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Abstract

Squat shear walls are widely used in various structures to resist earthquake loads. However, the relevant design expressions
found in building codes and literature do not incorporate the influence of all crucial parameters and provide inconsistent peak
shear strength estimations. This study adopts the artificial neural network (ANN) to predict the peak shear strength of squat
walls using an extensive database that includes the results of 487 walls with wide-ranging test parameters. The ANN models
consider the effect of concrete strength, the wall aspect ratio, vertical and horizontal reinforcements, vertical reinforcement
of boundary elements, and axial load ratio. These accurately predicted the available test results. They implemented it to carry
out parametric and sensitivity analysis to investigate the effect of the main parameters on the peak strength and to give
information about the factors that contribute most to the shear response. In addition, a softened strut and tie method is
proposed, considering the variables that substantially influence the shear strength. A nonlinear regression analysis is
employed to determine the coefficients of the proposed model using the available database. The performance of the proposed
model is measured using the existing models, which results in the best favorable agreement with the test results.
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1. Introduction

Reinforced concrete (RC) structural walls find wide application in various buildings to enhance their seismic
capacity by increasing lateral stiffness and minimizing lateral deformations. The slender RC walls develop their flexural
strength to maintain the life-safety of a structure and reduce the damages when subjected to severe earthquakes [1], and
the proper design and detailing demand ductile behavior and avoid brittle shear failure under seismic loads [2]. But this
is not the case for short walls (squat walls) having an aspect ratio equal to or less than 2, as the behavior is controlled
by shear deformations [3]. Squat walls are utilized in nuclear facilities, low-rise buildings, podiums of high-rise
buildings, and bridges as principal structural members for lateral load resistance owing to their high stiffness and
capability to limit lateral deformations [4]. Since the strength of squat walls is determined by shear instead of flexural,
an appropriate estimation of the peak shear strength is crucial in designing such walls to guarantee ductile performance
and avoid undesirable shear failure under earthquakes [5].

The behavior of squat walls has received considerable attention over the last few decades, and extensive experimental
work has been conducted to aid in the understanding of such behavior [6—11]. They concluded that parameters such as
the wall's aspect ratio, axial load, concrete strength, vertical and horizontal reinforcements, and boundary elements have
a pronounced influence on peak shear strength [12, 13]. Despite the popularity of squat walls and thorough
investigations, the current methods in the design codes remained unchanged for decades [14]. These methods consider
different parameters, do not reflect physical behavior, and provide scattered strength predictions when estimating the
test results [14]. Therefore, there is a need to develop a reliable model to predict peak shear strength.
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To address the aforementioned problem, several models in various forms are developed based on various methods.
For instance, Wood [15], Sanchez-Alejandre and Alcocer [16], and Gluec & Whittaker [17] suggested empirical
expressions. On the contrary, Hsu & Mo [18], Massone & Melo [19], and Chandra et al. [12] developed softened truss
models. Hwang & Lee [20, 21], Kassem [14], Ma et al. [22], and Chetchotisak et al. [23] presented strut and tie models.
Although the accuracy of the above models is improved compared to the design codes, some still provide inconsistent
strength predictions because they are derived using a limited number of experimental results. Furthermore, some of
these models are devoted exclusively to rectangular walls and provide scattered estimations when applied to calculate
the shear strength of flanged walls [22]. The models of Gluec & Whittaker [17], and Ma et al. [22], on the other hand,
are derived solely to predict the shear strength of flanged walls.

The current progress in the machine learning field opened new perspectives to develop more reliable computer
programs to predict the peak shear strength of squat walls. For example, Chen et al. [24] employed artificial neural
networks (ANN) and particle swarm optimization (PSO) to develop a hybrid model for the shear strength of rectangular
squat walls. Baghi et al. [25] suggested an empirical model using the PSO technique. Gondia et al. [26] and Tariq et al.
[27] introduced expressions to calculate the shear strength of flanged squat walls using genetic programming (GP) and
gene expression programming (GEP) techniques, respectively. While Feng et al. [28] and Parsa & Naderpour [29]
developed shear strength predictive models for flanged squat walls using the eXtreme Gradient Boosting (XGBoost)
algorithm and improved support vector regression method (SVR), respectively.

