in segment A and C (Luna et al. 2019)
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2.5. High strength rectangular squat shear walls

Squat walls with shear strength are needed in high seismic zones. Current ACI
314-19 limits the design strength of shear walls to be 10+fcm (psi) due to insufficient
ductile behavior of high strength walls and high risks of sudden failure. Gulec and
Whittaker (2008) collected results of 150 rectangular walls (Figure 2-29) but did not report
any rectangular squat walls with shear strength more than 15vVfcm (psi); fcm is the
concrete compressive strength (psi). While they reported several barbell and flanged

squat walls attained shear strength between 20 to 25+\fcm (psi).
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Figure 2-29 Summary of tested rectangular, barbell, and flanged squat walls (Gulec and
Whittaker 2009)
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2.6. Philosophy of concrete confinement

2.6.1. Plain concrete behavior under biaxial stress state
Figure 2-30 shows the general applied three principal stresses (f{, f, and f3)
on a concrete specimen in x, y and z directions. Biaxial stress state can be defined when

f, and f, have values, while f; =0 . Kupfer et al. tested concrete specimens in which
stresses f; and f, were increased from zero until failure. Figure 2-30 illustrates the

strength envelop for various ratios of f/f,. Point (a) represents the ultimate uniaxial

compressive stress in axis 1. Point (b) represents the uniaxial tensile failure stress in axis
1. Point (c) shows how a small tension in direction 2 causes significant reduction in the

compressive stress for axis 1. Point (d) illustrates around 15% increase in ultimate

compressive stresses for both directions 1 and 2 when f1 =f2 , on other hand point (e)

shows 25% increase when f; = 2f, . It has been observed that the failure at points (d

and e) is due to tensile splitting failure in direction 3. Therefore, in order to achieve higher

concrete strength, the third direction must be restrained.
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Figure 2-30 Concrete strength envelope under biaxial loading (Moehle J., 2015)

2.6.2. Plain concrete behavior under triaxial stress state
Plain concrete subjected to biaxial stresses shows slightly small strength
enhancement as discussed in the previous section. However, many researchers

observed a significant increase in concrete strength if it is confined in the third direction.

Figure 2-31 shows the stress — strain curves in direction 1 for concrete specimens having

different amount of confining stresses in directions 2 and 3. The uniaxial concrete
compressive strength is constant (f, = 3660 psi ) for all curves.
Figure 2-31 clearly shows a small enhancement in both strength and maximum

strain (ductility) if f, =f5=0.15f/.
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On other hand, the ultimate concrete strength in direction 1 reaches four times
the original strength and the area under stress-strain curve is very large; which means it

has high capability to dissipate strain energy.
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Figure 2-31 Stress-strain relationships for normal weight confined concrete by hydrostatic

pressure and under axial compression force state (Moehle J., 2015)

Richart et al. (1928) tested large number of cylinder specimens; they proposed

the following equation to predict the confined concrete strength:

fo=fo+k f (Eq. 2-1)
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Where:
f..: confined concrete strength.
f ,: unconfied concrete strength.
k, : coefficient depends on f,.
f, = f,=f,: uniform confining pressure.

According to their results, the coefficient k; is given by:
k,=6.7(f) " (Eq. 2-2)
They found that a constant value of ki1 = 4.1 gives a good prediction to their experimental

results. Their model has been adopted in ACI building code (1989).

The uniform confining pressure depends on the column section and the spacing
of hoops. Different column sections produce several reinforcement arrangements which
have an effect on the uniformity of confining pressure. Lower spacing of hoops, makes

the confining pressure more uniform.
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For spiral columns, dilation due to axial forces results in spiral stress f; and confining
stresses f, and f5; which can be found by satisfying equilibrium in Fig (2-26c), as

following:
Compression in confined core = Tension in spiral hoops

foDs =2 f A,
2 f A f
fo=1f3= ISDS P = P52 > (Eq. 2-3)

Where:

D: is column diameter.

s : is hoops spacing.

ps - Is the volume of spiral reinforcement to the total volume of core confined by
the spiral, calculated as following:
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Figure 2-32 Concrete column confined by circular hoop: (a) elevation; (b) section A-A (c)

free-body diagram of a slice at column core with thickness s (Moehle J., 2015)
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2.6.3. Arching action and confinement effectiveness:

Providing small spacing between hoops, results in a uniform confining pressure
in the column core. On the other hand, larger spacing causes poor confining pressure.

Figure 2-33a shows confinement action in circular columns, each circular hoop
provides concentrated ring of confinement stresses acting radially inward at the locations
of intersection between the hoop and longitudinal bars, making the column core confined
at hoop level. The part of column core between two hoops, have free surface that is not
confined by hoops, as shown in

Figure 2-33b).
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Figure 2-33 Concrete confinement of circular column: (a) radial pressures in circular
hoop; (b) arch action concept and the effective concrete core confinement (Moehle J.,

2015)

Figure 2-34 shows the three — dimensional arching in confined rectangular

concrete columns. When column is subjected to axial forces, the core concrete dilates

47



outward horizontally. Concrete located near hoops, are well confined because hoops
restrain the horizontal dilation of concrete core, as shown in Figure 2-34. However,
concrete parts located between hoops, are not well confined since there is no hoops to
restrain concrete dilation, so, unconfined concrete parts try to spall away of concrete
core. This concept is called arching action, in which larger hoop spacing causes larger
arch curvature resulting in reduction of confinement effectiveness and vice versa, as
shown in

Figure 2-33b and Figure 2-34.

Arching action can be related by one parameter, s/D. a small value of s/D

indicates higher confined concrete area. Confinement effectiveness factor,ke, can be

estimated by the following:
S
ke =1-—
D

Therefore, the confining stress should be modified to consider the arching action

effect, as following:

f
fZe = ke f2 = ke psz : (Eq. 2-4)

Equation (2-1) must be updated to consider the effective confining pressure:
f.=f, +4.1f
. : f
fl=f + 4.1(ke ij

f = f +205kp,f. (Eq. 2-5)
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Figure 2-34 Arching effect (Paultre and legeron, 2008)
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2.7. Normal concrete confinement models

2.7.1. Saatcioglu and razavi (1992)

Saatcioglu and razavi (1992) analyzed large number of columns tests, including
confined and poorly confined concrete columns. They proposed an analytical model to
predict the stress-strain relationship for confined concrete. The model consists of two
parts; ascending and descending parts. Ascending part is parabolic while the descending
part is two linear lines. This model is applicable for circular, square and rectangular
column section. The only parameter to distinguish the confined concrete among those
sections is the effective lateral confining pressure, because the confining pressure for

circular section behaves in a different way compared to square or rectangular sections.

a) Circular sections:

Equation (2-1) can be used to estimate the concrete confining pressure for
circular section. Figure 2-35 demonstrates how to find the uniform confining pressure in
circular section.

The ultimate confined concrete strength can be derived from the following

equation:
fo=f,+k f (Eq. 2-6)
Where:

_ 2Af,
bs
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Figure 2-35 Lateral pressure in circular columns: (a) uniform distribution of pressure; and
(b) computation of lateral pressure from hoop tension (Saatcioglu and razavi 1992)

b) Square columns:

Uniform confining pressure for circular columns can be easily found, but it is
difficult to determine the confining pressure for square columns. However, an equivalent

lateral pressure can be employed, instead.

Confining pressure in square columns comes from the restraining force
developed in the hoop steel. The highest restraining force is developed at the corners
because it is supported laterally by transverse legs, and the lowest restraining forces can
be observed in locations between the corners. The restraining forces at corners depend
on area and strength of steel hoops, but forces developed between corners depend on

the flexural rigidity of the steel hoop.

Once the concrete dilates due to compressive forces, the hoops counteract this

dilation by creating lateral pressure distribution, as shown in Figure 2-36a.
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Reinforcement arrangement has an effect on the lateral pressure distribution.
Increasing the number of ties between hoop corners, will make the lateral pressure
distribution more uniform, because additional points of high lateral restraint are created,

as shown in Figure 2-36b.
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Figure 2-36 Lateral pressure in square columns: (a) lateral pressure distribution in square
columns; and (b) pressure distributions resulting from different reinforcement
arrangements (Saatcioglu and razavi 1992)

The ultimate confined concrete strength can be calculated by the following:

fc'c = fc'o + k1 fle (Eq 2'7)
Where
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fio =k, T

ZASfytsina
e

C

k,=6.7(f, )"

con[FJE o

s, Is the spacing of laterally supported longitudinal reinforcement.
a is the angle between the transverse reinforcement and b, .

c) Rectangular sections:

Since the rectangular section has different reinforcement distribution in two
orthogonal directions, as shown in Figure 2-37, the lateral pressure distribution for each
side shall be calculated following same procedure for square sections, and then the

overall equivalent lateral pressure is calculated using the following equation:

= flexbcx + fIeybcy (Eq 2-8)
b, +b,

Where f,_ and f,, are effective lateral pressures acting perpendicular to core

lex ley

dimensions b, andb,, , respectively.

cy !

b‘ xr

Figure 2-37 Lateral pressure distribution in rectangular columns (Saatcioglu and
razavi 1992)
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d) Confined concrete models:
Figure 2-38 shows a proposed model for confined concrete strength by
Saatcioglu and razavi, it is described as following:

& =&y (1+5K)

Egs = 260 g, + Eyg5
» T (+2K)

fc:f% Z(EQj_(féj Sfé
& &

Where:

&, = Strain corresponding to peak stress of unconfined concrete (&,, = 0.002)
Eugs = Strain at 85% of the maximum strength beyond the peak stress of unconfined
concrete (&, ~0.0038)
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Figure 2-38 Proposed stress-strain relationship (Saatcioglu and razavi 1992)
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2.7.2. Mander et al. model:

Mander et al. 1988 tested several large-scale reinforced concrete columns

confined by spirals, circular and rectangular hoops. They observed a state of triaxle

compression in the core concrete due to lateral confining pressure exerted by hoops,

thus enhancing the compression strength and making a more ductile post-peak stress-

strain behavior, as shown in Figure 2-39, this model consists of only one part that

represents the stress-strain relationship for confined concrete columns.

Compressive Stress, f,

We
N\ \Assumed f

Confined First
concrete hoop
fracture

or
Noover concrefte
N

o

Compressive Strain, E¢

Figure 2-39 Concrete compressive stress-strain model proposed by Mander et al. 1988
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The model that Mander et al. proposed is:

:c,c =225 1+7.94%—2.o%—1.25 (Eq. 2-9)
Where:

f.. is the confined concrete compressive strength.

f.. is the unconfined concrete compressive strength.

f'=k,f,

k. is a confinement effectiveness coefficient, calculated as the ratio of the
effective confined core area to concrete area within the hoop centerlines.

f, confining stress calculated as shown in Fig (2-40).

tal transverse

‘ m"‘??“mmlmm‘ fotai

(ransverse SR Ironsverse
force = force :3.41Ap 1, force = 2yl
Ash = 4Ap 4Aplyh Agh 2 3.41Ap
A1Ap5 s QAL
f(: _4_""_’72 !{: g_f.b_ﬂ f( PRl - ) L,
Sbc- Sb( 5 dc
fa) b) (c)

Figure 2-40 Confining stresses provided by different arrangements (Mander et al. 1988)
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2.8. High-strength concrete confinement models

1. Behavior of confined high-strength concrete columns:

Razavi et al. (1994) investigated the strength and deformability of confined high-
strength concrete columns based on available experimental data up to 250 columns.
They drew up the following conclusions:

a) The main confinement parameters are volumetric ratio of longitudinal steel, hoop
spacing, arrangement and strength of transverse reinforcement, concrete strength,
and axial load.

b) High-strength concrete columns require significantly higher lateral confinement
pressure compared to normal strength concrete columns.

¢) Using high strength steel, increases confinement of high-strength concrete.

d) High applied axial loads reduce the deformability of high-strength concrete
columns.

e) Strength and deformability of confined high-strength concrete can be enhanced
by reducing hoop spacing and spacing of laterally supported longitudinal

reinforcement.

2. Confinement models for high-strength concrete:
2.1 Razavi and Saatcioglu (1999)

A total of 46 near full —size columns were tested by Razavi and Saatcioglu (1994)
with concrete strength between (60 to 124 MPa), also they collected results of 124 high
strength concrete tests conducted by other researchers. Based on these data, Razavi

and Saatcioglu (1999) proposed a confinement model for high-strength concrete, as
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shown in Figure 2-41. Basically, this is a modified normal strength concrete which was

proposed in (1992) by Razavi and Saatcioglu.

& = &y (1+5k,K)
Egs = 260K, 0,6, [ 1+ 0.5k, (K, —1) |+ &5

f. [‘%jr
fo_ \&a)
r —1+(€°j
&

Where:
=210
fCO
f
k,=—2->1.0
500
K — klil:le
e

co

£, = 0.0028—0.0008k,,
Eos = oy +0.0018(K,,)?

i(Asx )i +i(Asy )j

P s, +b,)
EC
r =
Ec _Esec
Esec :fﬁ
&

E, =3320,/f, +6900
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Figure 2-41 Proposed stress-strain relationship (Razavi and Saatcioglu 1999)

3. Confinement reinforcement design:
3.1 Paultre and legeron (1999)

Paultre and legeron (1999) proposed the required hoop volume ratio ( 0 ) for
earthquake-resistant circular and rectangular columns having ultimate ductility of

4T

My =—" =10, Figure 2-42 shows the definition of concrete column ductility.
Py

They considered the effect of applied axial load to axial column strength in their
equations, since compressive stresses reduce the ultimate curvature, as a result, the
concrete column ductility drops significantly. The required area of confining hoop steel for

circular, square and rectangular column sections can be estimates as following:
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Figure 2-42 Ductility definition (Paultre and legeron 1999)

a) Circular columns:

Ps = 0.25kIO L (Eq. 2-10)
yh
Where:
-
PO

P, =0.85(A; —Ag )¢ +Ayf,

b) Square or rectangular columns:
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f’
Ay = 0.7k ok, f—Ch%cys (Eq. 2-11)
y

Where
¢, is the confined column dimension in y-direction, as shown in Fig (2-43).

s is hoop spacing.

n
k. = |
" n-2

n, = total number of longitudinal bars in the column cross section that are
supported laterally the corners of hoops or by hooks.

Confined
C, concrete

Figure 2-43 Definition of confined column dimensions (Paultre and legeron 1999)

3.2 Current design approach (ACI 318-19)

The confinement effectiveness K n is adopted based on a proposed formula

done by Paultre and legeron (2008). This factor takes into account the effect of closely

spaced, laterally supported longitudinal steel bars n, . Higher number of bars that are

longitudinally supported (by seismic hooks or hoop corners), enhance the column

confinement.

61



Concrete strength factor K¢ depends on the uniaxial concrete compressive
strength f ;" . High strength concrete is brittle in nature, so, it needs more hoop

reinforcement to increase its confinement capacity. K¢ and K, can be calculated from

the following two equations:

According to ACI 318-19 section 18.7.5.4, the required amount of hoop

reinforcement shall be calculated as following:

i)  Rectilinear hoops:

Transverse Conditions Applicable expression
Reinforcement
A R, <0.3A4f  and ?;eatzr of @ 03[ Ay 1] f
' - a) an Ol =~
sb f. <10,000 psi (b) eh y
RO | 0%
c 745 Pl and (c) N 5
(c) 0.2k k,, —4
ytTch
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i)  Spiral or circular hoops:

Transverse Conditions Applicable expression
Reinforcement
Aqn R, <0.3A4f  and | Greater A f!
pr , . of (d (d)0.45 —9% —1|-<
sby f/ 10,000 psi ané ()e) A iy
R, >0.3A,f; or Greatest ©)0 12i
, : f (d), Tf
f.>10,000 0
<> psi (@) and yt .
() (f ) 0.35k; —Y
ytch

Equation (a), (b), (d) and (e) in the previous two tables were applied to ensure no

axial column strength degradation due to column cover spalling. Equations (c) and (f)

were adopted to make the column capable to reach a drift ratio of 3% with limited loss in

column strength; also, equations (c) and (f) are intended to predict behavior of columns

having axial load greater than O.3Ag fo-
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Chapter 3
Proposed squat shear wall methodology

3.1. Research motivation

Extensive experimental works have been conducted to study the squat shear
wall behavior. As summarized in the Literature Review at Chapter 2, Paulay et al. (1982),
Barda (1977), and Cardenas et al. (1982) observed that the concrete crushing at wall
web is common failure mode which leads to the sliding shear failure and sudden strength
drop. In specific, the tested walls by Barda (1977) which were presented in Chapter 2 at
Figure 2-6 and 2-7, show the concrete crushing at wall web. This highlights the
insufficient wall web to resists the applied forces. The current study was devoted to tackle
this problem by confining the concrete at wall web. Due to the lack information in this

regard, the Vector2 software was used to simulate the confined wall at web.

3.2. Vector2 Analysis

At the first stage, SW-MA-1.0 and SW-MP-1.0-1 were constructed and tested,
both specimens have same vertical reinforcement but the first specimen was designed
according ACI 318-19 provisions which require horizontal steel bars in addition to the
vertical bars, while the other specimen represents the proposed walls which have several
steel cages of steel bars confined by hoops. The test results that presented in Chapter 4
and 5 reveals that ACI-compliant wall failed due to sliding failure mode, while the
proposed wall specimen failed due to the diagonal tension failure mode because the gab
between the steel cages was 5-inches which reduced the effective confined area of the
wall.

For the second stage, the discussion started to investigate confining the wall web

of the 0.5-aspect ratio located in high seismic zone to attain 18 to 24vfcm (psi), and at the
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same time, the gap between steel cages must be reduced as much as possible. Vecto2
software was involved to analyze the ACI and Proposed walls behavior. SW-HA-0.5 is an
ACI compliant wall and SW-HP-1.0-1 is a Proposed wall consists of two wide cages at
boundaries and four small cages at wall web, the design and more details of these two
specimens are presented in Chapter 4.

The Vector2 model of both walls are shown in Figure 3-1 and Figure 3-4. The
model consists of supporting block (Red color) and loading block (Yellow color) which are
modeled to be well reinforced (15% steel ratio for vertical and horizontal reinforcement).
The wall specimen is in between those two blocks. The material properties of both walls
are shown in Table 3-2 and Table 3-3. The vertical and horizontal reinforcement were
modeled by 2D link elements while the out-of-plane reinforcement were smeared. The
default values of concrete and steel reinforcement parameters were selected, details of
these parameters are shown in Table 3-1. Cyclic displacements were applied at the
center of the loading block.

The cracks and mode failure of both specimens are shown in Figure 3-2 and
Figure 3-5, were the ACI compliant wall failed due to sliding failure while the Proposed
wall failed due to flexural mode failure. The model results revealed that the ACI compliant
wall will lose it shear strength at drift ratio as half as what the proposed wall will attain as
shown in Figure 3-3 and Figure 3-6. The ACI compliant wall strength dropped at drift ratio
0.5% while the Proposed wall reached 1% drift ratio. This result indicates that confining
the wall web by closely spaced steel cages, would double the drift ductility of the squat
wall. Shegay et al. (2017) observed that the Vector2 tends undermine the ultimate drift
ratio capacity in some walls up to 45%. Therefore, the 0.5% and 1% of the modeled walls

in this study were assumed to be equivalent to 0.73% and 1.45%, respectively.
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After constructing and testing both walls, the results are shown in Chapter 5,

specimen SW-MA-1.0 reached 276 kips at drift ratio 1% and specimen SW-MP-1.0-1

attained 210 kips with maximum drift ratio of 1.75% which is as twice as that attained by

SW-MA-1.0. This an important step to enhance drift ductility of squat walls.