This work is a new attempt to predict the peak shear strength of rectangular and flanged squat walls. Unlike the
previous studies, the current one employs a substantial database of 487 squat walls that experienced shear failure with a
broad range of test variables to build ANN and the strut and tie models. Since the predicted peak strength by the ANN
models is made using non-accessible matrices, they are utilized to conduct parametric and sensitivity analysis to study
the influence of the geometric and mechanical variables and measure their contribution to peak shear strength for
rectangular and flanged walls. The strut and tie method is applied to develop a simplified model replicating the load
transfer mechanism to calculate the shear strength of rectangular and squat walls. The performance of the proposed
model is gauged with those of the existing ones. Figure 1 summarizes the workflow of this research.

Problem Statement

¢

Data Collection

ANN Strut and Tie method

&
Regression Analysis

Parametric Analysis Sensitivity Analysis Peak Shear Strength
model

Results & Discussions

Validation
~with
Existing Models

Conclusions

Figure 1. Research workflow

2. Squat Shear Walls Database

A considerable number of RC squat walls have been tested for the last several decades to understand their behavior
and to study the effect of the main variables on peak shear strength. Tests were performed on rectangular walls
constructed with and without boundary elements. These were subjected to horizontal and axial loads (see Figure 2). The
results of 298 and 189 tests performed on rectangular squat walls constructed with boundary elements (RWBESs) and
rectangular walls without boundary elements (RWSs), respectively, are used in the development of the ANN and strut
and tie models. These are taken from the database assembled by Chetchotisak et al. [23].
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Figure 2. A typical squat wall under vertical and lateral loads

The test results of RWBESs consist of 107 and 191 flanged walls and walls constructed with boundary columns,
respectively. While the test results of RWs include 133 walls with vertical boundary reinforcements, and the rest have
no vertical boundary reinforcements.

Squat walls utilized in this study were loaded by various types of horizontal loads such as monotonic, dynamic,
repeated, and cyclic, and the latter is applied to most of these walls. The database includes squat walls that experienced
premature shear failure only, while those experience flexural and sliding failures are left out. Table 1 summarizes the
statistical information of the main parameters of the database analyzed in this study, where fc, hw/lw, pn, pv, po, and
P/f.Aw are the concrete compressive strength, the wall's aspect ratio, the horizontal reinforcement ratio, the vertical
reinforcement ratio, the vertical boundary reinforcement ratio, and the axial load ratio, respectively. The whole database
and the strength predictions are presented in Tables A-1 and A-2 in Appendix I.

Table 1. Statistical information of the main variables

Statistical parameters

Type Variables
Mean Standard deviation Minimum Maximum Range

f.(MPa) 383 22.7 10.0 111.0 101.0

B/l 0.80 0.36 0.28 220 1.92

i pn (%) 073 0.48 0.00 2.76 276
2 (%) 075 0.49 0.00 2.76 2.76
(%) 278 176 0.44 9.70 9.26

PIf.Aw (%)  0.05 0.06 0.00 0.32 032
f,(MPa) 313 9.3 14.0 58.0 44.0

hufh 1.06 052 033 217 1.84

2 (%) 060 0.39 0.00 1.59 1.59
& (@) 075 058 0.10 2.87 2.77
;%) 306 223 0.34 12.75 12.41

PIf.Ay (%)  0.03 0.06 0.00 0.40 0.40
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3. Artificial Neural Network (ANN)
3.1. Overview

It is a data processing technique operating based on the human nervous system. The structure of this technique
consists of numerous processing components (neurons) working jointly to tackle a particular problem. Each neuron
transforms a weighted input using the bias and transfer function to output. The advantage of ANN over the other
traditional methods is due to the direct application of test data in solving complex problems without prior assumptions,
where the solution is obtained through learning by examples like a human [30]. Owing to the ANN's robust process
capability, it is now widely used to solve problems in various fields of civil engineering [31, 32].