Table 3-1 Model material parameters

Compression Pre-Peak
Compression Post-Peak
Compression Softening
Tension Stiffening
Tension Softening

FRC Tension

Confined Strength
Dilation

Cracking Criteria

Crack Stress Calculation
Crack Width Check
Crack Slip Calculation
Hysteretic Response
Concrete Bond

Hysteretic Response
Dowel Action
Buckling

Concrete Models

Hogmestad (Parabpla)
Modified Park-Kent
Vecchio 1992-A

Modified Bentz 2003
Linear

Not Considered

Kupfer / Richart

Variable — Kupfer

Mohr — Coulomb (Stress)
Basic (DSFM/MCFT)
Agg/5 Max Crack Width
Walraven (Monotonic)
Nonlinear w/ Plastic Offsets
Eligehausen

Reinforcement Models

Bauschinger Effect (Seckin)
Tassios (Crack Slip)
Refined Dhakal-Maekaw

Table 3-2 Web and boundary reinforcement of specimen SW-HA-0.5

i Vertical Horizontal O_ut-of-plane
Material ID . . reinforcement
reinforcement reinforcement :
ratio (%)
2 A#7 #3@2.75 inches 0.92
3 #5@4 inches #4@3.5 inches 0
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Material color
and number
B 100

200
- 200
400

Figure 3-1 Vector2 model of specimen SW-HA-0.5
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Figure 3-2 Sliding of specimen SW-HA-0.5 at the ultimate load
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Figure 3-3 Shear force vs drift ratio for specimen SW-HA-0.5
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Material color
and number

1.00
200
3.00
4.00
5.00
6.00
7.00

Figure 3-4 Vector2 model of specimen SW-HP-0.5-1

Table 3-3 Web and boundary reinforcement of specimen SW-HP-0.5-1

Vertical Horizontal Out-of-plane
Material ID . . reinforcement ratio
reinforcement reinforcement (%)
2 6#5 #3@2 inches 1.1
3and 4 4#5 #3@1.2 inches 3.67
5and 6 4#5 #3@2 inches 2.2

69




] i 4
R A -
™ 1A /1’ d g - 1
'
£, . | AR f S P
- - y
= 1| FuA L e : 4
- E A FAVd Y w
— By W J - ==
- - ’ 7 R . - o
— A7 : 3 y
1 - M 4 e
s v G .
et AT 0 WA A
-~ / r ~u
~ 1 Al ALY A
-~ - A7 A L -
Al AN / A
A LS s
A\
7
7
7

| |
Figure 3-5 Flexural cracks of specimen SW-HP-0.5-1
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Figure 3-6 Shear force vs drift ratio for specimen SW-HP-0.5-1
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The third stage was dedicated to further enhance drift ductility and increase the
shear strength, at same time reducing the number of steel cages to make easier to
construct and install the steel cages in practice. The modified proposed wall SW-MP-1.0-
2 contains four-wide steel cages instead of 6 cages, the design and reinforcement layout
were discussed in Chapter 4. The critical zone of the ACI compliant wall is the web as
shown in Figure 3-7 up to the mid wall height, while concrete spalling was observed at
both boundaries and the web in specimen SW-MP-1.0-1 as shown in Figure 3-8, but the
web was still confined and contribute in resisting the shear forces. Therefore, the hoop
spacing of steel cages were reduced to be 1.25 inches in all steel cages up to 2/3 wall
height, this value of 1.25 in. was calculated by assuming the steel cages are column, and
required hoop spacing are calculated based on Table 3-1, the final reinforcement layout

of proposed walls is illustrated in Figure 3-9.

Figure 3-7 Failure mode of specimen SW-HA-0.5 at drift ratio 2%
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Figure 3-8 Failure mode of specimen SW-HP-0.5-1 at drift ratio 2.5%

Table 3-4 Quantifying the axial force in each steel cage to calculate hoops spacing

In proposed walls, consider Pu = (Aspect ratio)(Vu)

Transverse

Reinforcement Conditions Applicable expression
P, <034,/ and Greater of (@) 03 Ai,l Je
£,/ 10,000 psi (a) and (b) Ndy )
A, ‘ fe
E P, >0.34 ic' Fr Greatest of ) 0.09—1*
7.!>10,000 psi (@), (b) and ’ P
¢ 7 IHUTUP (©) (c) 0.2K ok, —*
ACl 13.64.4 A

ytich
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Figure 3-9 Final reinforcement layout of the proposed wall

Figure 3-10 and Table 3-5 contain the model and reinforcement properties,
where each of the four cages have 6#5 longitudinal steel bars except the cages at
boundaries that have 4#5 and 2#7 to increase the wall shear strength, it is worth to
mention that the three walls SW-M!-0.5, SW-MP-1.0-1 and SW-MP-1.0-2 have almost
similar of the total vertical steel reinforcement area but different horizontal reinforcement

configuration.
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Material color
and number
1.00
200
3.00
4.00
5.00

Figure 3-10 Vector2 model of specimen SW-HP-0.5-2

Table 3-5 Web and boundary reinforcement of specimen SW-HP-0.5-2

Vertical Horizontal Out-of-plane
Material ID . . reinforcement ratio
reinforcement reinforcement (%)
) 2#7 and 4#5 at each #3@1.25 inches 11
boundary cages; 6#5
5 at each of the two #3@2 inches 367

web cages
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Figure 3-11 Flexural cracks of specimen SW-HP-0.5-2
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Figure 3-12 Shear force vs drift ratio for specimen SW-HP-0.5-2
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The test results of specimen SW-MP-1.0-2 were as expected, having higher
shear strength (257 kips) and higher drift ratio (1.75%). The concrete at wall web is well

confined (Figure 3-13) and efficiently resists shear forces even after drift ratio 2%.

Figure 3-13 Failure mode of specimen SW-HP-0.5-2 at drift ratio 2%

76



Chapter 4
Experimental Program

4.1. Introduction

Seven squat shear walls with aspect ratio 0.5 or 1.0 were fabricated and tested
under reversed cyclic loads. The information of each specimen is shown in Table 4-1.
Each specimen name was designated according to test variables. Primary test variables
were reinforcement configuration (ACI or Proposed), wall aspect ratio of 0.5 or 1.0, and
design shear stress (High: 18 to 24+vfcm (psi); or Medium: 10 to 12\fcm (psi)). For
instance, Specimen SW-HA-0.5 represents a Squat Wall (SW) designed to reach High
(H) shear stress between 18 to 24+\fcm (psi), reinforcement configuration according to
ACI 318-19 (A) provisions, wall high to length ratio is 0.5. For SW-HP-0.5-1 and SW-HP-
0.5-2, labels of 1 and 2 were added to emphasis that the second specimen is the updated
reinforcement configuration of the first specimen. Shear strength of ACI 318-19 compliant

walls designed according to the equation:
Vi = Aw (ac/l\/f_(:’+pt fy)
While the Proposed walls were designed by strut and tie model which is explained in

Chapter 8, basically the tie strength controls wall strength as the proposed walls are well-

confined and struts are stronger than the tie.

ACI 318-19 requires providing boundary elements at both ends of shear walls,
these boundaries have high number of longitudinal bars confined with very closely hoops.
If ACI limitations are applied to reinforce SW-HA-0.5 boundaries hoops, it ends up with
using #3@1.33 inch hoops which is believed too conservative, instead scaling of
equivalent amount of hoops was suggested, the scaling procedure was to find required

amount of hoops for a full scale squat wall and calculate the volumetric steel hoops ratio.
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Accordingly, this ratio was used to determine the equivalent number of hoops needed for

SW-HA-0.5 boundaries, the required hoops at boundaries was calculated to be

#3@2.75".
Table 4-1 Specimen information
¢ @ Web reinforcement Boundary reinforcement
. 1] cm ; ; i
Specimen ksi | Horizontal, oy | Vertical, p | Horizontal, oy Vertical, oy (%)
(%) (%) (%)
2.85 4.4 2.0 11.6
SW-HA-0.5 5.3 #HA@3.5 in.) #5@3.5in.) | (#3@2.75in.) (4#7)
6.2
2 7503] 2.75 4.65
SW-HP-05-1 | 45 #3@2 in) (4#5 per #3@2 in.) (6#5)
cage)
4.65
SWHP-05-2 | 47 | u3@1.25in.) (GC#;ZS)” (#3@1.25 in.) (4#5; 247)
1.38 1.38 4.4 2.47
SW-MA-05 | 5.0 (#3@4 in.) #3@4in) | (#3@1.25in.) (44, 243)
1.65
4,404 4.414 2.55
SW-MP-05 1 50 | w3@1.25n,) (6:;%2)” (#3@1.25 in.) (4#4; 243)
11 11 2.0 5.6
SW-MA-1.0 | 4.13 (#3@5 in.) #3@5in.) | (#3@2.75in.) (#4@3.5in.)

[1]: SW refers to Shear Walls; H denotes to High design shear stress (18 to 24\/70'); M
refers to Medium design shear stress (10 to 12 \/f_c’); A refers to ACI provisions-based

design walls; P represents Proposed walls, 0.5 or 1.0 is the wall height to length ratio.
[2]: fcm is measured concrete compressive strength.

[B]: p;=2.75% (#3@2 in.) from wall base to hw/4 and from 3hw/4 to hw. p©; =4.6%

#3@1.2 in.) from hw/4 to 3hw/4.
[4]: o =4.4% (#3@1.25 in.) from wall base to 2hw/3. o; =2.75% (#3@?2 in.) from 2hw/3

to hw.

Note: 1 in. = 25.4 mm and 1kip = 4.45 kN.

Another reason of scaling number of boundary hoops is that the failure of squat

walls does not involve sever boundaries damage, instead the common squat walls

failures types are due to shear sliding, so relaxing amount of boundaries hoops does not

effect on behavior of squat walls. On the other hand, the provided hoops spacing in
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specimen SW-MA-0.5 was #3@1.33 inch as was required by ACI because horizontal
reinforcements are less congested compared to specimen SW-HA-0.5. Longitudinal steel
reinforcement in SW-HA-0.5, SW-HP-0.5-1 and SW-HP-0.5-2 are almost same. SW-HP-
0.5-1 was reinforced by uniformly distributed longitudinal steel bars, while SW-HP-0.5-2
was designed to have some concentrated steel bars at boundaries to increase the shear
strength. In SW-HP-0.5-1, it was believed that the middle region in wall web is the critical
zone, therefore hoop spacing was selected to be 1.25 inch and relaxed to 2 inches in all
other wall regions. Based on the test results of SW-HP-0.5-1, the critical zone is
observed to be within the wall web and boundaries up to ¥2 of wall height, so hoop
spacing of SW-HP-0.5-2 and SW-MP-0.5 is provided to be 1.25 inch up to 2/3 of wall
height and relaxed spacing of 2 inches in the remaining wall height. Specimens SW-MA-
0.5 and SW-MP-0.5 were reinforced by identical size and number of longitudinal steel
bars, to experimentally investigate drift ductility capacity of ACI compliant and proposed

walls.

4.2. Squat reinforced concrete walls with aspect ratio 1.0

SW-MA-1.0 is a squat wall designed according to ACI 318-19 criteria, and SW-
MP-1.0-1 is a proposed squat wall consists of multiple steel cages, both walls
(dimensions 40 in.x 40 in. x 4 in.) are one-third of full scale walls having dimensions (120
in.x120 in. x4 in.) . The aim of testing SW-MA-1.0 and SW-MP-1.0-1 walls is to compare
behavior of Proposed squat walls with the walls designed according to ACI 318-19
provisions, both walls have the same amount of longitudinal and horizontal steel rebars
ratios but the major difference is that ACI code reinforces walls with horizontal and
vertical bars whereas Proposed walls provides multiple steel cages to confine web region

due to existence of confining hoops.
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4.2.1. SW-MA-1.0
4.2.1.1. Specimen Design

Original Specimen Design:

The target wall shear strength is V, :10A;w1/ fc' , With concrete compressive strength (

f. =5 ksi), aspect ratio (Iﬁ = % =1), and wall thickness (t, =4").
1) Width limitation (ACI 18.10.6.4 b):
b> h—”
16

40
> —_
16
4'>25 (Ok)

4

2) Number of curtains (ACI 18.10.4.4):
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V. =10A,, f,
V_ =10(40)(4)~/5000
V. =113.1 kip

V, =4V,
V, =0.75(113.1)
V, =84.8 kip

BecauseV, =84.8 kip >2A_ 1,/ f_ =2(40)(4)(1)v/5000 = 22.6 kip, two curtains
are required

M, =V,
M, =84.8(40)
M, =282.7 kip.ft

3) Minimum distributed web reinforcement ratios (ACI 18.10.2.1):

The provided transverse and longitudinal reinforcements are (#3@4"), so:

A, 2(0.11)

P =P = bs 4(4)

=0.0138>0.0025  (Ok)

4) Shear Design (ACI 18.10.4.1):

PV, =9 A, (A T +p 1))
h,

a, =3 for =1

w

#V = 0.75(4)(40) [3(1)\/5000 + 0.0138(60000)]
#V, =124.8 kip >V, =848 kip  (Ok)
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5)

6)

Height of SBE = max. of 1 M, 282.7(12)

Length of the Special Boundary Element (ACI 18.10.6.4 a):

The proposed geometry was modeled using spColumn software; the neutral axis

depth (c) for the wall section is (6.98 in).

c-0.1, =6.98-0.1(40) = 2.98 in
Length of SBE = max. of
%:6'—28:3.49 in  (Controls)

As shown in Fig (1), use length of SBE = 55in>3.49in (Ok)
Height of Special Boundary Element (18.10.6.2 b):

I, =40in  (Controls)

=10 in
4V~ 4(84.8)

Height of SBE =40 in

7) Vertical Spacing of hoops in SBE:

14 in

h, = maximum spacing of supported bars < min< 2 0 2(4)

——==2.67 in (Controls)
3 3

As shown in Fig (4-1), use h, =2.5In<2.67 in  (Ok)
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Length of SBE =5.5"

| 2

|
|
|
| -
|

15" h,=25" 15"

Figure 4-1 lllustration of hxand length of SBE.

b/3=4/3=1.33in  (Controls)
6d, =6(5/8)=3.75 in

S =min _ _
4+(143hX ]:4+(14 32'5]:7.83 in

6 in

use s =1.25in<133in  (Ok)

8) Limitations for the amount of transverse reinforcement (18.10.6.4 f):
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b, = 2.5+g+ 2(%) =3.88in  [Asshown in Fig (4-2)]

b, = 2+g+ 2@) =3.38in  [Asshown in Fig (4-2)]

A:h = bclbcz
A, =3.88(3.38) =13.1 in?

A, =5.5(4) = 22 in?

(a) Check minimum reinforcement for (b,,) direction:

009 s,
f

yt

0.3[i—1jstcl

h fyt

A, = max of

0.096—50(1.25)(3.88) =0.036

A, = max of 99 5
0.3(——1}—(1.25)(3.88)=0.08 (Controls)
131 )60

Provided steel area =2(0.11) =0.22 in® >0.08 in>  (Ok)
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(b) Check minimum reinforcement for (b,,) direction:
£
O.O9f—°sbc2

yt
A .
o.g[_g_ljhsbcz
Ach fyt

0.093 (1.25)(2.98) = 0.028

A,,, =max of

A,,, =max of

0. 3(%—1}-(1 25)(3.38)=0.07  (Controls)

Provided steel area =2(0.11) =0.22 in® > 0.07 in®  (Ok)
use #3 hoops @1.25" spacing.

b,, =3.88"
e B #3@4"

i [ Z 2 ! 4
| wr
b,, =3.38" Qﬁ | L
X | o
\ 4 | . :

h =25" 15" \#3@1.25" (hoops)

ﬁﬁ x :

Figure 4-2 Definition of ber and be2

The final specimen reinforcement layout for SW-MA-1.0 is shown in

Figure 4-5.
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Scaled Specimen Design (Three times of original specimen):

c

w

1) Vertical Spacing of hoops in SBE:
14 in

h, =max spcing of supported bars<minj2 — 2(12) _
—b= —5 - 8in

3
As shown in Fig (4-3),use h, =4 in<8 in  (Ok)

Length of SBE =16"

f_ =5 ksi, &z%:1<2 (Squat Shear Wall), t, =12"

7 e

A 4

b d d

2"

86

e e

Figure 4-3 lllustration of hxand length of SBE.

(Controls)



b/3=12/3=4in  (Controls)
6d, =6(9/8)=6.75 in

S =min — _
4+(14 hx):4+(—14 8j:6 in
3 3

6 in

use s=3in<4in (Ok)

2) Limitations for the amount of transverse reinforcement (18.10.6.4 f):
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b., :12+§+ 2[%) =14.13in  [As shown in Fig (4-4)]

b, = 6+§+2(gj =8.13in  [Asshown in Fig (4-4)]

A;h = bclbcz
A, =14.13(8.13) =114.9 in®

A, =16(12) =192 in’

(a) Check minimum reinforcement for (b,) direction:

009: sh,,

yt

O.S(i—lJstcl

h fyt

A, = max of

0.092(3)(14.13) =0.32
A, = max of

192
OB(m—lj—(B)(M) 0.71  (Controls)

Provided steel area =4(0.2) =0.8 in> >0.71 in>  (Ok)
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(b) Check minimum reinforcement for (b,,) direction:

A,,, = max of

A,,, = max of

009 % sh,
f

yt
A .

o.s(_g_ljf_cwcz
Ach fyt

5
0.09—(3)(8.13)=0.18
5o 36-13)

192 5
03] ——-1—(3)(8.13)=0.41 Controls
(114.9 jeo( )6.13) ( )

Provided steel area =3(0.2) =0.6 in® >0.41in*>  (Ok)

use #4 hoops @

b,, =8.13"

3" spacing.

&ﬁ 10#9

S ST |

I |
Y

\.::I |C ||:; |

2" gm 2"
e e T TS\ #4@3 (hoops)

Figure 4-4 Definition of bcx and be2
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Scaling assumptions:
1) Same amount of confined core ratio (Ach/Ag):

Original specimen:
A 131

—==59.5%
Ay 22

Scaled specimen:
Acn 1149

=59.8%
A, 192

2) Same amount of longitudinal steel ratio in the SBE (As/Ag):

Original specimen (4#5):

As _ 403D g oo
Aq 22

Scaled specimen (10#9):
Ag 192
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Scaling the hoop steel ratio and spacing:
Scaled specimen:

Four #4 legs in by, direction, and Three #4 legs in b, direction, as shown in Fig. (4-4),
then the steel hoop volume ratio (p, ) is:

_ A (hoop) _ 4(0.2) +3(0.2)

_ ~1.20%
AT AL 114.93) ’

Original specimen:

Two #3 legs in b direction, and Two #3 legs in b, direction, as shown in Fig. (4-2).
We need to get the spacing (s) that makes p, for scaled specimen is equivelant to p, for
original specimen:

Py = A (hoop)
Acn S
L2206 — 2011 +2(0.11)

13.1 (s)
s=2.75"
So, we can use spacing up to 2.75" for small scale specimen.

For current spacing (s = 1.33”), then:
As (hoop)
A s
2(0.1)+2(0.11)
T 131(1.3)3)

A/:

=2.53%

Table 4-2 shows a scaling summary for small- and large-scale specimens.

Table 4-2 Scaling Summary.

Specimen Scale Hoop spacing in the SBE Hoop steel volume ratio, g,
Large Scale K 1.22%
1.33” 2.53%
Small Scale (1/3 scale) 575 122%
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>
™

L5125, 35" 5" 5" 5" 5" 5" 135 250ILs)
< 40"

#3@2.75" #3@5" #3@5" #5

>
>

40"

40"

\ 4

Figure 4-5 Reinforcement layout for specimen SW-MA-1.0
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4.2.1.2. Strain gauge locations
Twelve strain gauges were attached to the vertical steel rebars which are labeled by the
orange color and have designation L1 to L12 as shown in Figure 4-6. Strain gauges were

also attached to the boundary hoops and horizontal steel bars which are labeled by blue

colors and have designation of S12 to S16.

#3@2.75" #3@5" #3@5" #5
Y
40"
L12
B = e S14 S15 S16
:
L8 S13 L9 L0

ks s

JL e [ Il Il Il
L1 L2 L3 L4 L5 L6

L7

Figure 4-6 Strain gauges layout for specimen SW-MA-1.0
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4.2.1.3. Specimen Construction

Plywood of 2 in. (51 mm) by 4 in. (102 mm) were used to make specimen
formwork, the wall dimensions are 40 in. (1016 mm) length by 20 in. (508 mm) by 4 in.
(202 mm) thickness, the supporting block is 64 in. (1626 mm) length by 72 in. (1829 mm)
height by 43 in. (1092 mm) thickness. The formwork of wall and the blocks are connected
to monolithically cast the specimen components. Ready-mix concrete was used. The
ordered concrete compressive and steel yield strength were 5000 (34.5 MPa) and 60,000

psi (414 MPa), respectively.