3.2. Development of ANN Models

Two ANN models are built in the present study: one for RWBESs and the other for RWs. It allows for the fact that
peak shear strength produced by the former is higher than that developed by the latter due to the confining effect
associated with the presence of boundary elements and the reduction in cracking and concrete strength softening [14,
33]. The architecture of each model consists of an input layer, a hidden layer, and an output layer. The input layer
comprises the parameters (pi) employed to predict the shear strength, and the output layer includes the normalized peak
shear strength (v = Vest/Aw). The input parameters are selected according to the previous investigations [14, 17]. It is
noted that the number of neurons in the hidden layer is determined using the trial and error method to reach the best
correlation with the experimental results, and the use of a large number of neurons in the hidden does not develop the
accuracy and sometimes lead to overfitting [30]. The number of neurons in the hidden layer (m) of the RWBEs and
RWs models is 21 and 13, respectively. Figure 3 shows the architecture of the above models, where p, w, v, and b denote
the input, the weights of hidden and output layers, and the bias, respectively.

Yo~V (MPa)
I~
p; = fc (MPa)
P, = hw/hy
p; = pu (%)
ps = pv (%)
ps = pp (%)
ps = PHcAw

m =21 for RWBEs
m =13 for RWs

Figure 3. Architecture of the ANN models

The previously described test results are employed to develop the ANN models for RWBEs and RWs and are divided
into three parts: 70%, 15%, and 15% for training, testing, and validating the ANN models. The proposed models adopt
the Levenberg—Marquardt back-propagation algorithm, and the TANSIG and PURELIN transfer functions are for
hidden and output layers. The peak strength is calculated by minimizing the deviation between the ANN predictions and
the expected output through back-propagation to the input layer to modify the weights between neurons and biases. This
procedure continues until reaching the desired results. In addition, the early stopping technique is utilized to prevent
overfitting and maintain the generality of the models [30]. Comparisons between the ANN models and the test results
are presented in Figure 4. Furthermore, the performance of the ANN models is measured using the average ratio of
estimated-to-measured strength (AVG), the coefficient of variation (COV), and the correlation coefficient (R). The
AVG, COV, and R of the RWBEs model are 1.01, 0.10, and 0.98, respectively, and the AVG, COV, and R of the RWs
model are 1.00, 0.10, and 0.98, respectively. The statistical analysis confirms that both models correlate well with the
available database, as the R of these models is higher than 0.8 [34].
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3.3. Parametric analysis

Parametric analysis is performed using the ANN models to study the effect of the input parameters on the peak shear
strength of RWBEs and RWSs. In doing so, the selected ANN input ranges from its smallest value within the database to
the highest one and holds the rest inputs at their average values within the database [35]. The average of the ANN inputs
set to fc = 38.3 MPa, hu/lw = 0.80, pn = 0.73%, pv=0.75%, p» = 2.78%, P/f. Aw = 0.05 in the calculations of the RWBEs
strength, and the average of the ANN inputs set to fc = 31.3 MPa, hu/lw = 1.06, pn = 0.60%, py = 0.75%, pp = 3.06%, P/f;
Ay = 0.03 in the calculations of the RWs strength.

Figure 5-a shows the effect of concrete strength (fc) on the normalized peak strength (v =Vies/Aw) of the RWBES
and RWs walls. The shear strength increases with concrete strength, and this trend has been observed experimentally by
Gulec and Whittaker [17]. The concrete contribution is acknowledged using square and cubic roots in the ACI-318-19
[36] and EC8 [37].

Figure 5-b demonstrates the influence of the aspect ratio (hw/lw) on (v =Viesi/ Aw) of the RWBES and RWs. As inferred
from this figure that the shear strength decreases with the increase of this parameter, which is parallel with the previous
experimental studies. The influence of hu/lw on shear strength is considered in various existing models to allow for the
fact that shorter walls reduce the path to transfer the load to supports through a compressive diagonal strut, subsequently
leading to concrete crushing at higher load-carrying capacity than that of slender walls.