Figure 4-7 to Figure 4-18 show the process of specimen preparation and steel
fabrication. The specimen consists of supporting and loading blocks linked by the shear
wall. The purpose of the supporting block is to provide fixed support to the wall specimen
during the test, while the loading block purpose is to transfer the cyclic loading from the
actuator to the wall specimen. The supporting block steel reinforcement consists of six
#11 steel bars at top and bottom faces and two #11 bars at the vertical sides (Figure 4-9),
the #3 steel stirrups were provided at 5 inch spacing. The loading block (Figure 4-10)
consists of four #5 steel bars at top and bottom faces, and one #5 steel bar at the cage

mid height of each face. The stirrups are #3@5 inches.

Strain gauge (Figure 4-11) are attached at longitudinal and horizontal steel bars.
The process starts by grinding the steel bar face, cleaning the face by acidic neutralizing
agents, then attaching the strain gauge to smoothed bar face using the glue. M-coat A
should be spread on top of the strain gauge and wait for at least 15 minutes to add M-
coat B. After two hours, electrical tap and liquid sealant should be used to cover and

preserve the coated strain gauges.
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The complete prepared specimen before concrete casting is shown in Figure
4-14. The specimen consists of the supporting (Big) block and the loading (small) block,
where the wall is embedded between the two blocks. The supporting block contains of a
steel cage, six 2-1/2 diameter non pressurized plastic pipes with length 76 inches each,
the pipes are running from East to the West sides of the supporting block, the purpose of
these pipes is to post-tension the supporting block to the strong floor using threaded rods
of 2-1/2 inch diameter, the spacing of these pipes or rods is 24 inches in both directions
because the typical strong floor holes spacing is 24 inches in both directions. the ends of

plastic pipes are confined by several 4-inch by 4-inch stirrups as shown in Figure 4-18.

There are also four 2-inch diameter plastic pipes running from the South to the
North faces of the supporting and loading blocks, the aim of these pipes is to hold and
tighten the supporting and loading blocks together while flipping the specimen and to

prevent any protentional external stress on the wall during overturning the specimen.

The loading block contains four 2-inch diameter plastic pipes spaced by 16
inches in both directions. These pipes are used later to connect the actuator head to the

loading block by four post-tensioned rods with 1.5-inch threaded rods diameter.

Concrete casting process is shown in Figure 4-19 to Figure 4-22. First, concrete
was poured up to mid height of the supporting block, then up to mid height of the loading
block, after that, the wall part is cast and its face smoothed. We do the same of this
process for the other specimen, then we come back to the first specimen and fill up both

blocks as shown in Figure 4-22. The reason of this process is to give the concrete a time
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to harden and reduce pressure on the formwork sides of the supporting block, for

additional safety, two ropes were used to tighten all sides of the formwork.

Figure 4-7 Picking up the steel reinforcement order from Commercial Metals Company
(CMC), Dallas, TX.
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Figure 4-8 Preparing the steel cage of supporting block

Figure 4-9 The fabricated cage of supporting block.
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Flgure 4-10 The fabrlcated cage of loading block.

Figure 4-11 Process to attach strain gages to the Iongltudlnal steel bars.
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Figure 4-12 The fabricated wall reinforcement

Figure 4-13 Preparing the supporting block (formwork, plastic pipes and steel cage)
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Figure 4-14 Complete specimen components before concrete casting.
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Figure 4-16 Thesteel reinforcement of loading block

101



L ) I —

'
)

]
3

. .‘._..__‘4,.,.__... -

A

|
:
A\

"

Figure 4-18 Confining hoops around the plastic pipes
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Figure 4-20 Concrete casting of the \}Véil
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Figure 4-22 Finishing the bloks surfaces.
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Flipping the specimen process starts at least 28 days after casting the concrete
as shown in Figure 4-23 to Figure 4-32. Four ¥-inch diameter used to connect the
supporting (big) block to the loading (small) block as shown in Figure 4-23 to Figure 4-26.
Another four 2-1/2 inch diameter rods were inserted in the supporting (big) block as
shown in Figure 4-23, Figure 4-26, and Figure 4-27. The flipping process starts by
connecting the crane chain to the 2-1/2-inch rods located in the supporting block as
shown in Figure 4-27.

The forklift is used to simultaneously lift the loading block with supporting block
as shown in Figure 4-28. The process gradually overturns the supporting and the loading
block until the whole specimen is flipped 90 degrees as shown in Figure 4-29. Later, the
specimen is moved to be underneath the actuator frame and the supporting block is post-
tensioned to the strong floor by six 2-1/2 inch threaded rods diameter using super bolts
as shown in Figure 4-30, at this point the actuator is hooked by two steel chains to the
actuator frame (i.e. the actuator head stroke is almost zero inch), the aim of this action is
to have enough space to move the specimen under the actuator.

After post-tensioning the super bolts, the chains of the actuator are removed and
lowered down until the head touches the top face of the loading block. The head is
square already has four 2-inch holes spaced by 16 inches in both directions. The actuator
head is tightened to the loading block by four 1.5-inch diameter rods. Two lateral bracing
frames are positioned at each face of the loading block as shown in Figure 4-32. Each
frame is post-tensioned to the strong floor by two 1.5-inch rods, the post-tensioning force
is 60 kips. The frame consists of two 10-inch by 20-inch steel plates to provide lateral
bracing for the loading block as shown in Figure 4-33. A general use grease was spread
at the contact between lateral bracing frame steel plates and both sides of the loading

block to eliminate any frictional forces which might affect on the precise loading value.
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Figure 4-24 The North side view of the specimen while preparing to flip the specimen,
four rods with %- inch diameter were inserted to connect the supporting to loading blocks
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Figure 4-25 The South side view of the s'pecin;en‘ while preparing toiflip the specimen,
four rods with %- inch diameter were inserted to connect the supporting to loading blocks

Figure 4-26 The East side view of the specimen while preparing to flip the specimen, four
rods with %- inch diameter were inserted to connect the supporting to loading blocks plus
four rods with 2-1/2 inch diameter were inserted to flip the supporting block by crane.
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preparing to flip it.

Figure 4-28 Gradually flipping the specimen. The supporting block lifted by crane and the
loading block by the forklift, both blocks are connected by %z-inch diameter rods
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Figure 4-30 The supporting block was post-tensioned to the strong floor by six 2-1/2 inch
diameter threaded rods, super bolts where used to apply 130 kips in each threaded rod.
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Figure 4-31 Super bolts to apply poé-tensionin forc on the suppofting block rods.

Figure 4-32 Two lateral bracing were used to prevent out-of-plane displacement for both
sides of the loading block.
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Figure 4-33 The lateral bracing consists of two10-inch by 20-inch steel plates

4.2.2. SW-MP-1.0-1

4.2.2.1. Specimen Design

The vertical reinforcement of specimen SW-MP-1.0-1 is similar to what was
provided in specimen SW-MA-1.0, but different horizontal reinforcement layout, where 5-
inch-spacing hoops used to confine the vertical reinforcement instead of the horizontal
rebars that required by ACI 318-19 provisions. The wall consists of Three small cages at
boundaries confined by 2.5-inch-spacing hoops as shown in Figure 4-34, while the wall
web contained three wider cages with 5-inch-spacing hoops. The gab between web
cages was 5 inches.

The boundaries spacing of 2.75 inches was selected to be consistent to the
confinement that provided in specimen SW-MA-1.0, this value was derived based on the

scaling of full wall dimensions that are commonly used in practice. The 5-inch spacing of
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hoops at wall web was selected to have similar horizontal spacing of specimen SW-MA-

1.0.

X
{12676 1T & 1 & JE3
T&E»LZ_S» 3.5" 5" 5" 5" 5" 5" gﬂm
le 40"

-

#3@2.75" @5 #3@5" 45

fou
Ll

40"

[
[

40"

v

Figure 4-34 Reinforcement layout for specimen SW-MP-1.0-1
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4.2.2.2. Strain gauge layout
Twelve strain gauges were attached to the vertical steel rebars which are labeled
by the orange color and have designation L1 to L12 as shown in Figure 4-35. Strain

gauges were also attached to the hoops which are labeled by blue colors and have

designation of S12 to S16.

#3@2.75 #3@5" #3@5 #5
Y
40"
L12
Lhs S14 s15 S16
-
L8 513 L9 L1o
ot | REE
JL e ] ] |l |l
L1 L2 L3 L4 L5 L6

L7
40"

A

\4

Figure 4-35 Strain gauges layout for specimen SW-MP-1.0-1
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4.2.2.3. Specimen preparation

Preparing the web and boundary steel cages are shown in Figure 4-36 and
Figure 4-37. The completed framework and reinforcements just before concrete casting
are illustrated in Figure 4-38. Concrete casting process is summarized in Figure 4-39 to

Figure 4-42. Basically, both supporting and loading blocks were cast up to the
mid height then cast the wall part. After casing the wall, all blocks are filled by concrete. A
conical concrete bucket hooked to the crane chain, was utilized to move the concrete to
the far parts where the mixer cannot reach. Six concrete cylinders were taken from the

same concrete batch that used to cast the wall part.

After overturning the specimen and moving it under the actuation, the supporting
block was post-tensioned to the strong floor by six 2-1/2-inch threaded rods diameter.
The actuator head was lowered down and tighten it to the loading block. Two latera

bracing frames were used to prevent the lateral displacements (Figure 4-43).
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Figure 4-38 Completed construction work, just before casting the concrete
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Figure 4-39 Concrete casting of the loading block up to mid height.

> T

i 2 7 . e >
Figure 4-40 Concrete casting of the supporting and loading blocks up to mid height and
wall casting.

117



Figure 4-42 Concrete cylinders for test quality control
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Figure 4-43 Fully prepared specimen for testing.
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4.3. Squat reinforced shear walls with aspect ratio 0.5

Specimens SW-MA-0.5 and SW-MP-0.5 have same amount of vertical steel

rebars but different horizontal reinforcement. They were constructed and designed to

reach medium shear stress 10 to 12\/fcm; fem is the measured concrete compressive

strength. On the other hand specimen SW-HA-0.5 was designed to reach high shear

stress level 18 to 24\fem based on the ACI-compliant provisions, the two proposed walls

SW-HP-0.5-1 and SW-HP-0.5-2 were constructed to have similar amount of vertical steel

bars area to the ACI- compliant wall SW-HA-0.5 but have different horizontal

reinforcement layout; vertical steel bars are uniformly distributed in SW-HP-0.5-1 while

some vertical bars were lumped at boundaries of SW-HP-0.5-2.

4.3.1.SW-HA-0.5
4.3.1.1. Specimen Design

Original Specimen Design:

f/=6 ksi, T—W:%—O.5<2 (Squat Shear Wall), t,, =4"

n
w

1) Vertical Spacing of hoops in SBE:

14 in
h, = max spcing of supported bars < min
" being PP %b :@:2.67 in

As shown in Fig (1), use h, =2.5in <2.67 in  (Ok)
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b= 4 1/8" #3@1.25" (hoops)
/
@

be= 3 5/8" Z <
J

2" |he=25" 2" 47

SBE Length = 6.5"»‘
-t

Figure 4-44 Illustration of hy, length of SBE, bci and bea.

b/3=4/3=1.33in (Controls)
6d, =6(7/8)=5.25 in

S=min _ _
4+(143 hxj:4+(14 32'5j:7.83 in

6 in

use s=1.25in<1.33in  (Ok)
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2) Limitations for the amount of transverse reinforcement (18.10.6.4 f):
b, = 2.5+%+ 2@) =41/8in  [Asshown in Fig (4-44)]

b,, = 2+§+ 2(3] =35/8in  [Asshown in Fig (4-44)]

A%h = bclbcz
A, =4.125(3.625) =14.95 in®

A, =6.5(4) = 26 in?

(a) Check minimum reinforcement for (b,) direction:

0.09—< sh_
fyt

o.3[i—1J s,
f

h yt

A, = max of

0.096—60(1.25)(4.125) =0.046
A, = max of

0.3(3—1)3(1.25)(4.125):0.11 (Controls)
14.95 )60

Provided steel area = 2(0.11) =0.22 in* > 0.11 in>  (Ok)
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(b) Check minimum reinforcement for (b_,) direction:

0,091 sh
f

yt

0.3[i—1] < s,

h yt

A,,, = max of

0.09%(1.25)(3.625) =0.04
A,,, = max of

o.3(ﬁ—1j3(1.25)(3.625):o.1 (Controls)
1495 )60

Provided steel area =2(0.11) =0.22 in® > 0.1 in*>  (Ok)
use #3 hoops@1.25" spacing.

3) Ultimate shear force (18.10.4.4):

We will use V,, = 204,/ f{ instead of using V,, =10A,,/f{
V,, = 20(4)(40)+/6000

V, =247.9 kips

V, = ¢V, (we will drop the value of ¢)
V, =V, = 247.9 kips
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4) Minimum distributed web reinforcement ratios (18.10.2.1):

a) Longitudinal rebars are #5@3.5" at the web, so:

o= A = 2(03)) =0.04429 (as shown in Fig 4-45)
bs  4(3.5)

b) Horizontal rebars are #4@3.5", so:

A, 2(0.2) N
=—==—""-0.0285 (as shown in Fig 4-45
P = hs T 4(3.5) ( 94-45)

5) Shear Design (18.10.4.1):
W = Ao, (2T + i)
a. =3 for T—W=0.5

W

AV, = 0.75(4)(40) [3(1)\/6000 + 0.0285(60000)}
#V,, =233 Kkips <V, = 247.9 kips
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Figure 4-45 Top and side views of shear wall reinforcement for SW-HA-0.5.

Scaled Specimen Design (Six times of original specimen):

A full-scale squat shear wall was used to scale down the required confinement

ratio at boundaries, the wall dimensions are 10 ft height, 19 ft length and 2 ft thickness.

f.=6 ksi, h, = % =0.53<2 (Squat Shear Wall), t, =2 ft

w

1) Vertical Spacing of hoops in SBE:

14 in

h, = max spcing of supported bars < min
" being PP %b:@:m in  (Controls)

use h, =10 in<16 in  (Ok)
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'y

bei= 34 3/8"

A4

30#11

® ° o o 3 o

° ° o ° °
o ° ) ) ® °
o o o oo o e

Q beo= 22 3/8"

FZ:- 6.4" | 6.4" ||l 64" ||, 64" |, 64" .ﬂ:‘

Length of SBE = 36"

S=min

use s=3in<5.3in

Figure 4-46 lllustration of SBE length.

b/3=24/3=8 in
6d, =6(11/8) =8.25 in

4+(14_hxj:4+
3

(Ok)

(14—10

6 in

Tj =5.3 in (controls)

§ #4@3" (hoops)

2) Limitations for the amount of transverse reinforcement (18.10.6.4 f):
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b, =6. 4(5)+E+2(gj 34375 in  [As shown in Fig (4-46)]

b,, =5(4) + 1—1+2(gj 22.375in  [As shown in Fig (4-46)]

A%h = bclbcz
A,, =34.375(22.375) =769.1 in?

A, = 24(36) =864 in

(a) Check minimum reinforcement for (b,,) direction:

0.09—* £ sb,,
f
A, = max of ¢
0.3{i—1j—°sbc1
h yt
0.09E (3)(34.375) =0.93  (Controls)
A, = max of 864
03| ——-1 —(3)(34 375)=0.38
769.1

Provided steel area =6(0.2) =1.2 in* >0.93 in®>  (Ok)
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(b) Check minimum reinforcement for (b,,) direction:

A, = max of

A,,, = max of

0,091 sh
fyt

0.3[i—1jstcz
f

h yt

0'096% (3)(22.375) =0.61 (Controls)

O.S(ﬁ—lji(S)(ZZ.NS) =0.25
769.1 )60

Provided steel area =4(0.2) =0.8 in* >0.61 in>  (Ok)
use #4 hoops@ 3" spacing.

128



Scaling the hoop steel ratio and spacing:
Scaled specimen:

Six #4 legs in b, direction, and Four #4 legs in b, direction, as shown in Fig. (4-46),
then the steel hoop area ratio (p) is:

Ashoop) _ 6(0.2)+4(0.2)

= =1.17%
beS+beos  34.375(3) +22.375(3)

p:

Original specimen:

Two #3 legs in b, direction, and Two #3 legs in b, direction, as shown in Fig. (4-44).
We need to get the spacing (s) that makes o for scaled specimen is equivelant to p for
original specimen:
As(hoop)
DS +b¢oS
1.17% — 2(0.11) +2(0.112)
4.125(s) +3.625(s)
s=4.85"
So, we can use spacing up to 4.85" for small scale specimen.
we willl use s = 2.75"

p:
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4.3.1.2. Strain gauge layout

Eight strain gauges were attached to the vertical steel rebars which are labeled

by L1 to L8 as shown in Figure 4-47. Strain gauges were also attached to the hoops and

horizontal steel bars which are labeled by S9 to S17.

20"

#4@3.5"

=

#3@2.75"

/

S13

|

L]

S12

Il
L

S11

S17

S10

L4

L5

40"

L

| S15 I
6 L7

Figure 4-47 Strain gauges layout for specimen SW-HA-0.5
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4.3.1.3. Specimen Preparation

Figure 4-48 to Figure 4-58 present the specimen preparation process.
Fabrication the boundary cages, horizontal and vertical steel bars are shown in Figure
4-48 to Figure 4-52. After completing the supporting block formwork, the wall and loading
block formwork are monolithically connected together as shown in Figure 4-53, the wall
reinforcement is inserted from the loading block side since it still has two unclosed sides,
then the loading block steel cages is inserted inside the loading block formwork and all
remaining sides are closed. Figure 4-54 to Figure 4-58 illustrate the completed specimen

right before and after casting the concrete.

Figure 4—48preri the bunay steel cages
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Figure 4-50 Fabricating the wall cage
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¥ 7 3
Figure 4-51 Fully prepared cage reinforcement

incluain the attached strain gauges.

Figure 4-52 Wall length is 40 inches.
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Figure 4-54 Formworks of Supporting and loading blocks
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Figure 4;56 WaIIA‘Ie-ngth' is 40

inches.
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Figure 4-58 Concret finisn
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4.3.2.SW-HP-0.5-1
4.3.2.1. Specimen Design

SW-HPO0.5-1 was constructed with closely spaced steel cages at the middle part
of the web. The purpose of this modification is to increase the wall confinement capacity,
at same time, reinforcements at boundaries are relaxed since forces are believed not
critical based on results of Barda (1977) where the concrete at wall web crushes before
the boundaries. The wall consists of four cages at wall web and two wider steel cages at

boundaries as shown in Figure 4-59.

o) o) LW WO oHw LO'-:':Dt o Lo Lo ﬁ
pd & & 8 &S §F I ¥F & &
Sl Jo )l )b Jb Jb . .
1/4'21 |2 %

EE 5" , 57 , 5" BT 10"

£

#3@2" 0.25"gap  #3@1.2" #3@2"
— [— —

1 / i /
s [T i

[T

~

| 40" |

Figure 4-59 Top and side views of shear wall reinforcement for SW-HP-0.5-1.
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4.3.2.2. Strain gauge layout
Fourteen strain gauges were attached to the vertical steel rebars which are
labeled by L1 to L14 as shown in Figure 4-60. Strain gauges were also attached to the

hoops which are labeled by S15 to S19.

5ll
A
1 519 =kl 14
10" == 10 L1l == =112 L13eg= t s18
1S —1
L8 == Loes —
Y
Y L7 o=
5" i o | s
v LI T T T T T
L1 L2 L3 L4 L5 L6
40"

Figure 4-60 Strain gauges layout for specimen SW-MP-1.0-1

4.3.3.SW-HP-0.5-2
4.3.3.1. Specimen Design

After testing SW-HP-0.5-1 which consists of 6 steel cages; the results which
explained in Chapter 5 it reached high strength and ductility. However, it is believed that
6 cages will require more efforts to construct the wall on field. Therefore, SW-HP-0.5-2
consists of 4 steel cages to make it easy to construct. Additionally, failure on SW-HP-0.5-
1 started at both boundary cages because the number of hoops is not enough to resist
shear stresses which were developed at wall boundaries. To avoid this problem, all
cages on SW-HP-0.5-2 were provided with closely spaced hoops up to the first 2/3 of wall

height. Shear stresses on the top part of wall are minor, so the hoops spacing was
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relaxed on the top third of wall. SW-HP-0.5-2 reinforcement layout is shown in Figure

4-61.