Figure 5-c displays the predicted (v) with the variation of horizontal reinforcement ratio (pn). It indicates that the
shear strength of RWBEs decreases with the increase of pn from 0 to 1.5%. However, it increases with pn from 1.5% to
2.76%. The shear strength of RWs increases with the pn to a specific limit (pn = 1.2%), beyond which the shear strength
decreases with the increase of pn. The effect of this parameter is still unclear because some scholars indicated that pn has
negligible influence on shear strength [38-40], while others indicated that the influence of pn is modest compared to py
[14, 23]. On the other hand, ACI-318-19 [36] and Baghi et al. [25] point out that this parameter significantly affects the
peak shear strength.

Figure 5-d presents the effect of vertical reinforcement ratio (py) on v. It clearly shows that the shear strength of
RWBESs walls when py increases from 0% to 1.5% and decreases when py increases from 1.5% to 2.76%. The shear
strength of RWs increases with py increases to a specific limit (py = 1.5%), beyond which the shear strength decreases
with increasing py. Similar to pn, there remains uncertainty concerning the influence of py. That is, the ACI-318-19 [36]
and Sanchez-Alejandre and Alcocer [16] ignore this parameter in the calculations of shear strength, while others found
that the contribution of this parameter to the peak shear strength is higher than that of pn [14, 23].

The peak shear strength of RWBEs and RWs walls with the variation of the boundary elements' vertical
reinforcement ratio (pp) iS explained in Fig. 5-e, where the shear strength of RWBEs enhances with pp, while that of
RWs increase when pp increase from 0.34% to 7.2% and decrease when py increase from 7.2% to 12.75%. There is no
consensus about the role of pp in estimating the peak strength, as some models take into account the effect of pp [17, 23,
25], and others overlook this parameter [15,18, 14, 23, 36].

Fig. 5-f plots the variation of the axial load ratio (P/f:Aw) against the shear strength of RWBEs and RWs walls. For
the RWBESs walls, the strength improves with the (P/f:Aw) from 0 to 0.16, beyond which declines with increasing
(P/f:Aw). Similarly, the peak strength of RWs develops with (P/f:Aw) from 0 to 0.2% and descends beyond the latter
ratio. This parameter is considered in the majority of the existing models while ignored by ACI-318-19 [36] and EC8
[37].

—RWBEs =—RWSs —RWBEs =—RWs
10 10
8 8
E 6 E 6
s s
s 4 S 4
2 2
0 0
0 20 40 60 80 100 120 0 0.5 1 1.5 2 25
fc (MPa) hw/lw
(a)f. (b) hu/ly
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Figure 5. Effect of input parameters

3.4. Sensitivity Analysis

It is carried out to estimate the contribution of the input variables to the ANN peak shear strength. Garson [41]
introduced an algorithm to determine the relative importance (RI) of each of the ANN inputs, and the larger value of
(RI) indicates a higher contribution to the peak shear strength. A detailed description of the RI calculations can be found

elsewhere [30], and below is the summary:

Py = W] x [Wy
P,

=l
Qy (Pig + Pz + -+ + Pin)

Sj = (Quj +Qzj ++ Qiy)

_ S, %100
R11 - /(Sl+52+"'+sm)

@
@)
@)
(4)

in which, P;; is a product of the absolute value of the matrixes Wj; and Wi, which are the weights of input j in the hidden
neuron i, and output neuron 1 in hidden neuron I, respectively; k is Eq. (3) denotes the number of neurons in the hidden

layer.

Table 2 presents the RI values of the input parameters of the RWBEs and RWs models. It indicates that the concrete
strength is the most significant parameter and the horizontal reinforcement ratio is the least contributing one. It is hardly
surprising since the former parameter (fc) represents the average shear stresses through the section simplifying the
complex shear behavior and therefore adopted in every peak strength expression [42], and the influence of the latter (pn)
is minor on the peak shear strength [27-29]. It should be noted that the obtained results are comparable to those of

Chetchotisak et al. [23].

Table 2. Relative importance and ranking of the input parameters

Type Parameter f. ho/lw  pn Py Po P/f.Ay
Relative importance  0.22 019 013 0.17 0.17 0.15
RWBEs .
Ranking 1 2 5 3 3 4
RW Relative importance  0.21  0.17 0.13 0.18 0.17 0.15
S
Ranking 1 4 6 2 3 5
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4. Strut and Tie Model

Because of the geometrical properties of squat walls, they are considered disturbed regions (D-regions) with complex
stress trajectories and nonlinear strain distributions. Hence, the strut and tie method is adopted to develop the proposed
design as viewed to be an appropriate approach to replicate the load-transferring mechanism of such regions and squat
walls [20, 21].

Figure 6 presents a typical squat wall constructed with boundary elements, supported on a rigid foundation and
loaded vertically by (P) and laterally by (V). It reinforces with vertical and horizontal steel bars uniformly spaced at Sy
and Sy, respectively.

l P/2 P12 l P2 P2 l

Vi —ed ‘ \— %é
|—K S 4
\ k | |
NN —ws | ! | D,
L < | | - - oAy,
A\ : 1 \_kﬁ\ Y
7NN\ 1 } | Tl
l 0N
i o e
e e - dw o]
(a) Diagonal strut mechanism (b) Web mechanism

Figure 6. The proposed strut and tie model

The design model assumes that the peak shear strength for squat walls with enough flexural capacity is obtained
from the diagonal strut mechanism, 1, and web reinforcement mechanism, ¥, [14, 20, 21, 23]:

o=Vt ©)

The compressive diagonal strut (Ds) resists the lateral (\Vn) and axial load (P/2), where the latter is divided into two
concentrated loads acting at the boundary elements (R). For RWBEs, the vertical steel bars of boundary elements
withstand the tensile force (T). However, for RWs, it is assumed that the vertical steel bars in an effective width of (0.1
lw) at both ends of a wall resist the tensile force (T), and the rest of the vertical reinforcement in (0.8 l.) contribute to
the truss mechanism [14, 20, 21, 23].

4.1. Diagonal Strut Mechanism

This mechanism includes the contribution of concrete replicated by a single compressive strut, forming as shown in
Figure 6-a and inclined at angle 0. The latter is determined from the wall's aspect ratio and is given by:

Ry
6="2r (6)

d,, =1, — hy is the horizontal length of a wall between the compression and tension forces developed in the
boundary elements; hw, lw, and h, are the height of a wall, the length of a wall, and the length of a boundary element,
respectively. As previously mentioned, hy is considered as 0.1l for RWSs. The equilibrium equations below are obtained
from the transferring load mechanism

V. =D.cos@ (7
C=T=D,sin6 ®)

C and T are the compressive and tension forces developed in the boundary elements. The diagonal strut usually
forms in a bottle shape. However, for simplicity, it is considered prismatic with a uniform width. The corresponding
cross-section area of the diagonal strut is given by:

Agtrur = Wsty 9)

w; and ty, are the width and depth of the diagonal strut. It is widely accepted to assume that ws equal to the depth of
the concrete compression zone of an elastic column [14, 20, 21, 23]. Hence, it is given by:

wy =a. = (0.25+ °'85;1C) L, (10)

AWC
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The compressive force of the diagonal strut computes from the product of the cross-section area (A,,,;) and effective
concrete strength (fz.):

D¢ = feeAstrue (11)

The effective compressive strength of the diagonal strut is considered a function of concrete strength and determined
from the following equation:

Jee =Yefe (12)

A is an empirical coefficient calibrated using the test results, and 7 is a softening factor suggested by the fib-Model
Code 2010 [43] to design D-regions:

1= ()" st w0

By substituting, Equations 10 to 13 into Equation 9, the diagonal strut mechanism takes the following form:

Ve = Ye nfeAstrus cOs 60 (14)