2#5

W
S~~~
b
Ng7
N\
‘U| 2#5
A
Q)

2#5
2#5
2#5

l\ A N 7
L, 1 J6 7 J& 7 17

.!, 10" I, 10II ‘!, 10.' I, 10ll I,

1

W =2
B
—{l—l=-
8| 2#7

#3@2" #3@1.25" 0.25" gap

— [ /
{/\ / ]
%" I/ ANE
R / I.. X
JAAY /
[ \J//
13"
\_/
v \/
le 40" |

Figure 4-61 Reinforcement layout for specimen SW-HP-0.5-2

4.3.3.2. Strain gauge layout
Six strain gauges were attached to the vertical steel rebars which are labeled by

L1 to L6 as shown in Figure 4-62. Strain gauges were also attached to the hoops which

are labeled by S7 to S13.
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Figure 4-62 Strain gauges layout for specimen SW-MP-1.0-2

4.3.3.3. Specimen preparation

Specimen construction, fabrication, concrete casting and experimental setup
before testing are show in Figure 4-63 to Figure 4-71. Strain gauges were attached to the
longitudinal steel bars before constructing the steel cages as shown in Figure 4-63.The
wall reinforcement consists of four wide steel cages confined by steel hoops with 2-

spacing as shown in Figure 4-66. Specimen construction and concrete casting are

illustrated in Figure 4-67 to Figure 4-70.
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Figure 4-63 Strain

gauge attachment

A
{

Figure 4-64 Steel cages to create a wall length of 40 inches.
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Figure 4-66 Wall thickness is 4 inches.
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Figure 4-68 Wall length of 40 inches.
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Figure 4-69 Wall height of 20 inches.

% e
& L ey

Figure 4-70 Concrete casting.
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Figure 4-71 Experimental setup before testing

4.3.4.SW-MA-0.5

4.3.4.1. Specimen Design

f,=5 ksi, I&=%=0.5<2 (Squat Shear Wall), t, =4"

w

1) Vertical Spacing of hoops in SBE (18.10.6.4 e):

14 in
h, = max spcing of supported bars < min
ping of supp 2520 367

As shown in Fig (4-72), use h, =2.67 in
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b,=6.6"

JE— } </. i
be=3.5" i <
° :

l/l U\ 267J/267 1"b

7 71
L SBE Length=7.34" |
w 71

Figure 4-72 lllustration of hx, length of SBE, bc1 and beo.

b/3=4/3=1.33in (Controls)
6d, =6(4/8)=3 in

S=min _ _
4+(143 h, j =4+(—14 32'67j= 7.78 in

6 in

use s=1.33 in
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2) Limitations for the amount of transverse reinforcement (18.10.6.4 f):

4

b, =2.67+ 2.67+§+ 2@) =6.6 in  [As shown in Fig (4-72)]

4

b, =2.25+—+2
8

Ach = bcleZ

(gj =35in  [Asshown in Fig (4-72)]

A, =6.6(3.5)=23.1 in’

A, =7.34(4) =29.4 in’

(a) Check minimum reinforcement for (b,,) direction:

A, = max of

A, = max of

0.09-1< sh_
f

yt

0.3[—‘@—1]stcl
f
h

yt

0.09%(1.33)(6.6) = 0.066

294 5
0.3] ———1|—(1.33)(6.6) =0.06 Controls
(23_1 jGO( )(6.6) (Contrals)

Provided steel area =3(0.11) = 0.33 in® > 0.066 in>  (Ok)
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(b) Check minimum reinforcement for (b,,) direction:

0.09-1 sh |
f

yt

o.3[i—1] < s,

h yt

A, = max of

0.09%(1.33)(3.5) =0.035 (Controls)

Anz = Max of 204 )5
0.3(—'—1}—(1.33)(3.5) ~0.032
231 )60

Provided steel area = 2(0.11) =0.22 in®* >0.035 in*>  (Ok)
use #3 hoops@1.33" spacing.

3) Minimum distributed web reinforcement ratios (18.10.2.1):

Horizontal and vertical rebars are #3@4", so:
Pminimum = 0-25%

A, 2(0.11) -
=p=—=—"""2=-1.375% (as shown in Fig 4-73
Pt =P bs 4(4) 0 ( g )

Pt Z Prinimum (0kay)

4) Shear Design (18.10.4.1):
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Vi = Abv(ac/i\/fic'"i'pt fy)

o, =3 for T—W:O.S
W

V., =4(40) [3(1)\/5000 + 0.01375(60000)}
V,, =165 kips (14.6A,,/ )

1/4"_*_(\16\1%% N__ N N N N N NN
3.5" % E ) ) . ) ) .
1/4" Py [ o e = = K
T a@2 34 5@4" L 3% 20271
#H@4" #3@1.25"
— A
/1 ‘\
\
20"
v
40"

Figure 4-73 Top and side views of shear wall SW-MA-0.5.
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Design of SW-MA-0.5 based on the proposed strut and tie model:

718"
4" 2.25'{
78"__

Tie

< < ™ o o ™ ™ o ™ ™ < <
H O H = H= H + I+ H + H H 3+
N N N N N N N N N N N N
] L J [ J [ J [ J ® L4 ‘
ﬂ/‘ [ ) ° o ° o ° U@

1" 2.67" 2.67" ' " 267" 267" 1%
oV P P LA V2 S 720 A 22 A R A e
7 T v I ' I I ' | A A A
- 40™ >l
~ il

2

3L Strut

\

1

I
I
1

UL LB LB LA |

-
-
L - —

Figure 4-74 Proposed strut and tie model for SW-MA-0.5.

1- Tie strength (Figure 4-74)

Viie = 2/3Astyv

2/3Asv = A4 + 12#3 = 4(0.2)+12(0.11) = 2.12 in2

Viie = 2.12(60) = 127.2 kips

2- Strut strength (Figure 4-74)
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Vstrut = 0.6(0.85)(Aw/2)(Fc)cos(45) + 0.5AshFyn
Vstut = 0.6(0.85)(40(4)/2)(5)cos(45) + 0.5(6)(2)(0.11)(60)
Vstrut = 183 kIpS

3- Expected SW-MA-0.5 shear strength

The strut strength is 183 kips, and the tie strength is 127.2 kips. The expected
strength of the shear wall is the minimum of 183 and 127.2 kips, so the wall shear
strength is 127.2 kips. Although the strut is stronger than the tie, the wall will reach the tie
strength, 127.2 kips and the strut would deteriorate quickly which leads to reduce the wall
drift ductility.
4.3.4.2. Strain gauge layout

Thirteen strain gauges were attached to the vertical steel rebars which are
labeled by L1 to L3 as shown in Figure 4-75. Strain gauges were also attached to the

hoops and horizontal steel bars which are labeled by S14 to S20.

#3@4" #3@1.25"
— A \
/ s1g | SO \
s17 \
20" o
S15
S0 S14 }{L13

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
L 40" .

Figure 4-75 Strain gauges layout for specimen SW-MA-0.5
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4.3.4.3. Specimen preparation

Specimen preparation, concrete casting and test setup are shown in Figure 4-76 to
Figure 4-83. Supporting block components of steel and plastic pipes are shown in Figure
4-77 to Figure 4-78 where six 2-1/2-inch diameter plastic pipes running from north to the
south of Figure 4-78 and 4 2-inch diameter plastic pipes running from the east to the west
to hold the supporting and loading blocks together while flipping the specimen. Figure
4-79 shows rope used as extra safety to prevent the supporting block to open during

concrete casting.

Figure 4-76 Completed formwork and reinforcement fabrication
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Figure 4-78 A close view of plastic pipe inside the supporting block
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< A
Figure 4-79 Rope used as extra safety to prevent the supporting block to open during
concrete casting

Figure 4-80 Concrete casting '
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Figure 4-81 Moving the specimen

L

Figure 4-82 Specimen near to the actuator.
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Figure 4-83 Specimen setup .
4.3.5.SW-MP-0.5
4.3.5.1. Specimen Design

Specimen Design:

SW-MP-0.5 is reinforced by four cages, the number of vertical bars is same as that
provided in SW-MA-0.5 (ACI compliant) wall, as shown in Figure 4-84. The vertical bars
are enclosed by #3@1.25” hoops up to two thirds of the wall height, the hoops spacing is

relaxed on the remaining wall height (#3@2” hoops).
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Figure 4-84 Top and side views of shear wall SW-MP-0.5.
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Design of SW-MP-0.5 based on the proposed strut and tie model:

2
|« ng »| Strut

N

\

L |
|
]

h
\
|
’
[—
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A,

e———0.5L, ————]

Figure 4-85 Proposed strut and tie model for SW-MP-0.5.
1- Tie strength (Figure 4-85)

Viie = 2/3Astyv
2/3As = 4#4 + 12#3 = 4(0.2) + 12(0.11) = 2.12 in2

Vie = 2.12(60) = 127.2 kips

2- Strut strength:

Figure 4-85 shows that the strut width is 0.5 Lw, two cages are devoted to carry
compressive forces in the strut at a certain drift ratio, and they should be designed by ACI
columns limitations. Therefore, steel cages shall be confined by hoops according to
section ACI 18.7.5.4:

Kt = £¢/25000+0.6 21.0 , where f'c = 5000 psi
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Kf = 5000/25000+0.6 = 0.8 21.0, so ki = 1.0

Kn = ni/(ni-2), where ny is the number of longitudinal steel bars that are supported by
hoops or ties, n| =6

Kn=6/(6-2) = 1.5

Two cages will carry the shear forces at a certain drift ratio. Since the tie strength is 127.2
kips, the total compressive forces on struts are equal the tie strength, 127.2 kips,
because the angle between the strut and the tie is almost 45 degrees. Therefore, each

cage will carry a compressive force (Pu) of 127.2/2 =63.6 kips.

b, =4.75 +4.75 =9 n. as shown in Fig (4-86)

b., = 2.25+g+ 2(3) =3.5n. as shown in Fig (4-86)

A:h = bclbcz
A, =9(3.5) =31.5in?

A, =10(4) =40 in?

v

< < ™
+H + +H
N N N
718" :
. 2.25"¢ @EA t? j
718"

u/ 475" ‘ 475" ‘ b

A 1 T‘ "
025"/}/A 10" ) 0.25

d 7

Figure 4-86 Dimensions of a typical steel cage.
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(a) Check minimum reinforcement for (b,) direction:

f !
C

sh,,
yt

0.09

A, = max of o.3(i—1jlsbcl
h yt
0.2k k o

A

5
0.09&(2.5)(9.5) =0.18
40 )
63.6 .
0.2(1)(2.5) 60(3L5) (2.5)(9.5) =0.24 in” (controls)

Provided steel area =3(0.11) =0.33 in* >0.24 in*>  (Ok)

(b) Check minimum reinforcement for (b_,) direction:

f !
¢sh,,
yt

0.09

A,,, =max of O.’E{i—llisbCz
h n
0.2k, k, A
feA

vt 7eh
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5
0.09%(2.5)(3.5) =0.07
40 5
63.6 -

Provided steel area =2(0.11) =0.22 in”> > 0.09 in>  (Ok)

use #3 hoops@ 2.5" spacing.
Although the required hoop reinforcement is #3@2.5”, the authors decided to reduce
hoop spacing to be #3@1.25” to see how much improvement on drift ductility, and if the
wall could reach a drift ratio more than 2% without significant deterioration on shear

strength.

There is no need to calculate Vsyut as long as hoops of steel cages satisfy ACI
confinement provisions in section ACI 18.7.5.4, which already has been calculated on

this section.

3- Expected SW-MP-0.5 shear strength

The strength of SW-MP-0.5 is controlled by tie strength, 127.2 kips, but it is expected to
reach a higher drift ratio compared to SW-MA-0.5, because the strut is well-confined and

capable to sustain shear strength at high drift ratios.
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4.3.5.2. Strain gauge layout
Thirteen strain gauges were attached to the vertical steel rebars which are
labeled by L1 to L3 as shown in Figure 4-87. Strain gauges were also attached to the

hoops which are labeled by S14 to S20.

#3@2" #3@1.25"  0.25" gap
=i

_ /
-
6%" |1\ /1 / 1NE
KN vaw v %0
17 ;
/ S19
13%""
5:.|.5 S16 S:!.? S:!.8 L13
5
IRk AvaE T T T T ] T T
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12
40"

Figure 4-87 Strain gauges layout for specimen SW-MP-0.5

4.3.5.3. Specimen preparation

Plywood of 2 in. (51 mm) by 4 in. (102 mm) were used to make specimen
formwork, the wall dimensions are 40 in. (1016 mm) length by 20 in. (508 mm) by 4 in.
(102 mm) thickness, the supporting block is 64 in. (1626 mm) length by 72 in. (1829 mm)
height by 43 in. (1092 mm) thickness. The formwork of wall and the blocks are connected
to monolithically cast the specimen components. Ready-mix concrete was used. The
ordered concrete compressive and steel yield strength were 5000 (34.5 MPa) and 60,000

psi (414 MPa), respectively. Figure 4-88 to Figure 4-91 show the construction of

162



specimen. The wall consist of four wide steel cages confined by stirrups with spacing
1.25 inch up to 2/3 wall length and spacing relaxed to 2 inches at the remaining wall
height as shown in Figure 4-88, the bottom side of Figure 4-88 is the supporting block
while the top side is the loading block. Concrete casting process is shown in Figure 4-89
to Figure 4-91. The connection between head of the actuator and the loading block is
illustrated in Figure 4-92, while the lateral bracing frames are shown in Figure 4-93 to
prevent the out-of-plane displacement of loading block while testing. Test setup is shown

in Figure 4-94.

Figure 4-88 Wall reinforcement

163



e

| i s

3

3 O TEPDNN
o

§

O O o

: BN

e i vl
| BABAVABATABAIAPAD,

-

IA.! SRR e

SRR s SRR

v 4
TSBAATIAN N
- WA )

Aoy P
Wi S e &

PONE ]

TSN

A i AN
 FAPAPAS i
A

Figure 4-89 Concrete flowing from the Ioain Iock toward the wall

Figure‘ 4-90 Catin'g the supporting block
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Figure 4-92 Connected actuator head to the loading block
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Figure 4-94 Test setup and DIC system
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4.4, Specimen setup and instrumentation

The specimens were cast horizontally, then flipped and positioned in the test
setup, the supporting block was posttensioned to the strong floor by six threaded rods
(Figure 4-95), the loading block was posttensioned to the actuator by four threaded rods,
two lateral bracing frames were used to prevent any out-of-plane displacements as
shown in Figure 4-96. The walls were tested by single curvature using a vertical actuator
to apply displacement reversals at the centroid of loading block which transmits uniform

shear forces to the wall. The loading block is laterally supported at both sides to prevent

[ n

i

Lateral Bracing
I

! Actuator | |

'

any out-of-plane rotations during the test.

Test Setu .

Figure 4-95 Specimen setup
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Figure 4-96 Specimen setp Overview

Deformation of the specimens were measured by Digital Image Correlation (DIC)
and Linear variable differential transformers (LVDTs). One face of each wall was painted
by white color then black dots to allow the DIC to compute strain distribution during the
test.

The LVDTs were attached at the other face of each wall, the displacement at the
line of force action equals the average of LVDT displacement at wall-to-loading block
interface (LVDT 1) and the LVDT displacement at the outer face of loading block LVDT 2.
To deduct the supporting block movement during the test, the net deformation of walls
equals the displacement at line of force action minus the wall-to-supporting block
displacement (LVDT 3). LVDT 4 and LVDT 5 are at attached at top and bottom sides of
the supporting block to measure the block rotation during the test. LVDT 6 was provided

to measure the displacement at center of supporting block, this LVDT displacement
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provided as a backup results in case of crushing the supporting block-to-wall interface
which might result of inaccurate wall movement during the test, both LVDT 3 and LVDT 6
shall have the same displacement results. The wall drift ratio was calculated as the wall
net deformation divided by distance from wall-to-supporting face to the line of force action
(equals 20 inch plus 13 inch, equals to 33 inches for 0.5 aspect ratio walls and 40 inch
plus 13 inch, equals 53 inches for 1.0 aspect ratio walls; the 13 inches represents half of
the 26-inch-loading block width). The drift ratio of the wall is calculated by the following
equation.

LVDT1+LVDT2
Drift ratio = 2

-LVDT3 LVDT4—LVDTS

— x100%
L, Distance between LVDT4 and LVDT5 ’

Where Lw IS the distance between the wall-to-supporting interface and the center of the

head of actuator. This value equals 20 inches plus 13 inches, equals to 33 inches for 0.5
aspect ratio walls and 40 inches plus 13 inches, equals 53 inches for 1.0 aspect ratio

walls; the 13 inches represents half of the 26-inch-loading block width.
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Figure 4-97 Specimen setup and LVDTSs location

One of the smooth wall faces was used for the DIC. The face was painted by
White color, at least one day later, black dots were spread so that 50% of the wall face is
White and 50% of the wall face is Black dots as shown in Figure 4-98. The DIC system
consists of two cameras supported by a tripod and connected to a computer which has
sensor box, the left and right cameras are connected to the sensor on the specified ports

which labeled as left and right. On the night of the test, the cameras must be calibrated to
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the accurately cover the wall dimensions, the calibration takes at least two hours to
complete, basically the cameras resolution and precision are adjusted to capture the
black dots on the wall face, the distance between the cameras to the object center was
selected 132 cm which is the same distance between the cameras tripods to the center of
wall face as shown in Figure 4-99 and Figure 4-100. The height of the cameras is the

same height of wall face center (36 inches from the floor level to the center of cameras).

Just before starting the test, the cameras shuttering time is adjusted to have
suitable degree of lightening, extra bulbs are used to provide some light on the wall face.
There is tow reasons of this, first the calibration was executed over the night witch has
less resolution compared to the light on the morning (time of testing). Second, the black

dots are not 100% uniform, therefore the lightening over the wall face varies.

The cameras capture one photo per five seconds, which precisely tracks the
movement and deformation of all Black dots over the wall face while testing the wall
specimen. After completing the test, the pictures are post-processed to analyze the
displacement and strain distribution of the wall face. In this study, the major and minor
strain were used extensively to track the shear force distribution from the wall tip to the

supporting block and to precisely quantify the critical and highly stressed zones.
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Figure 4-98 Wall face painted by White and Black dots.
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Figure 4-100 Symmetric cameras distance relative to the wall center.
a
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Strains of longitudinal and horizontal steel rebars were measured by strain
gauges attached to the reinforcement. The strain gauges and LVDTs wires are attached
to the blue wires which connected to four Data Acquisition (DAQ) sensors (version 8000)
as shown in Figure 4-101. The four sensors connected together by an adaptor which has
a port to connect to the laptop that have the DAQ software installed in, as shown in

Figure 4-102.

FLAMMABLE

~ KEEP FIRE AWAY

[/ 3 \
Figure 4-101 DAQ sensors

174



Figure 4-103 Strain gauge wire to the blue wire connection
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Loading Protocol

4.5.

The applied loading protocol consists of symmetric cyclic displacements as shown in

Figure 4-104

20 25

15
Number of Cycles

Figure 4-104 Loading protocol

(%) oney yuq
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Chapter 5
Experimental Results

5.1. Introduction

Seven squat shear walls were experimentally tested to investigate the effect of
wall web concrete confinement on overall squat walls behavior. The walls were carefully
confined to eliminate the unpleasable sliding shear failure mode that most of current walls
suffer from. Generally, sliding shear failure prevents squat walls to reach sufficient drift
ductility and dissipated energy due to softening then crushing of the diagonal struts
commences at low drift ratios, consequently, wall shear strength drops suddenly.

Therefore, it is hard to precisely predict either the wall peak drift or strength.

Specifically, five of the tested walls have 0.5 aspect ratio and two walls with 1.0
aspect ratio. The walls designated by SW-HA-0.5, SW-HP-0.5-1, SW-HP-0.5-2, SW-MA-
0.5, SW-MP-0.5, and SW-MA-1.0. Each of the wall designation letters were discussed in
Chapter 3.

The following sections discusses testing results of wall cracking and damage
pattern, attained shear force and drift ratio, and stresses of horizontal and vertical steel

reinforcement

5.2. SW-MA-0.5
5.2.1 Cracking and Damage Pattern

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, 1.5%, 1.75% and 2% are shown in Figure 2-1. Cracks developed along the
diagonal compressive struts until 1% drift ratio (Figure 2-1). Base of web struts started

crushing at drift ratio 1.25% due to insufficient concrete confinement at the web
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compared to the well-confined boundaries, thereby the wall shear strength sharply
dropped. Consequently, struts crushing propagated toward wall boundaries due to
reversed loading which initiated the sliding plane and the wall deformed as a rigid block.
At this point, concrete struts are no longer resisting shear forces, instead the longitudinal

steel rebar are only resisting shear forces by dowel action (by kinking the steel rebars).

5.2.2  Shear strength response

Shear force versus drift ratio response of specimen SW-MA-0.5 is shown in
Figure 5-2. The maximum attained shear force was 133 kips (11.8\/fcm) at drift ratio
1.25%. However, sudden drop in shear strength commenced at this drift level due to
sliding shear failure, where the diagonal concrete struts crushed and no longer resist
shear forces, the shear forces are resisted by dowel action (kinking the longitudinal steel

rebars).
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0.125%

Figure 5-1 Test results of specimen SW-MA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, 1.5%, 1.75% and 2% (continued)
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. web struts crushing,
uddnstrength dropping

Figure 5-1 Test results of specimen SW-MA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, 1.5%, 1.75% and 2% (continued)
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Figure 5-1 Test results of specimen SW-MA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, 1.5%, 1.75% and 2% (continued)
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Figure 5-2 Shear strength hysteresis curve of specimen SW-MA-0.5

5.2.3 Steel reinforcement stresses

Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-3. Strain gauges L1 to L13 are attached at vertical steel bars, while
S14 to S20 are attached at boundaries and horizontal steel bars. Results of drift ratio and
the attained steel stress in strain gauges L1 to S20 are shown in Figure 5-4 to Figure
5-23. All vertical steel bars yielded (reached the yielding strength of (60 ksi) and S15 to

S17 yielded but all other strain gauges did not reach the yielding strength.
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Figure 5-3 Locations of strain gauges at boundaries, vertical and horizontal steel bars for

specimen SW-MA-0.5
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Figure 5-4 Measured stresses of strain gauge (L1) for specimen SW-MA-0.5
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Figure 5-5 Measured stresses of strain gauge (L2) for specimen SW-MA-0.5
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Figure 5-6 Measured stresses of strain gauge (L3) for specimen SW-MA-0.5
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Figure 5-7 Measured stresses of strain gauge (L4) for specimen SW-MA-0.5
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Figure 5-8 Measured stresses of strain gauge (L5) for specimen SW-MA-0.5
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Figure 5-9 Measured stresses of strain gauge (L6) for specimen SW-MA-0.5
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Figure 5-10 Measured stresses of strain gauge (L7) for specimen SW-MA-0.5
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Figure 5-11 Measured stresses of strain gauge (L8) for specimen SW-MA-0.5
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Figure 5-12 Measured stresses of strain gauge (L9) for specimen SW-MA-0.5
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Figure 5-13 Measured stresses of strain gauge (L10) for specimen SW-MA-0.5
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Figure 5-14 Measured stresses of strain gauge (L11) for specimen SW-MA-0.5
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Figure 5-15 Measured stresses of strain gauge (L12) for specimen SW-MA-0.5
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Figure 5-16 Measured stresses of strain gauge (L13) for specimen SW-MA-0.5
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Figure 5-17 Measured stresses of strain gauge (S14) for specimen SW-MA-0.5
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Figure 5-18 Measured stresses of strain gauge (S15) for specimen SW-MA-0.5
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Figure 5-19 Measured stresses of strain gauge (S16) for specimen SW-MA-0.5
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Figure 5-20 Measured stresses of strain gauge (S17) for specimen SW-MA-0.5
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Figure 5-21 Measured stresses of strain gauge (S18) for specimen SW-MA-0.5
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Figure 5-22 Measured stresses of strain gauge (S19) for specimen SW-MA-0.5
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Figure 5-23 Measured stresses of strain gauge (S20) for specimen SW-MA-0.5

5.3 SW-MP-0.5
5.3.1 Cracking and Damage Pattern

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, 1.5%, 1.75%, 2%, 2.5% and 3% are shown in Figure 5-24. No struts
crushing, or shear strength drop was observed in specimen SW-MP-0.5 up to drift ratio
2.5% (Figure 5-24), which represents as twice as the drift ratio at onset of sudden shear
strength drop in SW-MA-0.5. Concrete cover spalling while confined core concrete was
observed in the proposed wall after drift ratio 2.5%. Thus, shear strength drop was

gradual, and no sudden drop was reported.
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Figure 5-24 Test results of specimen SW-MP-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, 2.5%, and 3% (continued)
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Figure 5-24 Test results of specimen SW-MP-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, 2.5%, and 3% (continued)
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Figure 5-24 Test results of specimen SW-MP-0.5 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, 2.5%, and 3% (continued)
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Figure 5-24 Test results of specimen SW-MP-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, 2.5%, and 3% (continued)

5.3.2 Shear strength response

Shear force versus drift ratio response of specimen SW-MP-0.5 is shown in
Figure 5-25. The maximum attained shear force was 123 kips (10.9\/fcm) at drift ratio

0.75% and remained at plateau up to drift ratio 2.5%. Shear strength and stiffness
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gradually decreased after drift ratio 2.5% which equivalent to a drift ratio as twice as that

attained in specimen SW-MA-0.5.

Figure 5-25 Shear strength hysteresis curve of specimen SW-MP-0.5
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5.3.3 Steel reinforcement stresses

Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-26. Strain gauges L1 to L13 are attached at vertical steel bars,
while S14 to S20 are attached at boundaries and horizontal steel bars. Results of drift
ratio and the attained steel stress in strain gauges L1 to S20 are shown in Figure 5-27 to
Figure 5-46. All vertical steel bars yielded (reached the vyielding strength of (60 ksi)
except strain gauge L11 which reached stress of 43 ksi. None of the boundaries or

horizontal strain gauges reached the yielding strength.
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Figure 5-26 Locations of strain gauges at boundaries, vertical and horizontal steel bars

for specimen SW-MA-0.5
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Figure 5-27 Measured stresses of strain gauge (L1) for specimen SW-MP-0.5
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Figure 5-28 Measured stresses of strain gauge (L2) for specimen SW-MP-0.5
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Figure 5-29 Measured stresses of strain gauge (L3) for specimen SW-MP-0.5
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Figure 5-30 Measured stresses of strain gauge (L4) for specimen SW-MP-0.5
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Figure 5-31 Measured stresses of strain gauge (L5) for specimen SW-MP-0.5
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Figure 5-32 Measured stresses of strain gauge (L6) for specimen SW-MP-0.5
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Figure 5-33 Measured stresses of strain gauge (L7) for specimen SW-MP-0.5
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Figure 5-34 Measured stresses of strain gauge (L8) for specimen SW-MP-0.5
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Figure 5-35 Measured stresses of strain gauge (L9) for specimen SW-MP-0.5
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Figure 5-36 Measured stresses of strain gauge (L10) for specimen SW-MP-0.5
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Figure 5-37 Measured stresses of strain gauge (L11) for specimen SW-MP-0.5
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Figure 5-38 Measured stresses of strain gauge (L12) for specimen SW-MP-0.5
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Figure 5-39 Measured stresses of strain gauge (L13) for specimen SW-MP-0.5
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Figure 5-40 Measured stresses of strain gauge (S14) for specimen SW-MP-0.5

550 80
440 - _ 50
330 -

. - 40
2204 "
110 - -20 =

- (¢

0] Emeesmmgae—< 0 ¢
-110 - --207,
-220 - —

- ~-40
-330 7
-440 - —-60
‘550 ) | ) | ) | ) | T | T | ) | L) '80

-4 -3 -2 -1 0 1 2 3 4
Drift Ratio (%)

Figure 5-41 Measured stresses of strain gauge (S15) for specimen SW-MP-0.5
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Figure 5-42 Measured stresses of strain gauge (S16) for specimen SW-MP-0.5
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Figure 5-43 Measured stresses of strain gauge (S17) for specimen SW-MP-0.5
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Figure 5-44 Measured stresses of strain gauge (S18) for specimen SW-MP-0.5
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Figure 5-45 Measured stresses of strain gauge (S19) for specimen SW-MP-0.5
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Figure 5-46 Measured stresses of strain gauge (S20) for specimen SW-MP-0.5

54 SW-HA-0.5

5.4.1 Damage and Cracking Pattern

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,

1%, 1.25%, 1.5%, 1.75%, and 2% are shown in Figure 5-47. A drastic explosive struts

crushing was observed over testing the ACI-compliant wall, SW-HA-0.5, at the first cycle

of 1% drift ratio (Figure 5-47), resulting in sharp shear strength drop from 275 kips to 70

kips. Afterwards, struts crushing spread toward wall boundaries, forming sliding shear

failure along the wall length, and shear forces are only resisted by dowel action.
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0.125%

Figure 5-47 Test results of specimen SW-HA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, and 2% (continued)
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Figure 5-47 Test results of specimen SW-HA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, and 2% (continued)
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Figure 5-47 Test results of specimen SW-HA-0.5 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, and 2% (continued)

5.4.2  Shear strength response
Shear force versus drift ratio response of specimen SW-HA-0.5 is shown in
Figure 5-48. The maximum achieved shear force was 275 kips (23.6\/fcm) at drift ratio

1%. However, sudden drop in shear strength commenced at this drift level due to sliding

shear failure, where the diagonal concrete struts at boundaries crushed and no longer
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resist shear forces, the shear forces are resisted by dowel action (kinking the longitudinal

steel rebars).
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Figure 5-48 Shear strength hysteresis curve of specimen SW-HA-0.5

w

5.3.4 Steel reinforcement stresses

Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-49. Strain gauges L1 to L8 are attached at vertical steel bars, while
S9 to S17 are attached at boundaries and horizontal steel bars. The results of drift ratio
and the attained steel stress in strain gauges L1 to S17 are shown in Figure 5-50 to
Figure 5-66. All vertical steel bars yielded (reached the yielding strength of (60 ksi). Also,
almost at drift ratio 1%, all strain gauges at boundaries and horizontal steel bars yielded
except S9, S10, and S15 which did not yield. The reason of yielding horizontal bars that

sudden sliding shear failure started at 1%.
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Figure 5-49 Locations of strain gauges at boundaries, vertical and horizontal steel bars
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for specimen SW-HA-0.5
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Figure 5-50 Measured stresses of strain gauge (L1) for specimen SW-HA-0.5
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Figure 5-51 Measured stresses of strain gauge (L2) for specimen SW-HA-0.5
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Figure 5-52 Measured stresses of strain gauge (L3) for specimen SW-HA-0.5
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Figure 5-53 Measured stresses of strain gauge (L4) for specimen SW-HA-0.5
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Figure 5-54 Measured stresses of strain gauge (L5) for specimen SW-HA-0.5
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Figure 5-55 Measured stresses of strain gauge (L6) for specimen SW-HA-0.5
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Figure 5-56 Measured stresses of strain gauge (L7) for specimen SW-HA-0.5
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Figure 5-57 Measured stresses of strain gauge (L8) for specimen SW-HA-0.5
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Figure 5-58 Measured stresses of strain gauge (S9) for specimen SW-HA-0.5
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Figure 5-59 Measured stresses of strain gauge (S10) for specimen SW-HA-0.5
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Figure 5-60 Measured stresses of strain gauge (S11) for specimen SW-HA-0.5

219



Stress, MPa

440 -60

330 "

2204

110 - -20
0- Lo &

110 - 207

2201 0

-330 -

440 - —-60

550 ————1————1————+-80

Drift Ratio (%)

Figure 5-61 Measured stresses of strain gauge (S12) for specimen SW-HA-0.5
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Figure 5-62 Measured stresses of strain gauge (S13) for specimen SW-HA-0.5
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Figure 5-63 Measured stresses of strain gauge (S14) for specimen SW-HA-0.5
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Figure 5-64 Measured stresses of strain gauge (S15) for specimen SW-HA-0.5
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Figure 5-65 Measured stresses of strain gauge (S16) for specimen SW-HA-0.5
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Figure 5-66 Measured stresses of strain gauge (S17) for specimen SW-HA-0.5

222



55 SW-HP-0.5-1
5.5.1 Damage and cracking pattern

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% are shown in Figure 5-67. The two proposed
walls SW-HP-0.5-1 and SW-HP-0.5-2 were constructed to have similar amount of vertical
steel bars area to the ACI- compliant wall SW-HA-0.5 but different horizontal
reinforcement layout; vertical steel bars are uniformly distributed in SW-HP-0.5-1 while
some vertical bars lumped at boundaries of SW-HP-0.5-2. Concrete cover spalled at
1.75% and 2% drift ratio in SW-HP-0.5-1 (Figure 5-67). The core concrete is well-
confined and still resist shear forces. The reported maximum drift ratio at onset of wall

strength deterioration is 1.75%, with maximum attained shear forces was 210 kips.
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0.125%

Figure 5-67 Test results of specimen SW-HP-0.5-1 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, and 2.5% (continued)
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Wall web and boundaries are
confined, no strength dropping

Figure 5-67 Test results of specimen SW-HP-0.5-1 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, and 2.5% (continued)
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Concrete cover spalling, still
concrete is active to resist forces

1.75%
Constrained concrete inside
cages, onset of strength dropping

Figure 5-67 Test results of specimen SW-HP-0.5-1 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, and 2.5% (continued)

226



Figure 5-67 Test results of specimen SW-HP-0.5-1 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, and 2.5% (continued)

5.5.2  Shear strength response

Shear force versus drift ratio response of specimen SW-HP-0.5-1 is shown in
Figure 5-68. The maximum attained shear force was 210 kips (19.6\/fcm) at drift ratio

0.75% and remained at plateau up to drift ratio 1.75%. Shear strength and stiffness
gradually decreased after drift ratio 1.75% which equivalent to a drift ratio as twice as that

attained in specimen SW-HA-0.5.
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Figure 5-68 Shear strength hysteresis curve of specimen SW-HP-0.5-1

5.3.5 Steel reinforcement stresses

Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-69. Strain gauges L1 to L14 are attached at vertical steel bars,
while S15 to S19 are attached at boundaries and horizontal steel bars. The results of drift
ratio and the attained steel stress in strain gauges L1 to S19 are shown in Figure 5-70 to
Figure 5-88. All vertical steel bars yielded (reached the yielding strength of (60 ksi). None

of strain gauges at boundaries or horizontal steel bars yielded.
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Figure 5-69 Locations of strain gauges at boundaries, vertical and horizontal steel bars

for specimen SW-HP-0.5-1
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Figure 5-70 Measured stresses of strain gauge (L1) for specimen SW-HP-0.5-1
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Figure 5-71 Measured stresses of strain gauge (L2) for specimen SW-HP-0.5-1
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Figure 5-72 Measured stresses of strain gauge (L3) for specimen SW-HP-0.5-1
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Figure 5-73 Measured stresses of strain gauge (L4) for specimen SW-HP-0.5-1
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Figure 5-74 Measured stresses of strain gauge (L5) for specimen SW-HP-0.5-1
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Figure 5-75 Measured stresses of strain gauge (L6) for specimen SW-HP-0.5-1
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Figure 5-76 Measured stresses of strain gauge (L7) for specimen SW-HP-0.5-1
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Figure 5-77 Measured stresses of strain gauge (L8) for specimen SW-HP-0.5-1
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Figure 5-78 Measured stresses of strain gauge (L9) for specimen SW-HP-0.5-1
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Figure 5-79 Measured stresses of strain gauge (L10) for specimen SW-HP-0.5-1
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Figure 5-80 Measured stresses of strain gauge (L11) for specimen SW-HP-0.5-1
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Figure 5-81 Measured stresses of strain gauge (L12) for specimen SW-HP-0.5-1
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Figure 5-82 Measured stresses of strain gauge (L13) for specimen SW-HP-0.5-1
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Figure 5-83 Measured stresses of strain gauge (L14) for specimen SW-HP-0.5-1
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Figure 5-84 Measured stresses of Strain gauge (S15) for specimen SW-HP-0.5-1
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Figure 5-85 Measured stresses of strain gauge (S16) for specimen SW-HP-0.5-1
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Figure 5-86 Measured stresses of strain gauge (S17) for specimen SW-HP-0.5-1
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Figure 5-87 Measured stresses of strain gauge (S18) for specimen SW-HP-0.5-1
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Figure 5-88 Measured stresses of strain gauge (S19) for specimen SW-HP-0.5-1
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5.6 SW-HP-0.5-2
5.6.1 Damage and cracking pattern

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% are shown in Figure 5-89. The proposed wall
SW-HP-0.5-2 was designed to have similar amount of vertical steel reinforcement to
specimen SW-HP-0.5-2 but some vertical bars were lumped at boundaries. Concrete
cover spalled at 2% drift ratio (Figure 5-89). Core concrete is well-confined and still resist
shear forces. The reported maximum drift ratio at onset of wall strength deterioration is
1.75%, specimen SW-HP-0.5-2 reached shear strength of 257 kips compared to 210 kips
for SW-HP-0.5-1. This observation indicates the importance of lumped steel bars at
boundaries on maximum attained shear strength, at the same time the wall web shall be

well-confined to strengthen the concrete struts.
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0.125%

Figure 5-89 Test results of specimen SW-HP-0.5-2 at drift ratio 0.125%, 0.25%,

0.5%, 0.75%, 1%, 1.25%, 1.5%, 1.75%, 2% and 2.5%
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Figure 5-89 Test results of specimen SW-HP-0.5-2 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% (continued)
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Wall web and boundaries are
confined, no strength dropping

Constrained concrete inside cages, still active
to resist forces. Onset of strength dropping

Figure 5-89 Test results of specimen SW-HP-0.5-2 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% (continued)
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Figure 5-89 Test results of specimen SW-HP-0.5-2 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% (continued)

5.6.2  Shear strength response

Shear force versus drift ratio response of specimen SW-HP-0.5-2 is shown in
Figure 5-90. The maximum attained shear force was 257 kips (23.4\/fcm) at drift ratio

0.75% and remained at plateau up to drift ratio 1.75%. Shear strength and stiffness
gradually decreased after drift ratio 1.75% which equivalent to a drift ratio as twice as that

attained in specimen SW-HA-0.5.
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Figure 5-90 Shear strength hysteresis curve of specimen SW-HP-0.5-2

5.6.3 Steel reinforcement stresses

Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-91. Strain gauges L1 to L6 are attached at vertical steel bars, while
S7 to S13 are attached at boundaries and horizontal steel bars. The results of drift ratio
and the attained steel stress in strain gauges L1 to S13 are shown in Figure 5-92 to
Figure 5-104. All vertical steel bars yielded (reached the vyielding strength of (60 ksi).

None of strain gauges at boundaries or horizontal steel bars yielded except S7 and S10.
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Figure 5-91 Locations of strain gauges at boundaries, vertical and horizontal steel bars

Stress, MPa

for specimen SW-HP-0.5-2
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Figure 5-92 Measured stresses of strain gauge (L1) for specimen SW-HP-0.5-2
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Figure 5-93 Measured stresses of strain gauge (L2) for specimen SW-HP-0.5-2
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Figure 5-94 Measured stresses of strain gauge (L3) for specimen SW-HP-0.5-2
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Figure 5-95 Measured stresses of strain gauge (L4) for specimen SW-HP-0.5-2
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Figure 5-96 Measured stresses of strain gauge (L5) for specimen SW-HP-0.5-2
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Figure 5-97 Measured stresses of strain gauge (L6) for specimen SW-HP-0.5-2
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Figure 5-98 Measured stresses of strain gauge (S7) for specimen SW-HP-0.5-2
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Figure 5-99 Measured stresses of strain gauge (S8) for specimen SW-HP-0.5-2
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Figure 5-100 Measured stresses of strain gauge (S9) for specimen SW-HP-0.5-2
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Figure 5-101 Measured stresses of strain gauge (S10) for specimen SW-HP-0.5-2
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Figure 5-102 Measured stresses of strain gauge (S11) for specimen SW-HP-0.5-2
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Figure 5-103 Measured stresses of strain gauge (S12) for specimen SW-HP-0.5-2
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Figure 5-104 Measured stresses of strain gauge (S13) for specimen SW-HP-0.5-2
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5.7 SW-MA-1.0
5.7.1 Damage and cracking propagation

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, and 1.5% are shown in Figure 5-105. Cracks developed along the diagonal
compressive struts until 0.75% drift ratio. For walls of aspect ratio 1:1, it was observed
that one inclined strut was responsible to carry forces from the tip of wall to its base, the
base width is 0.25 wall length. The boundaries are the critical zones where the flexural
and compressive stresses concentrated. Therefore, a sudden shear strength drop

observed at drift ratio 1% due sliding shear failure.
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Figure 5-105 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%, 0.5%,

0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-105 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-105 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-105 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%, 0.5%,
0.75%, 1%, 1.25%, and 1.5% (continued)
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5.7.2  Shear strength response

Shear force versus drift ratio response of specimen SW-MA-1.0 is shown in

Figure 5-106. The maximum attained shear force was 76 kips (7.4Vfcm) at drift
ratio 1.0%. However, sudden drop in shear strength commenced at this drift level due to
sliding shear failure, where the diagonal concrete struts crushed and no longer resist
shear forces, the shear forces are resisted by dowel action (kinking the longitudinal steel

rebars).