4.2. Web Mechanism

In addition to the diagonal strut mechanism, the web mechanism (V) developed by the horizontal and vertical
reinforcements is a significant strength element because these reinforcements provide an additional load path alongside
the diagonal strut and consequently improve the wall peak shear capacity [14, 21, 23,43]. It is proposed that the web
reinforcements form a diagonal compression force (Ds) acting on the same line as that provided by concrete, D¢ [44, 45].
The strength contribution of the web mechanism (V) is equal to Ds, which estimates from the vector sum of the forces
developed by the horizontal and vertical reinforcements, see Figure 6-b. Since the current loading situation is very much
similar to those in beam-column joints and deep beams [44, 45], the contribution of the web mechanism is expressed as

by:
Vo=V +V, = yhAhfyh + yvAvfyv cotd (15)

v and y,, are empirical parameters to be calibrated with the test results to allow for the fact that web reinforcements
do not develop their yield strengths [14, 44,45]; A, and A,, are the area of horizontal and vertical reinforcements, where
Ap = prhyt,, and A, = p,l,t,; f,, and f,,, are the yield strength of horizontal and vertical reinforcements; p,and p,
are the reinforcement ratio of the horizontal and vertical rebars, respectively.

4.3. Peak Shear Strength Expression

When Equations 14 and 15 are substituted in Equations 5, the peak shear expression is given by:

Vo = Yl feAstrue COS 0 + yhAhfyh + )/vAvfyv cotd (16)

The unknown parameters (y,, y,, and y,,) are determined from regression analysis using the above-described
database. It is worth noting that the database of RWBEs and RWSs walls is divided into two sets: one consists of (70%)
employed to calibrate the proposed model, and the other set includes the remaining (30%) for validation. In particular,
the results of 209 RWBEs and 132 RWs walls are for calibration, and the rest results of 89 RWBEs and 57 of RWs are
for validation.

The optimum values of the above parameters are estimated to improve the accuracy and to decrease the coefficient
of variation (COV) of the calculated-to-measured strength ratio.

The analysis results in y, = 0.64 , y,, = 0.30,and y,, = 0.15 for RWBEs and y, = 0.26 , y;, = 0.33,and y,, = 0.22
for RWs. By substituting these results into Eq. (16), the peak strength expressions can be expressed as follow:

For RWBEs:

Vo = 0.641fcAgprye €0s 0 + 0.304, fy, + 0.154, f,,, cot 0 (17-a)
For RWs:
Vo = 0.26n fcAstrye €0s 0 + 0.334 fyn + 0.224,f,,, cot 0 (17-b)
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A keen observation of the empirical parameters in Equations 17-a and 17-b indicates that the values of these
parameters are higher in the former than those in the latter, reflecting the strength enhancement provided by the confining
effect associated with the presence of the boundary elements. In addition, the higher values yn in RWBES and RWs
expressions compared to those of yy suggest that the strength contribution of the horizontal reinforcement is higher than
that provided by the vertical bars. This finding is consistent with the ACI-318-19 [36] and Baghi et al. [25] and
significantly different from those of Barda et al. [38], Maier and Thurlimann [39], Lefas et al. [40], Kassem [14],
Chetchotisak et al. [23], and the proposed ANN models. Further investigations are needed to clarify such contradictions.

Comparisons with the available database mark the reasonable agreement between the calculated and measured
strengths, as presented in Figures 7-a, and 7-b. The AVG is 1.00 and 1.02 for RWBEs using calibration and validation
sets, respectively, with COV of 0.19 and 0.16, respectively; while the AVG 1.01 and 1.02 for RWSs using calibration
and validation sets, with COV of 0.18 and 0.20, respectively. It is noteworthy that the close values of the statistical
parameters confirm the generality of the proposed model

4000 4000
+ RWBES + RWBES
AVG =1.00 AVG =1.02
2000 |COV=019 N 2000 |50V =016
+
O RWs i o O RWs +
= AVG =101 el as = AVG =1.02 +
CovV=018 COV=020
< 2000 + o A0 < 2000 e
E conpfi E :
+
1000 T 1000
0 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Viest (KN) Vtest (KN)
(a) Calibration set (b) Validation set

Figure 7. Performance of the proposed strut and tie model

4.4. Comparisons with Existing Models

To inspect the accuracy of the design model regarding those in existence, the peak strength models of the ACI-318-
19 [36], EC8 [37], Wood [15], Hwang & Lee [21], Sanchez-Alejandre & Alcocer [16], Kassem [14], and Baghi et al.
[25] are considered and summarized in Table 3.