1
~
ol

Shear Force (kips)

Mgy My A ‘(1d) ssaais Jesys

Drift Ratio (%)

Figure 5-106 Shear strength hysteresis curve of specimen SW-MA-1.0

5.7.3  Steel reinforcement stresses
Strain gauges were attached at boundaries, longitudinal and horizontal steel bars

as shown in Figure 5-107. Strain gauges L1 to L12 are attached at vertical steel bars,
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while S13 to S16 are attached at boundaries and horizontal steel bars. The results of drift
ratio and the attained steel stress in strain gauges L1 to S16 are shown in Figure 5-108
to Figure 5-123. All vertical steel bars yielded (reached the yielding strength of (60 ksi).

None of strain gauges at boundaries or horizontal steel bars yielded.
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Figure 5-107 Locations of strain gauges at boundaries, vertical and horizontal steel bars

for specimen SW-MA-1.0
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Figure 5-108 Measured stresses of strain gauge (L1) for specimen SW-MA-1.0
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Figure 5-109 Measured stresses of strain gauge (L2) for specimen SW-MA-1.0
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Figure 5-110 Measured stresses of strain gauge (L3) for specimen SW-MA-1.0
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Figure 5-111 Measured stresses of strain gauge (L4) for specimen SW-MA-1.0
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Figure 5-112 Measured stresses of strain gauge (L6) for specimen SW-MA-1.0
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Figure 5-113 Measured stresses of strain gauge (L6) for specimen SW-MA-1.0
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Figure 5-114 Measured stresses of strain gauge (L7) for specimen SW-MA-1.0
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Figure 5-115 Measured stresses of strain gauge (L8) for specimen SW-MA-1.0

262



550 - 80
440-_ 60
3304
] - 40
s 2204 o
S 110 - 20 S
& 04 -0 4
8 - »
51107 --203,
@ 220 -
i - -40
-330
-440 --60
-550 -80

Drift Ratio (%)

Figure 5-116 Measured stresses of strain gauge (L9) for specimen SW-MA-1.0
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Figure 5-117 Measured stresses of strain gauge (L10) for specimen SW-MA-1.0
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Figure 5-118 Measured stresses of strain gauge (L11) for specimen SW-MA-1.0
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Figure 5-119 Measured stresses of strain gauge (L12) for specimen SW-MA-1.0
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Figure 5-120 Measured stresses of strain gauge (S13) for specimen SW-MA-1.0
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Figure 5-121 Measured stresses of strain gauge (S14) for specimen SW-MA-1.0
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Figure 5-122 Measured stresses of strain gauge (S15) for specimen SW-MA-1.0
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Figure 5-123 Measured stresses of strain gauge (S16) for specimen SW-MA-1.0
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5.8 SW-MP-1.0-1
5.8.1 Damage and cracking propagation

Shear and flexural cracks propagation at drift ratio 0.125%, 0.25%, 0.5%, 0.75%,
1%, 1.25%, and 1.5% are shown in Figure 5-124. Cracks developed along the diagonal
compressive struts until 0.75% drift ratio. For walls of aspect ratio 1:1, it was observed
that one inclined strut was responsible to carry forces from the tip of wall to its base, the
base width is 0.25 wall length. The gap between steel cages was 5 inches which was not
sufficient to confine the concrete at wall web. Therefore, a sudden shear strength drop

observed at drift ratio 0.75% due to diagonal tension failure.
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Figure 5-124 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%,

0.5%, 0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-124 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%,

0.5%, 0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-124 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%,

0.5%, 0.75%, 1%, 1.25%, and 1.5% (continued)
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Figure 5-124 Test results of specimen SW-MA-1.0 at drift ratio 0.125%, 0.25%,

0.5%, 0.75%, 1%, 1.25%, and 1.5%
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5.8.2  Shear strength response

Shear force versus drift ratio response of specimen SW-MP-1.0-1 is shown in
Figure 5-125. The maximum attained shear force was 76 kips (7.3\/fcm) at drift ratio

0.75%. However, sudden drop in shear strength commenced at this drift level due to
diagonal tension failure, where the diagonal concrete strut split at 45-degree angle, the
wide gap between steel cages was the main reason of this type of failure, where the
concrete was insufficiently confined.
80
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Shear Force (kips)
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Drift Ratio (%)

Figure 5-125 Shear strength hysteresis curve of specimen SW-MP-1.0-1

5.8.3 Steel reinforcement stresses
Strain gauges were attached at boundaries, longitudinal and horizontal steel bars
as shown in Figure 5-126. Strain gauges L1 to L12 are attached at vertical steel bars,
while S13 to S16 are attached at boundaries and horizontal steel bars. The results of drift

ratio and the attained steel stress in strain gauges L1 to S16 are shown in Figure 5-127
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to Figure 5-142. All vertical steel bars yielded (reached the yielding strength of (60 ksi)
except L9. None of strain gauges at boundaries or horizontal steel bars yielded.
Figure 5-126 Locations of strain gauges at boundaries, vertical and horizontal steel bars

for specimen SW-MA-1.0-1
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Figure 5-127 Measured stresses of strain gauge (L1) for specimen SW-MP-1.0-1
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Figure 5-128 Measured stresses of strain gauge (L2) for specimen SW-MP-1.0-1
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Figure 5-129 Measured stresses of strain gauge (L3) for specimen SW-MP-1.0-1
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Figure 5-130 Measured stresses of strain gauge (L4) for specimen SW-MP-1.0-1
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Figure 5-131 Measured stresses of strain gauge (L5) for specimen SW-MP-1.0-1
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Figure 5-132 Measured stresses of strain gauge (L6) for specimen SW-MP-1.0-1
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Figure 5-133 Measured stresses of strain gauge (L7) for specimen SW-MP-1.0-1
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Figure 5-134 Measured stresses of strain gauge (L8) for specimen SW-MP-1.0-1
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Figure 5-135 Measured stresses of strain gauge (L9) for specimen SW-MP-1.0-1
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Figure 5-136 Measured stresses of strain gauge (L10) for specimen SW-MP-1.0-1
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Figure 5-137 Measured stresses of strain gauge (L11) for specimen SW-MP-1.0-1
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Figure 5-138 Measured stresses of strain gauge (L12) for specimen SW-MP-1.0-1
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Figure 5-139 Measured stresses of strain gauge (S13) for specimen SW-MP-1.0-1
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Figure 5-140 Measured stresses of strain gauge (S14) for specimen SW-MP-1.0-1
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Figure 5-141 Measured stresses of strain gauge (S15) for specimen SW-MP-1.0-1
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Figure 5-142 Measured stresses of strain gauge (S16) for specimen SW-MP-1.0-1
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Chapter 6
DIC Results
6.1. Introduction
The Digital Image Correlation (DIC) technique was utilized to trace the
displacement and deformation of the squat walls during the test. In details, one of the
smoothest wall faces was painted by white color then uniformly small size dots were
sprayed, the final color of wall face should show nearly 50% White and 50% black. Two
calibrated cameras used to capture photos of the painted wall face during the test, the
rate was a picture per five seconds. The photos were postprocessed later on after the
test, where extraction of displacement and strain distribution over the wall face are
obtained.
The following sections presents the postprocessed results of DIC pictures, which

includes major strain and minor strain distributions for the tested squat wall specimens.

6.2. Specimen SW-MA-0.5

6.2.1. DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%, 1.5%
and 1.75% are shown in Figure 6-1 to Figure 6-7. The diagonal red lines refer to the axis
of struts developed to transfer shear forces from wall's tip to the base, while the
horizontal red lines represent the flexural cracks due to bending stresses. Diagonal struts
remained intact until drift ratio +1.25%. Due to insufficient concrete confinement at the
web, the struts started crushing at -1.25% and the shear strength suddenly dropped.
Although the highest compressive stresses at wall boundaries, struts crushing started at

the web as the concrete at wall boundaries are well confined. Afterward, the crushing of
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diagonal struts propagated toward wall boundaries to form the sliding plan, therefore

sliding shear failure commenced.

‘ Major strain (%) l
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[%]
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Drift ratio 0.125%

Drift ratio -0.125%

Figure 6-1 DIC major strain results of specimen SW-MA-0.5 at drift ratio 0.125% (positive

strain is tension and negative strain is compression)
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Drift ratio 0.25%

Drift ratio -0.25%

Figure 6-2 DIC major strain results of specimen SW-MA-0.5 at drift ratio 0.25%
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Drift ratio -0.5%

Figure 6-3 DIC major strain results of specimen SW-MA-0.5 at drift ratio 0.5%
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Figure 6-4 DIC major strain results of specimen SW-MA-0.5 at drift ratio 0.75%
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Drift ratio -1%

Figure 6-5 DIC major strain results of specimen SW-MA-0.5 at drift ratio 1%
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Figure 6-6 DIC major strain results of specimen SW-MA-0.5 at drift ratio 1.25%
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Drift ratio -1.5%

Figure 6-7 DIC major strain results of specimen SW-MA-0.5 at drift ratio 1.5%
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6.2.2. DIC minor strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, and 1.25%
are shown in Figure 6-8 to Figure 6-10. The diagonal blue lines refer to the axis of struts
developed to transfer shear forces from wall’s tip to the base. Diagonal struts remained
intact until drift ratio 1.25%. All strain distributions have same legend values that shown

at Drift ratio 0.125%.

V | Minor strain (%) |

< [%]

Drift ratio 0.25%
Figure 6-8 DIC minor strain results of specimen SW-MA-0.5 at drift ratio 0.125% and

0.25% (positive strain is tension and negative strain is compression)
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Drift ratio 0.75%

Figure 6-9 DIC minor strain results of specimen SW-MA-0.5 at drift ratio 0.5% and 0.75%
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Drift ratio 1%

Drift ratio 1.25%

Figure 6-10 DIC minor strain results of specimen SW-MA-0.5 at drift ratio 1% and 1.25%
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6.3 SW-MP-0.5
6.3.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%, 1.5%
and 1.75% are shown in

Figure 6-11 to Figure 6-18. The diagonal red lines refer to the axis of struts

developed to transfer shear forces from wall’s tip to the base, while the horizontal red
lines represent the flexural cracks due to bending stresses. Although diagonal struts
remained undamaged until drift ratio 1.5%, shear strength gradually decreased after drift
ratio 2.5% which equals as twice as what attained by ACI- compliant wall (SW-MA-0.5),
and emphasis the ductile behavior of the proposed wall. The highest compressive
stresses are located at wall boundaries due to compressive bending stresses and
diagonal compressive struts. Due to reversed cyclic loading, the wall boundaries are
vulnerable to the highest compressive and flexural stresses which weaken concrete at
boundaries, thereby weakening zones at boundaries arise after drift ratio 1.5%, but this
zone does not effect on shear strength where it remained plateaued until drift ratio 2.5%.

All strain distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-11 DIC major strain results of specimen SW-MP-0.5 at drift ratio 0.125%
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Drift ratio 0.25%

Drift ratio -0.25%

Figure 6-12 DIC major strain results of specimen SW-MP-0.5 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-13 DIC major strain results of specimen SW-MP-0.5 at drift ratio 0.5%
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Drift ratio 0.75%
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Figure 6-14 DIC major strain results of specimen SW-MP-0.5 at drift ratio 0.75%
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Drift ratio -1%

Figure 6-15 DIC major strain results of specimen SW-MP-0.5 at drift ratio 1%
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Drift ratio 1.25%
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Figure 6-16 DIC major strain results of specimen SW-MP-0.5 at drift ratio 1.25%
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Drift ratio 1.5%
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Drift ratio -1.5%

Figure 6-17 DIC major strain results of specimen SW-MP-0.5 at drift ratio 1.5%
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Drift ratio 1.75%

Drift ratio -1.75%

Figure 6-18 DIC major strain results of specimen SW-MP-0.5 at drift ratio 1.75%

301



6.3.2 DIC minor strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, and 1.25%
are shown in

Figure 6-19 to Figure 6-26. The diagonal blue lines refer to the axis of struts

developed to transfer shear forces from wall’s tip to the base. Diagonal struts remained
undamaged until drift ratio 1.5%. Spalling of concrete cover started at 1.75% which
prevents the DIC to capture the deformation of black dots on the wall face. All strain

distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-19 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%

Drift ratio -0.25%

Figure 6-20 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-21 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 0.5%
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Drift ratio 0.75%
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Drift ratio -0.75%

Figure 6-22 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 0.75%
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Figure 6-23 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 1%
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Drift ratio -1.25%

Figure 6-24 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 1.25%
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Figure 6-25 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 1.5%
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Drift ratio -1.75%

Figure 6-26 DIC minor strain results of specimen SW-MP-0.5 at drift ratio 1.75%
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6.4 Specimen SW-HA-0.5
6.4.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, and 1% are
shown in Figure 6-27 to Figure 6-31. The diagonal red lines refer to the axis of struts
developed to transfer shear forces from wall’s tip to the base, while the horizontal red
lines represent the flexural cracks due to bending stresses. Diagonal struts remained
intact until drift ratio 0.75%. Due to insufficient concrete confinement at the web, the
struts started crushing at +1% and the shear strength suddenly dropped. All strain

distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-27 DIC major strain results of specimen SW-HA-0.5 at drift ratio 0.125%
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Drift ratio 0.25%

Drift ratio -0.25%
Figure 6-28 DIC major strain results of specimen SW-HA-0.5 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-29 DIC major strain results of specimen SW-HA-0.5 at drift ratio 0.5%
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Drift ratio -0.75%
Figure 6-30 DIC major strain results of specimen SW-HA-0.5 at drift ratio 0.75%
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Drift ratio 1%

V

Drift ratio -1%
Figure 6-31 DIC major strain results of specimen SW-HA-0.5 at drift ratio 1%
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6.4.2 DIC minor strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, and 1.25% are
shown in Figure 6-32 to Figure 6-36. The diagonal blue lines refer to the axis of struts
developed to transfer shear forces from wall’s tip to the base. Diagonal struts remained
undamaged until drift ratio +1%. Sudden sliding and crushing commenced at -1% which
prevents the DIC to capture the deformation of black dots on the wall face. All strain

distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-32 DIC minor strain results of specimen SW-HA-0.5 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%

V

Drift ratio -0.25%

Figure 6-33 DIC minor strain results of specimen SW-HA-0.5 at drift ratio 0.25%
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Drift ratio 0.5%

V

Drift ratio -0.5%
Figure 6-34 DIC minor strain results of specimen SW-HA-0.5 at drift ratio 0.5%
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Drift ratio 0.75%
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Drift ratio -0.75%
Figure 6-35 DIC minor strain results of specimen SW-HA-0.5 at drift ratio 0.75%
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Drift ratio 1%

Drift ratio -1%

Figure 6-36 DIC minor strain results of specimen SW-HA-0.5 at drift ratio 1%
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6.5 Specimen SW-HP-0.5-1
6.5.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%,
1.5%, and 1.75% are shown in Figure 6-37 to Figure 6-44. The diagonal red lines refer to
the axis of struts developed to transfer shear forces from wall’s tip to the base, while the
horizontal red lines represent the flexural cracks due to bending stresses. Diagonal struts
remained intact until drift ratio -1%. Flexural cracks concentrated at wall boundaries
especially after drift ratio 0.75%, the reversed cyclic compressive and flexural stresses at
boundaries caused stresses concentration and weakening zone. At drift ratiol.25%,
concrete cover started spalling at boundaries, but the shear strength remained
unaffected. The concrete cover spalling extended to the wall web at drift ratios 1.5% and
1.75%. However, shear strength gradually decreased after drift ratio 1.75% because the
concrete core is well-confined and still resist shear stresses. All strain distributions have

same legend values that shown at Drift ratio 0.125%.
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Figure 6-37 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%

V

Drift ratio -0.25%
Figure 6-38 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 0.125%
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Drift ratio 0.5%

Drift ratio -0.5%
Figure 6-39 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 0.5%
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Drift ratio 0.75%

Drift ratio -0.75%
Figure 6-40 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 0.75%
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Drift ratio 1%

Drift ratio -1%
Figure 6-41 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 1%
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Drift ratio 1.25%

V

Drift ratio -1.25%
Figure 6-42 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 1.25%
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Drift ratio 1.5%
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Drift ratio -1.5%
Figure 6-43 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 1.5%

330



Drift ratio 1.75%

Drift ratio -1.75%

Figure 6-44 DIC major strain results of specimen SW-MP-0.5-1 at drift ratio 1.75%
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6.5.2 DIC Minor strain distribution
Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%, and
1.5% are shown in Figure 6-45 to Figure 6-51. The diagonal blue lines refer to the axis of
struts developed to transfer shear forces from wall’s tip to the base. Diagonal struts
remained undamaged until drift ratio 1%. Spalling of concrete cover started at 1.25%
which prevents the DIC to capture the deformation of black dots on the wall face. All

strain distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-45 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%
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Drift ratio -0.25%

Figure 6-46 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 0.25%
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Drift ratio 0.5%
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Drift ratio -0.5%

Figure 6-47 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 0.5%
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Drift ratio 0.75%
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Drift ratio -0.75%

Figure 6-48 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 0.75%
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Figure 6-49 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 1%
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Drift ratio 1.25%

Drift ratio -1.25%

Figure 6-50 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 1.25%
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Drift ratio -1.5%
Figure 6-51 DIC minor strain results of specimen SW-MP-0.5-1 at drift ratio 1.5%

6.6 SW-HP-0.5-2
6.6.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%,
1.5%, and 1.75% are shown in Figure 6-52 to Figure 6-59. The diagonal red lines refer to
the axis of struts developed to transfer shear forces from wall’s tip to the base, while the
horizontal red lines represent the flexural cracks due to bending stresses. Diagonal struts
remained intact until drift ratio 1.25%. Flexural and diagonal cracks are uniformly
distributed over wall web and boundaries indicating the benefit of increasing longitudinal
reinforcement volume at boundaries. After drift ratio 1.25%, concrete cover spalling
started at boundaries due to joining diagonal compressive struts to the flexural cracks,
but the shear strength remained plateaued. Concrete cover spalling continued toward the
wall web due to cyclic loading, while shear strength gradually decreased after drift ratio

1.75%. All strain distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-52 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%

Drift ratio -0.25%

Figure 6-53 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-54 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 0.5%

342



Drift ratio 0.75%

Drift ratio -0.75%

Figure 6-55 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 0.75%
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Drift ratio 1%

Drift ratio -1%0

Figure 6-56 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 1%
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Drift ratio 1.25%

Drift ratio -1.25%

Figure 6-57 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 1.25%
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Drift ratio 1.5%

Drift ratio -1.5%

Figure 6-58 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 1.5%
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Drift ratio 1.75%

Drift ratio -1.75%

Figure 6-59 DIC major strain results of specimen SW-HP-0.5-2 at drift ratio 1.75%
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6.6.2  DIC minor strain distribution
Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, 1%, 1.25%, and
1.5% are shown in Figure 6-60 to Figure 6-66. The diagonal blue lines refer to the axis of
struts developed to transfer shear forces from wall’s tip to the base. Diagonal struts
remained undamaged until drift ratio 1.25%. Spalling of concrete cover started at 1.5%
which prevents the DIC to capture the deformation of black dots on the wall face. All

strain distributions have same legend values that shown at Drift ratio 0.125%.
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Figure 6-60 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 0.125%

(positive strain is tension and negative strain is compression)
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Drift ratio 0.25%

Drift ratio -0.25%
Figure 6-61 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 0.25%
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Drift ratio -0.5%
Figure 6-62 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 0.5%
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Drift ratio 0.75%

Drift ratio -0.75%

Figure 6-63 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 0.75%
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Drift ratio 1%

Drift ratio -1%

Figure 6-64 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 1%
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Drift ratio 1.25%

Drift ratio -1.25%
Figure 6-65 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 1.25%
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Drift ratio 1.5%

Figure 6-66 DIC minor strain results of specimen SW-HP-0.5-2 at drift ratio 1.5%
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6.7 Specimen SW-MA-1.0

6.7.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, and 1% are
shown in Figure 6-67 to Figure 6-71. The diagonal red lines refer to the axis of struts
developed to transfer shear forces from wall’s tip to the base, while the horizontal red
lines represent the flexural cracks due to bending stresses. Diagonal struts remained
intact until drift ratio 0.75%. Sliding shear failure commenced at drift ratio 1%, DIC cannot
capture deformations of crushed regions. All strain distributions have same legend values

that shown at Drift ratio 0.125%.
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Figure 6-67 DIC major strain results of specimen SW-MA-1.0 at drift ratio 0.125%
(positive strain is tension and negative strain is compression)
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Drift ratio -0.25%

Figure 6-68 DIC major strain results of specimen SW-MA-1.0 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-69 DIC major strain results of specimen SW-MA-1.0 at drift ratio 0.5%
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Drift ratio 0.75%

Drift ratio -0.75%

Figure 6-70 DIC major strain results of specimen SW-MA-1.0 at drift ratio 0.75%
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Drift ratio 1%
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Drift ratio -1%

Figure 6-71 DIC major strain results of specimen SW-MA-1.0 at drift ratio 1%
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6.8 Specimen SW-MP-1.0-1
6.8.1 DIC major strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, and 1% are
shown in Figure 6-72 to Figure 6-76. Cracks developed along the diagonal compressive
struts until 0.75% drift ratio. For walls of aspect ratio 1:1, it was observed that one
inclined strut was responsible to carry forces from the tip of wall to its base, the base
width is 0.25 wall length. The gap between steel cages was 5 inches which was not
enough to confine the concrete at wall web. Therefore, a sudden shear strength drop
observed at drift ratio 0.75% due to diagonal tension failure. All strain distributions have

same legend values that shown at Drift ratio 0.125%.
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Figure 6-72 DIC major strain results of specimen SW-MP-1.0-1 at drift ratio 0.125%
(positive strain is tension and negative strain is compression)
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Drift ratio -0.25%
Figure 6-73 DIC major strain results of specimen SW-MP-1.0-1 at drift ratio 0.25%
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Drift ratio -0.5%

Figure 6-74 DIC major strain results of specimen SW-MP-1.0-1 at drift ratio 0.5%
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Drift ratio -0.75%

Figure 6-75 DIC major strain results of specimen SW-MP-1.0-1 at drift ratio 0.75%
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Drift ratio 1%
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Drift ratio -1%

Figure 6-76 DIC major strain results of specimen SW-MP-1.0-1 at drift ratio 1%
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6.8.2 DIC Minor strain distribution

Cracks development at drift ratio 0.125%, 0.25%, 0.5%, 0.75%, and 1% are
shown in Figure 6-60 to Figure 6-66. The diagonal blue lines refer to the axis of struts
developed to transfer shear forces from wall’s tip to the base. Diagonal struts remained
undamaged until drift ratio 0.75%. diagonal tension failure started at 1.0% which prevents
the DIC to capture the deformation of black dots on the wall face. All strain distributions

have same legend values that shown at Drift ratio 0.125%.
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Figure 6-77 DIC minor strain results of specimen SW-MP-1.0-1 at drift ratio 0.125%
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Drift ratio -0.25%
Figure 6-78 DIC minor strain results of specimen SW-MP-1.0-1 at drift ratio 0.25%
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Drift ratio 0.5%

Drift ratio -0.5%

Figure 6-79 DIC minor strain results of specimen SW-MP-1.0-1 at drift ratio 0.5%
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Drift ratio -0.75%
Figure 6-80 DIC minor strain results of specimen SW-MP-1.0-1 at drift ratio 0.75%
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Drift ratio 1%
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Drift ratio -1%
Figure 6-81 DIC minor strain results of specimen SW-MP-1.0-1 at drift ratio 1%
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Chapter 7

Discussions and Analysis

7.1. Introduction

The available squat shear wall failure mechanisms are insufficient to precisely
explain the sliding shear failure which is the most mode that squat walls suffer from. In
this study an accurate sliding shear failure mechanism is presented based on the tested
squat walls and using the sophisticated techniques to evaluate deformations and strain
distribution over the wall face during the tests. In addition, the plausible flexural failure of
the proposed walls was discussed.

Perform 3D software was used to model the squat wall having different shear
force vs drift behavior (Proposed walls, ACIl-compliant walls or Proposed walls with
reduced strength), the analysis was carried on to study the effect of drift ductility on wall
response due to earthquake records and to quantify the safety reduction factor for

proposed walls compared to the ACI-compliant walls.

7.2. Sliding shear failure mechanism

Shear force transfer from the wall tip to its base follows the strut and tie model.
The tie consists of longitudinal reinforcement located in two-thirds of wall length, while the
struts have base width of L/2. as shown in Figure 7-1a and Figure 7-1b. In conventional
walls designed by ACI 318-19 provisions, struts located at the wall web are less confined
compared to the wall boundaries, as a result, wall shear strength drops due to crushing of
web struts, as shown in Figure 7-1b. Consequently, struts crushing propagate toward wall
boundaries due to the applied loading in the opposite direction as illustrated in Figure
7-1c, thereby leading to the sliding shear failure. Figure 7-1d highlights the most critical

trapezoidal zone that causes sliding shear failures. The zone consists of three triangles;
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the middle triangle which sustains only compressive stresses on both reversed cyclic
directions, both outside triangles sustain flexural and compressive stresses. Strut
crushing starts at the middle triangle if the web is not confined, while strut crushing

commences at outside triangles if the boundaries are not well-confined.
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Figure 7-1 Sliding shear mechanism for ACI 0.5- aspect-ratio walls.
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7.3. DIC-based Sliding shear failure mechanism

The Digital Image Correlation (DIC) is widely used to capture specimen
displacement and strain during the test. One of each wall faces was painted by plain
white then black dots, the X, Y, and Z displacement of each point on the wall face was
recorded using two-calibrated cameras. The images were post-processed to measure
strain profiles (Figure 7-2) after the end of each test. The tensile concrete strain with
highest strain value of 0.01(for red bands) at different drift ratios. Figure 7-2 illustrates
sliding shear formation for specimen SW-HA-0.5. The weakening zone (Figure 7-2c)
developed due to cyclic flexural and compressive stresses at wall boundaries (Figure
7-2a and b). This weakening zone propagates to form the sliding plane due to connecting
the diagonal compressive struts to the flexural cracks (Figure 7-2d) thereby leading the

sudden sliding shear failure (Figure 7-2e).
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Figure 7-2 Formation of sliding shear failure for SW-HA-0.5.
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7.4. Failure mechanism of Proposed squat shear walls

Diagonal and flexural cracks develop to transfer the shear stresses, the wall
boundaries are the most highly stressed region, the stresses sources are 1) compressive
stresses due to bending moment; 2) diagonal compressive stresses transferred
throughout the diagonal struts. Wall boundaries and the web are well-confined, therefore
concrete deterioration commences at the highly stressed boundaries as shown in (Figure
7-3a and b). Although the concrete crushing initiated at drift ratio 1.25%, the shear
strength reached a plateau and did not drop before drift ratio 3% (Figure 7-3c and d), this
indicates the benefit of web confinement to prevent sliding failure formation, instead the
failure mode is flexural failure which represents the most plausible mode to prevent

sudden failures and makes structural behavior of buildings more ductile.
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(d)

Figure 7-3 Flexural failure mechanism for Proposed Walls.
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7.5 Response of Earthquake records

Figure 7-4 shows the Perform 3D model of squat shear walls. The model
consists of plastic moment hinge, elastic elements, plastic shear hinge, and the slab
mass. As shown in Figure 7-5, Four models with different shear hysteresis loops were
selected to investigate the effect of drift ductility to resist LA16 earthquake response.
Model 1 represents a tested ACI compliant wall, Model 2 is a tested proposed wall, both
ACI and proposed walls have same longitudinal steel rebars but different horizontal
reinforcement configuration. Model 3 and Model 4 are the hypothetical proposed walls
with 0.65 and 0.5 reduced strength, respectively. It is worth to mention that drift ductility
of reduced strength walls was conservatively selected to be same the tested proposed
wall, but in reality, drift ductility increases for reduced strength walls. The drift ratio
response due to LA16 earthquake record is shown in Figure 7-6. ACI compliant wall
collapsed at time 6 sec. while the proposed wall sustained its strength until the end of
LA16 time, 15 sec., with maximum drift ratio amplitude of 0.43%. The proposed wall 0.65
reduced also sustained its strength until 15 sec. with 2.6% maximum drift ratio, while the
proposed wall 0.5 collapsed at 2.8 sec. These results indicate that the shear strength
reduction factor, @, for proposed walls is much higher than what ACI adopts for squat

shear walls ¢ = 0.65.
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Figure 7-5 Flexural Shear strength and drift ratio response comparison between ACI

provisions-based wall vs. reduced strength-proposed walls.
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Figure 7-6 Drift ratio response comparison between ACI provisions-based wall
vs. reduced strength-proposed walls.
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Chapter 8

Proposed strut and tie model

8.1. Introduction

It is postulated that shear strength depends on strut and tie model. In general,
the shear strength of walls controlled by the minimum strength of either tie or strut. The
critical parts of a strut are at middle or base of strut. If the middle parts are sufficiently
reinforced by horizontal steel bars, then the shear failure would be avoided, and the
mode failure is governed by sliding. In contrast, if struts have no adequate horizontal

reinforcements, then the shear failure will govern.

8.2. Derivation of the proposed equation

The proposed equation was derived based on several techniques including
analyzing yielded steel reinforcement of tested specimens and Digital Image Correlation
(DIC) of experimentally tested specimens using major and minor strain distributions. The
proposed equation was compared to results of several tested specimens in literature, the

equation shows significant predicting accuracy compared to ACI equations.

8.2.1 Derivation of proposed equation using DIC technique
The major strain distribution at drift ratio 1% and steel bars layout for each

specimen, are shown in Figure 8-1 to Figure 8-6. In all 0.5-aspect-ratio walls, the vertical
steel rebars that equilibrate struts compressive stresses, are located within wall length of
2/3L (Figure 8-1 to Figure 8-5). While in 1.0-aspect-ratio walls, the steel bars are
concentrated at boundaries only (Figure 8-6). Same for the concrete strut, the strut width

is about L/2 for 0.5-walls, while it is about L/4 for 1.0-aspect ratio walls.
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Figure 8-1 DIC major strain distribution of specimen SW-MA-0.5 at drift ratio 0.75%

[ | ‘ Major strain (%) |

[%]
1.30

Figure 8-2 DIC major strain distribution of specimen SW-MP-0.5 at drift ratio 0.75%
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Figure 8-3 DIC major strain distribution of specimen SW-HA-0.5 at drift ratio 0.75%
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Figure 8-4 DIC major strain distribution of specimen SW-HP-0.5-1 at drift ratio 0.75%
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Figure 8-5 DIC major strain distribution of specimen SW-HP-0.5-2 at drift ratio 0.75%
-

AXis of strut Nodal Zone

Axis of Tie

Figure 8-6 DIC major strain distribution of specimen SW-MA-1.0-1 at drift ratio 0.75%
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8.2.2 Derivation of proposed equation using forces distribution of simple trusses

The minor strain distribution at drift ratio 0.75% for all specimens are shown in
Figure 8-7. In all 0.5-aspect-ratio walls, the strut width is about 20 inches which represent
L/2 as shown in Figure 8-7 (a - €). While in 1.0-aspect-ratio walls, while it is about L/4 for

1.0-aspect ratio walls (Figure 8-7 f).
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(f) SW-MP-1.0-1
Figure 8-7 DIC minor strain distribution at drift ratio 0.75% (positive strain is tension and

negative strain is compression)
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8.2.3 Derivation of proposed equation using analysis of yielded steel reinforcement

Strain gauges attached on longitudinal steel bars were used to measure stresses
on steel bars. Figure 5-3 to Strain gauges were attached at boundaries, longitudinal and
horizontal steel bars as shown in Figure 5-126. Strain gauges L1 to L12 are attached at
vertical steel bars, while S13 to S16 are attached at boundaries and horizontal steel bars.
The results of drift ratio and the attained steel stress in strain gauges L1 to S16 are
shown in Figure 5-127 to Figure 5-142. All vertical steel bars yielded (reached the
yielding strength of (60 ksi) except L9. None of strain gauges at boundaries or horizontal
steel bars yielded.

Figure 5-126 illustrate longitudinal steel bars stresses along the wall length over
different drift ratios. For 0.5-aspect-ratio walls, the yielded longitudinal steel bars are
spread over 2/3 of wall length which represent the number of effective ties to transfer
forces from wall tip to the base. On the other hand, the yielded steel bars on 1.0 aspect

ratio walls are distributed on the boundaries (or 0.25L).
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Figure 8-8 Measured stresses of vertical reinforcing steel bars for specimen SW-MA-0.5
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Figure 8-9 Measured stresses of vertical reinforcing steel bars for specimen SW-MP-0.5
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Figure 8-10 Measured stresses of vertical reinforcing steel bars for specimen SW-HA-0.5
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Figure 8-11 Measured stresses of vertical reinforcing bars for specimen SW-HP-0.5-1
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Figure 8-12 Measured stresses of vertical reinforcing bars for specimen SW-HP-0.5-2
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Figure 8-13 Measured stresses of vertical reinforcing bars for specimen SW-MA-1.0

399



Drift Ratio (%)

ey —() 25 oo -() 5

-0.75
sy () 25 ey () 5 ossmemmmme () 75

Wall length (mm)
0 125 250 375 500 625 750 875 1000
| | | | | | |

550
440
330
220
110

R
S
|

ISY ‘SS8.41S

Stress, MPa
o

N
N
o

1

-330 4

-440-_

-550 ™ T T T T T T -80
0 5 10 15 20 25 30 35 40

Wall length (in.)

Figure 8-14 Measured stresses of vertical reinforcing bars for specimen SW-MA-1.0-1

8.3. The proposed equation based on Strut and Tie Model

As discussed in the previous sections, the tie width was 2/3L and boundary width
(or 0.25L) for 0.5 and 1.0-aspect-ratio walls, respectively. Also, strut width was 0.5L and
0.25L for 0.5 and 1.0-aspect-ratio walls, respectively. A general strut and tie dimensions

are shown in Figure 8-15.
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Figure 8-15 General strut and tie components

The proposed equation consists of two parts; tie strength and strut strength.

The following equation (Eq. 8-1) is to predict the shear strength of 0.5-aspect-ratio walls:

2
Viie = g Asy I:yv
Voroposed = Minimum of A, (Eq. 8-1)
Vatrut =0.6(0.85) - f{€0s(45°) + 0.25A4Fyp
The following equation (Eq. 8-2) is to predict the shear strength of 1.0-aspect-ratio walls:
Viie = AsbFyp
V roposed = Minimum of (Eq. 8-2)

Vtrut = 0-6(0-85)% f;cos(45°) + 0.5Ay, Fyh

Where:
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Voroposed: the wall shear strength (kips).

2/3Asv: area of vertical steel reinforcement located on 2/3 of wall area, in2.

Aw: wall cross section (in?).

Asb: summation of steel bars area located at one boundary

45°: is the inclination angle of struts.

0.25Ash and 0.5Ash: quarter and half of horizontal reinforcements (in?), respectively.
Fy: actual steel yield strength of vertical reinforcements, ksi.

Fyn: actual steel yield strength of horizontal reinforcements, ksi.

Fyb: actual steel yield strength of boundary reinforcements, ksi.

f'c: concrete compressive strength (ksi)

Indeed, the 0.6 and 0.85 factors are used to be compatible to factors appeared
on the ACI 318-19 equation 23.4.3 and Table 23.4.3 (c). Bs considered to be 0.6 because
the walls of this study are classified as “other cases”

The 0.25Ash and 0.5Ash are the contribution of horizontal steel reinforcement on
the strut strength. The minor contribution of horizontal reinforcements of squat walls is
compatible to the test results of horizontal reinforcements, where it was hard for

horizontal bars to yield.

The following proposed equation (Eqg. 8-3) valid for wall aspect ratios less or equal 0.75:

Viie =Y1Ayy I:yv

Vv = minimum of
proposed Vstrut = 0'6(0'85)Y2A\N fc, COS(450) + Y3A5h Fyh

Where:

Y1 is the tie width and calculated by:
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3L 4 ) L
—>Y, =—(1-—aspect ratio)> —
4~ 1 3( P ) 3

Y2 is the strut width and calculated by:
3—L 2 Y2 = 1 - Z E
4 4(aspect ratio) 3

Y3 is the horizontal reinforcement contribution of strut strength and calculated by:

__aspect ratio

05>V, >0.25

The following proposed equation (Eq. 8-4) valid for wall aspect ratio more than 0.75 and
less than 2.0:

Ash Fyb

Vi, =
e ™ aspect ratio

Voroposed = Minimum of

Vstrut =0-6(0-85)%fc’ cos(a®) + 0.5AFy;,

« = tan"}(aspect ratio)
a is the strut inclination angle (degrees)
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8.4. The proposed squat wall design

1) Calculate the required longitudinal steel reinforcement by equation (Eq. 8-5):

Yl Asv I:yv

Vie =1 AwFyp
aspect ratio

for aspect ratio <0.75

| (Eq. 8-5)
for aspect ratio > 0.75

4 . L
—>Y, =—(1-aspect ratio) > —
4 3 3
2) Since the proposed squat walls have ductile behavior and strong strut, the
calculation of strut is exempt as long as the hoops spacing satisfied the ACI

18.7.5.4 provisions in Table 8-1

Table 8-1 Calculation hoops spacing

In proposed walls, consider Pu = (Aspect ratio) (Vu)

Transverse - . .
Reinforcement Conditions Applicable expression
P, <034,/ and Greater of (@) 03 i 1 A
£, <10,000 psi (a) and (b) Ny, ) f
A, X !
“sh (%) 0.09 /e
sb, P,>034,f, or Greatest of »
f.>10 050 i (8), (b) and P
e 715 pst (c) c) 0.2k +k “
ACI 18.7.5.4 @02 4

3) Steel reinforcement layout

The proposed steel reinforcement layout (Figure 8-16) consists of several steel

cages confined by hoops up 2/3 wall height, that satisfy ACI provisions for columns as
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mentioned in step 2. The hoops spacing shall be relaxed over the remainder of wall

height.

2#5

o5 ) 245

2#5

1245

o o285
ﬁ 2#5
o olj|2#5

ﬁ 245
e Sll2#5
A—

-1 #3@2"
3 hoops
. A
A
@ , #3@1.25
3 hoops
v a

10" .4 Confined according to 10 |
ACI Columns Provisions

Figure 8-16 Steel reinforcement layout of Proposed walls.