Table 3. Summary of existing models

Source Peak Strength expressions

Vacr = (@cy/fe + Pufyn) < 0.83\/fAcy
a. = 0.25 for 'Z—W <15, a, =0.17 for ’Z—'” > 2.0, a, can be determined using linear interpolation for 1.5 < ';—W <20

w w w

ACI-318-19 [36]

, b
EC8 [37] VRd = 0-18k(p1;f5)1/3 + 0-75phfyhbwlwr k=1+ Zdﬂ = VRdmux = Wch/tang + cot@

Wood [15] 0.5\ < Viooa = 0.254,f,, < 0.83\/fA,,
Vier = KEf Agrcos0, K = K, + K, — 1,
Hwang & Lee [21] ¥ = 3'35/12 <052, Ay, = (025 + Zisfh) Lty
K, & K, are functions of horizontal and vertical reinforcements

Vsga = [(V’?v +0.04 P/AW)\/Z + Uhpnfyn] Ay
Sanchez-Alejandre
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Although the proposed model agrees well with the available test results and achieved the least COV compared to the
existing models, it is not applicable in practice because 46% of its strength estimations are unsafe (Vn/Vies> 1), see
Figure 8. Therefore, a reduction factor of 0.75 is suggested based on statistical analysis to multiply by Equation 17 to
develop a design expression that produces conservative strength estimations and eliminates undesirable unsafe ones.
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Figure 8. Strength estimations using the proposed and existing models
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5. Conclusions

This research has investigated the peak shear strength of squat walls using the ANN technique and the strut and tie
method, considering the test results of 487 squat walls that failed in shear with a broad range of test parameters. The
findings from the above analysis are summarized below:

e The ANN models have provided the best correlation with the considered database compared to the proposed strut
and tie model and those in existence. The AVG, COV, and R of the RWBEs model are 1.01, 0.10, and 0.98,
respectively. The corresponding values of the RWs model are 1.00, 0.10, and 0.98, respectively.

e The ANN parametric analysis suggests that the normalized peak shear strength of the RWBESs walls increases with
the concrete strength, vertical and horizontal reinforcement ratios, vertical reinforcement in boundary elements,
and decreases with the wall aspect ratio. Also, the analysis indicates that the normalized strength of RWSs increases
with concrete strength and vertical reinforcement ratio while declining with aspect ratio. The normalized strength
of the RWs walls improves by increasing the horizontal and vertical reinforcement ratios and the vertical
reinforcement ratio of boundary elements to a specific limit, beyond which it decreases. Similarly, the normalized
strength of RWBESs and RWs enhances with the axial load ratio to a definite limit and then further descends.

e The sensitivity analysis using the Garson algorithm suggests that the concrete strength is the highest contributing
input to the normalized peak shear strength of the RWBEs and RWs, while the horizontal reinforcement provides
the lowest contribution.

e The proposed softened strut and tie model provides improved correlations with the test results than the existing
models because of the considered parameters and the wide-ranging database.
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Appendix |

Table A- 1. Test result of RWBEs

Vol. 9, No. 02, February, 2023

No. Specimen Name hw lw tw by, hy Ph pv Po
1 WAS 2760 2000 80 200 200 04 04 381
2 WBS 3520 2000 80 200 200 04 04 381
3 5 925 1804.4 51 191 127 025 025 209
4 6 925 18044 51 191 127 025 0.25 2.09
5 7 925 18044 51 191 127 025 025 471
6 8 925 18044 51 191 127 025 025 471
7 9 925 18044 51 191 127 025 025 471
8 10 925 18044 51 191 127 025 025 471
9 12 925 18044 51 191 127 025 0.25 2.09
10 13 925 1804.4 51 191 127 05 05 2.09
11 14 925 1804.4 51 191 127 05 05 2.09
12 25 925 1804.4 51 191 127 05 05 2.09
13 32 925 18044 51 191 127 05 05 209
14 33 925 1804.4 51 191 127 05 05 2.09
15 35 925 1804.4 51 191 127 05 05 2.09
16 36 925 1804.4 51 191 127 05 05 2.09
17 37 925 1804.4 51 191 127 05 05 2.09
18 40 925 1804.4 51 191 127 05 05 471
19 41 925 1804.4 51 191 127 05 05 471