8.5. Properties of tested walls in literature

Results of 54-tested squat shear walls were investigated to evaluate the
accuracy of the proposed equation in addition to other commonly used equations (ACI
318-19, Wood 1990, and Gulec 2011). The walls height, length, thickness and aspect
ratio are summarized in Table 8-2. Concrete compressive strength and Wall steel
reinforcement at horizontal, vertical, and boundaries are shown in Table 8-3. The data of
Alexander and Sheu walls were obtained from database of Gulec and Whittacker (2009).
Also, axial forces and yielding steel stresses of horizontal, vertical, and boundaries are

available in Table 8-4.
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The tie, strut and the proposed strength are evaluated in Table 8-5, the predicted
shear strength by other available equations (ACI 318-19, Wood 1990, and Gulec 2011)
are listed in Table 8-6. Table 8-7 summarizes the ratio of experimental to the predicted
shear strength by other equations, the dispersion parameters (Average, Standard
deviation and Coefficient of variance) of these ratios are tabulated in Table 8-8. The
result emphasizes the accuracy of the proposed equation to predict shear strength of
squat walls compared to the other available equations. Where the average predicted
strength is 1.137 with coefficient of variance 0.22. The ACI 318-19 overpredicts the shear

strength.
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Wall

Table 8-2 Walls dimensions

hw

Aspect

Researcher wall ID . Iw (in X tw (in
number (in) win) ' patio | B (i)
Whyte and Stojadinovic
1 (2014) Wall 1 64 120 0.53 8
Whyte and Stojadinovic

2 (2014) Wall 2 64 120 0.53 8
3 Alexender 1 54 108 0.50 4
4 Sheu 08 19.7 = 394 0.50 3.94
5 Sheu 99 19.7 = 394 0.50 3.94
6 Sheu 101 19.7 = 394 0.50 3.94
7 Sheu 102 19.7 = 394 0.50 3.94
8 Sheu 103 19.7 = 394 0.50 3.94
9 Sheu 104 19.7 | 39.4 0.50 3.94
10 Sheu 105 19.7 | 39.4 0.50 3.94
11 Sheu 106 19.7 | 39.4 0.50 3.94
12 Sheu 107 19.7 | 39.4 0.50 3.94
13 Sheu 108 19.7 | 39.4 0.50 3.94
14 Sheu 109 19.7 | 39.4 0.50 3.94
15 Sheu 110 19.7 = 394 0.50 3.94
16 Sheu 111 19.7 = 394 0.50 3.94
17 Sheu 112 19.7 = 394 0.50 3.94
18 Sheu 113 19.7 = 394 0.50 3.94
19 Sheu 114 19.7 = 394 0.50 3.94
20 Baek etal. (2017) | NSO.5M | 29.7 59 0.50 7.8
21 Baek et al. (2017) HS0.5M 29.7 59 0.50 7.8
22 Baek et al. (2017) NFO0.5M 29.7 59 0.50 7.8
23 Baek et al. (2017) HFO0.5M 29.7 59 0.50 7.8
24 Baeketal. (2017) o OOV 207 | 59 0.50 7.8
25 Baek etal. (2018) | HO.5MU | 29.7 59 0.50 7.8
26 Baek etal. (2018) | HO.5HU | 29.7 59 0.50 7.8
27 Baek et al. (2018) E'O'SMU' 207 59 0.50 7.8
28 Baek etal. (2018)  {O°MCT | 207 | 59 0.50 7.8
29 Baek etal. (2018) | H0.33MU | 19.7 59 0.33 7.8
30 Baek etal. (2018) | H0.33HU | 19.7 59 0.33 7.8
31 Baek et al. (2018) [*AOS'33MU 19.7 59 0.33 7.8
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Wall

hw

Aspect

Aumber Researcher wall ID (in Iw (in) Ratio tw (in)
32 Baek et al. (2018) :g'33HU' 19.7 59 0.33 7.8
33 Baek et al. (2018) 10L33MU 19.7 59 0.33 7.8
34 Baek et al. (2018) NO0.33MU | 19.7 59 0.33 7.8
35 Baek et al. (2018) [\IAOL'33MU 19.7 59 0.33 7.8
36 Baek et al. (2018) HO0.33MR | 19.7 59 0.33 7.8
37 Baek et al. (2017) NF1M 59 59 1.00 7.8
38 Baek et al. (2017) HF1M 59 59 1.00 7.8
39 Baek et al. (2017) NS1M 59 59 1.00 7.8
40 Baek et al. (2017) HS1M 59 59 1.00 7.8
41 Cheng et al. (2016) M60 80 80 1.00 8
42 Cheng et al. (2016) M115 80 80 1.00 8
43 Cheng et al. (2016) H60 80 80 1.00 8
44 Cheng et al. (2016) H115 80 80 1.00 8
45 Cheng et al. (2016) H60X 80 80 1.00 8
46 Synge 121 59.1 118.1 0.50 3.94
47 Yoshizaki 133 315 63 0.50 2.36
48 Yoshizaki 134 315 63 0.50 2.36
49 Yoshizaki 135 315 63 0.50 2.36
50 Yoshizaki 136 315 63 0.50 2.36
51 Yoshizaki 137 315 63 0.50 2.36
52 Wiradinata 82 394 78.7 0.50 3.94
53 Current study SW1 40 40 1.00 4
54 Current study SW6 20 40 0.50 4
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Table 8-3 Wall steel reinforcement and concrete compressive strength

Wall

number Asb (in.2) Asy (in.2) ph (%) f'c (ksi)
1 0.00 6.43 0.67 7.43
2 0.00 6.43 0.67 7.59
3 0.00 1.30 0.3 3.00
4 0.00 1.10 0.71 3.61
5 0.00 1.10 0.71 4.91
6 0.00 0.67 0.57 3.77
7 0.00 0.67 0.57 3.91
8 0.00 0.67 0.57 3.77
9 0.00 0.67 0.57 3.95
10 0.00 1.20 1.03 3.84
11 0.00 1.20 1.03 3.87
12 0.00 1.20 1.03 3.95
13 0.00 1.20 1.03 4.10
14 0.00 1.23 0.57 3.78
15 0.00 1.18 0.57 3.91
16 0.00 1.23 0.57 3.78
17 0.00 121 0.57 3.84
18 0.00 1.18 0 4.69
19 0.00 1.18 1.14 4.55
20 2.82 3.72 0.93 6.70
21 2.82 2.40 0.68 5.40
22 0.62 3.72 0.93 5.60
23 0.40 2.40 0.68 5.60
24 0.80 2.40 0.68 5.40
25 0.00 4.65 0.68 6.10
26 0.00 2.76 0.38 6.10
27 0.00 3.13 0.68 6.10
28 0.00 3.13 0.68 5.60
29 0.00 3.50 0.71 6.10
30 0.00 2.35 0.43 6.10
31 0.00 3.50 0.71 6.10
32 0.00 2.35 0.43 6.10
33 0.00 3.50 0.71 6.60
34 0.00 4.88 1.01 6.60
35 0.00 4.88 1.01 6.60
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Wall

number Asb (in.2) Asv (in.2) Ph (%) f'c (kSI)
36 0.00 3.50 0.71 6.40
37 2.48 3.72 0.93 7.40
38 2.48 2.40 0.68 7.40
39 8.46 3.10 0.93 7.70
40 8.46 2.00 0.68 7.70
41 3.28 1.32 0.31 5.70
42 1.86 0.66 0.15 5.50
43 5.40 3.60 0.83 6.40
44 2.79 2.00 0.42 6.40
45 5.40 3.60 0.83 6.10
46 0.70 3.17 1.61 3.95
47 0.39 0.26 0.23 3.70
48 0.44 0.95 0.82 3.70
49 0.66 0.44 0.41 3.70
50 0.66 0.95 0.82 3.70
51 0.70 1.39 1.17 3.70
52 0.62 1.24 0.26 3.63
53 1.24 1.32 1.1 4.13
54 1.02 1.32 1.38 5.00
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Table 8-4 Steel yielding stresses and applied axial force

Nz‘rﬁ‘k')'er Fyv (ksi) Fyo (Ksi) Fyn (Ksi) AX'(?('iES‘;rce
1 67.3 0 67.3 0
2 67.3 0 67.3 0
3 52 0 52 0
4 71.2 0 71.2 0
5 71.2 0 71.2 0
6 70.1 0 70.1 0
7 70.1 0 70.1 0
8 70.1 0 70.1 0
9 70.1 0 70.1 0
10 69.7 0 69.7 0
11 69.7 0 69.7 0
12 69.7 0 69.7 0
13 69.7 0 69.7 0
14 62.6 0 67.8 0
15 65.7 0 67.8 0
16 62.6 0 67.8 0
17 65 0 67.8 0
18 65.7 0 0 0
19 65.7 0 67.8 0
20 89.4 4.7 75 250
21 96.7 4.7 96 250
22 68 68 75 250
23 96.7 96.7 96 250
24 96.7 96.7 96 250
25 96.7 0 90.6 0
26 96.7 0 96.7 0
27 96.7 0 96.7 198
28 96.7 0 96.7 165
29 96.7 0 90.6 0
30 96.7 0 90.6 0
31 96.7 0 90.6 0
32 96.7 0 90.6 0
33 96.7 0 90.6 0
34 68.2 0 96.7 0
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NL"r’T‘;"l')'er Fyv (ksi) Fyb (Ksi) Fyn (Ksi) AX'(";‘('ig S‘;rce
35 68.2 0 96.7 0
36 96.7 0 90.6 0
37 68.15 96.7 68 250
38 96.7 96.7 96 250
39 68.15 89 68 250
40 96.7 89 96 250
41 66 65 66 0
42 114 112 114 0
43 69 65 69 0
44 117 112 117 0
45 69 65 69 0
46 43.5 43.5 55.1 0
47 62.9 48.3 62.9 0
48 62.9 49.7 62.9 0
49 62.9 50.1 62.9 0
50 62.9 50.1 62.9 0
51 62.9 50.9 62.9 0
52 63.1 63.1 61.6 0
53 60 60 60 0
54 60 60 60 0
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Table 8-5 Proposed, tie and strut strength

Wall Number Vtie Vstrut Vproposed
1 288.6 1343.7 288.6
2 288.6 1371.3 288.6
3 44.9 242.1 44.9
4 52.3 110.9 52.3
5 52.3 147.1 52.3
6 31.2 113.2 31.2
7 31.2 117.2 31.2
8 31.2 113.2 31.2
9 31.2 118.4 31.2
10 55.5 121.4 55.5
11 55.5 122.2 55.5
12 55.5 124.6 55.5
13 55.5 128.6 55.5
14 51.2 113.2 51.2
15 51.7 117.0 51.7
16 51.2 113.2 51.2
17 52.5 115.0 52.5
18 51.7 131.4 51.7
19 51.7 142.4 51.7
20 544.2 648.9 544.2
21 460.5 524.8 460.5
22 253.0 557.6 253.0
23 232.1 541.4 232.1
24 232.1 524.8 232.1
25 270.8 541.8 270.8
26 158.6 527.4 158.6
27 201.7 544.2 201.7
28 201.7 502.7 201.7
29 253.7 530.8 253.7
30 170.2 521.1 170.2
31 253.7 530.8 253.7
32 170.2 521.1 170.2
33 253.7 572.3 253.7
34 249.5 585.1 249.5
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Wall Number Vtie Vstrut Vproposed
35 249.5 585.1 249.5
36 253.7 555.7 253.7
37 239.8 656.1 239.8
38 239.8 652.4 239.8
39 752.9 713.0 713.0
40 752.9 715.6 715.6
41 213.2 686.7 213.2
42 208.3 659.7 208.3
43 351.0 821.2 351.0
44 312.5 808.6 312.5
45 351.0 786.6 351.0
46 126.8 382.6 126.8
47 30.7 101.8 30.7
48 64.1 108.7 64.1
49 52.7 103.9 52.7
50 75.5 108.7 75.5
51 97.8 112.8 97.8
52 97.6 208.9 97.6
53 74.4 145.5 74.4
54 127.2 160.8 127.2
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Table 8-6 Experimental, Wood (1990), Gulec (2011), ACI 318-19 and Proposed shear

strength
wall Viest Wood (1990) | Gulec (2011) Vproposed ACI 318-19
Number
1 367 496.5 318.1 288.6 681.1
2 384 530.1 320.0 288.6 683.8
3 74 151.8 74.0 44.9 138.4
4 70.8 59.9 47.5 52.3 93.3
5 72.8 69.8 50.8 52.3 108.7
6 47.2 61.2 36.8 31.2 90.6
7 42.5 62.3 37.1 31.2 91.2
8 40.2 61.2 36.8 31.2 90.6
9 425 62.6 37.3 31.2 91.3
10 62.7 61.8 49.9 55.5 96.2
11 61.1 62.0 49.9 55.5 96.6
12 54.4 62.7 50.2 55.5 97.6
13 62 63.8 50.5 55.5 99.4
14 55.8 61.2 47.4 51.2 88.6
15 60.7 62.3 48.0 51.7 89.1
16 49.8 61.2 47.4 51.2 88.6
17 55.8 61.8 48.2 52.5 88.9
18 54.7 68.3 50.0 51.7 31.9
19 70.4 67.2 49.6 51.7 104.7
20 560 241.2 376.7 544.2 376.7
21 529 216.6 338.2 460.5 338.2
22 318 220.6 326.7 253.0 344.4
23 307 220.6 317.3 232.1 344.4
24 319 216.6 337.8 232.1 338.2
25 177 230.6 234.4 270.8 359.4
26 111 230.4 170.1 158.6 276.9
27 244 230.5 294.2 201.7 359.4
28 315 220.8 272.5 201.7 344.4
29 129 245.0 239.6 253.7 359.4
30 70 244.9 1915 170.2 287.1
31 232 245.0 239.6 253.7 359.4
32 160 244.9 191.5 170.2 287.1
33 302 254.8 243.4 253.7 373.9
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Wall

Number Viest Wood (1990) | Gulec (2011) Vproposed ACI 318-19
34 218 254.8 241.0 249.5 373.9
35 297 254.8 241.0 249.5 373.9
36 254 250.9 241.9 253.7 368.2
37 326 395.9 318.7 239.8 395.9
38 294 395.9 313.3 239.8 395.9
39 511 403.8 403.8 713.0 403.8
40 475 403.8 403.8 715.6 403.8
41 252 339.6 179.5 213.2 275.9
42 248 323.2 173.3 208.3 251.8
43 443 512.0 279.3 351.0 512.0
44 406 501.5 260.3 312.5 468.1
45 439 499.9 277.5 351.0 499.9
46 173.8 187.5 127.9 126.8 292.3
47 40 58.0 35.8 30.7 48.6
48 72.3 58.0 52.6 64.1 90.4
49 62.8 58.0 47.7 52.7 65.5
50 87.8 58.0 59.0 75.5 90.4
51 89.7 58.1 70.4 97.8 90.4
52 119.7 119.8 89.4 97.6 105.7
53 76 61.7 65.0 74.4 102.8
54 133 72.7 86.6 127.2 1131
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Table 8-7 Ratio of Experimental to Wood (1990), ACI 318-19, Gulec (2011) and

Proposed shear force

Nx\rﬁé'er Wood (1990) = Gulec (2011)  Vpropossd | ACI 318-19
1 0.739 1.154 1.272 0.539
2 0.765 1.200 1.331 0.562
3 0.521 1.000 1.647 0.535
4 1.265 1.489 1.353 0.759
5 1.116 1.433 1.392 0.669
6 0.825 1.284 1.513 0.521
7 0.730 1.144 1.362 0.466
8 0.703 1.094 1.289 0.444
9 0.726 1.141 1.362 0.465
10 1.086 1.257 1.129 0.652
11 1.055 1.223 1.100 0.633
12 0.929 1.084 0.979 0.557
13 1.040 1.227 1.116 0.624
14 0.975 1.178 1.090 0.630
15 1.042 1.265 1.175 0.681
16 0.870 1.051 0.973 0.562
17 0.967 1.157 1.063 0.628
18 0.857 1.095 1.059 1.714
19 1.120 1.419 1.362 0.672
20 2.478 1.487 1.029 1.487
21 2.607 1.564 1.149 1.564
22 1.539 0.974 1.257 0.923
23 1.486 0.967 1.323 0.891
24 1.572 0.944 1.375 0.943
25 0.821 0.755 0.654 0.492
26 0.515 0.653 0.700 0.401
27 1.131 0.829 1.209 0.679
28 1.524 1.156 1.561 0.915
29 0.598 0.538 0.509 0.359
30 0.325 0.366 0.411 0.244
31 1.076 0.968 0.915 0.645
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Wall

Number Wood (1990) Gulec (2011) Vproposed ACI 318-19
32 0.742 0.836 0.940 0.557
33 1.346 1.241 1.191 0.808
34 0.972 0.905 0.874 0.583
35 1.324 1.232 1.190 0.794
36 1.150 1.050 1.001 0.690
37 1.372 1.023 1.359 0.823
38 1.238 0.938 1.226 0.743
39 1.265 1.265 0.717 1.265
40 1.176 1.176 0.664 1.176
41 0.869 1.404 1.182 0.913
42 0.871 1.431 1.190 0.985
43 1.442 1.586 1.262 0.865
44 1.322 1.560 1.299 0.867
45 1.464 1.582 1.251 0.878
46 0.991 1.358 1.371 0.595
47 0.737 1.118 1.303 0.822
48 1.333 1.374 1.128 0.800
49 1.158 1.317 1.192 0.959
50 1.618 1.487 1.163 0.971
51 1.654 1.275 0.917 0.992
52 1.068 1.338 1.226 1.133
53 1.232 1.170 1.022 0.739
54 1.959 1.535 1.046 1.176

Table 8-8 Average, Standard deviation and Coefficient of variance of data listed

in Table 8-7
. . Wood Gulec
Dispersion (1990) (2011) Vproposed ACI 318-19
Average 1.135 1.172 1.137 0.778
Standard deviation 0.429 0.262 0.250 0.294
Coefficient of 0.378 0.224 0.220 0.378

variance

418



Figure 6-1 illustrates the ratio comparison of the experimental to the predicted

shear strength. Figure 8-18 summarizes the test results of the 54 squat walls and their

predicted shear strength by the available equations in this study. Figure 8-19 to Figure

8-22 compares the experimental and predicted values for each equation.

Experimental / Predicted shear ratio

—— Woo0d 1990  eee--ee- Proposed
— Gulec 2011 ——— ACI 318-19

w

Specimen Number

Figure 8-17 Ratio of Experimental to Wood (1990), ACI 318-19, Gulec (2011) and

Proposed shear force
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Figure 8-18 Experimental, Wood (1990), ACI 318-19, Gulec (2011) and Proposed shear

strength
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Figure 8-20 Experimental and Gulec (2011) shear strength
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Chapter 9
Summary and Conclusions
This study investigated the proposal of ductile squat shear wall configuration
which have several advantages over the conventional squat walls designed by ACI 318-
19 provisions, specifically, having more ductile shear behavior, and easy to pre-fabricate
steel cages. A total of seven squat walls were tested to explore the shear performance of
ACIl-compliant and proposed walls at medium and high design shear stresses. The
typical conventional walls suffer from sliding shear failure as they are confined only at
boundaries but are insufficient at the web. However, the proposed walls are confined at

the critical regions to eliminate the implausible sliding shear failure.

The following conclusions are drawn from the study:
1. The sliding shear failure is the most common mode failure of well-reinforced
squat walls, this study explained the factors of sliding behavior that are

eliminated in the proposed squat walls.

2. The test results showed that proposed walls with medium demand shear
stresses (10Vfem to 12Vfem , psi), reached drift ratio as twice as that ACI-compliant
wall attained. This indicates the ductile shear behavior of the proposed walls; this

merit is crucial to reduce the cost of wall reinforcement.

3. The proposed walls ductility advantage is also applicable to high demand shear

stresses (18Vfem to 24Vfem, psi). This level of high shear stresses was
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investigated even though ACI provisions limits the design shear strength to
10Vfem .

The strut and tie model is believed to be the most reliable criteria to explain shear
force transfer in squat walls. In a 0.5 wall aspect ratio, the effective number of
ties distributed over 2/3 of wall length for medium demand shear stress while ties
distributed over 0.5 wall length for high demand shear stress, the effective
number of ties was measured using strain gauges attached on longitudinal steel

bars.

The DIC processed images were used to measure width of concrete struts, the
width was determined to be 0.5 and 0.25 of wall length for 0.5- and 1.0-aspect

ratio walls.

A Strut and Tie Model-based Proposed Equation was presented to predict
the squat wall shear strength, the equation was derived based on
experimental results of this study. Compared to the results of 54 squat
wall results of tested wall in literature, the equation has an excellent
prediction accuracy; where the average of experimental-to-predicted
shear strength ratio is 1.137 and Coefficient of Variance 0.22. Based on
the analyzed 54 wall results, the ACI 318-19 tends to overpredict squat

walls shear strength.
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