20 43 925 1804.4 51 191 127 05 05 471

21 44 925 1804.4 51 191 127 05 05 471

22 45 925 1804.4 76 191 127 025 025 2.09

23 46 925 1804.4 76 191 127 025 025 2.09

24 47 925 1804.4 76 191 127 025 025 2.09

25 48 925 1804.4 76 191 127 025 025 2.09
26 49 925 1804.4 76 191 127 025 025 2.09
27 50 925 1804.4 76 191 127 05 05 2.09
28 51 925 18044 76 191 127 05 05 2.09
29 52 925 18044 76 191 127 05 05 2.09
30 53 925 18044 76 191 127 05 05 2.09
31 54 925 1804.4 76 191 127 05 05 2.09
32 56 925 33295 51 191 127 05 05 209
33 57 925 33295 51 191 127 05 05 209
34 59 925 33295 51 191 127 05 05 209
35 B3-2 953 1905 102 610 102 048 05 4.09
36 B4-3 953 1905 102 610 102 0 05 4.09
37 B6-4 953 1905 102 610 102 048 026 4.09
38 B8-5 1905 1905 102 610 102 05 05 4.09
39 4BII-1 560 610 50 130 100 05 05 225

40 3A2-3 560 910 50 130 100 05 05 225

41 4BII-3 560 1220 50 130 100 05 05 225

42 BB 2159 2032 203 305 305 082 082 368

43 CW-0.6-1.2-20 1200 2300 80 300 300 1.2 12 144

44 CW-0.6-0.6-20 1200 2300 80 300 300 06 06 176

45 CW-0.6-0.8-20 1200 2300 80 300 300 08 08 104

46 CW-0.6-1.6-20 1200 2300 80 300 300 16 16 104

47 CW-0.6-2.0-20 1200 2300 80 300 300 2 2 1.04

48 CW-0.6-1.2-40 1200 2300 80 300 300 12 12 104

49 CW-0.4-1.2-20 800 2300 80 300 300 12 12 104
50 CW-0.8-1.2-20 1600 2300 80 300 300 12 12 104
51  CW-0.6-0.6-20a 1200 2300 80 300 300 06 06 104
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

CW-0.6-0.8-20a
W7101
W7102
W7402
W7404
W7501
W7503
W7601
W7602
W7603
W7604
W7605
W7606

J1
J4
J5
J6
J7
CW-0.6-0-20
CW-0.6-0.3-20
CW-0.6-2.4-20
CW-0.6-2.8-20
CW-0.6-0-0
CW-0.6-0-40
CW-0.6-0.6-0
CW-0.6-0.6-40
CW-0.4-0.6-20
CW-0.8-0.6-20
CW-0.4-2.0-20
CW-0.8-2.0-20
CW-0.6-2-0
CW-0.6-2-40
CW-0.6-2-20B
CW-0.6-0.6-20L
CW-0.6-1.2-20L
CW-0.6-2-20L
Kabeyasawa-K7
Taga-No 1
Taga-No 2
Taga-No 3
Taga-No 4
Taga-No 5
Taga-No 6
Taga-No 7
S-1
S-2
S-3
S-4
S-5
S-6
S-7
S-F

Aoyagi_1-1-148

Aoyagi_1-2-149

Aoyagi_1-3-150

Aoyagi_1-4-151

1200
1875
1875
1875
1875
1875
1875
1875
1875
1875
2875
2875
1875
1200
1200
2200
2200
2200
1200
1200
1200
1200
1200
1200
1200
1200
800

1600
800

1600
1200
1200
1200
1200
1200
1200

1501.14

1200
1200
1200
1200
1200
1200
1200
1100
1100
1100
1100
1100
1100
1100
1100
1520
1520
1520
1520

2300
2250
2250
2250
2250
2250
2250
2250
2250
2250
2250
2250
2250
1000
1000
1000
1000
1000
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
2300
1998.98
2180
2180
2180
2180
2180
2180
2180
1000
1000
1000
1000
1000
1000
1000
1000
2720.34
2720.34
2720.34
2720.34
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80
80
80
80
80
80
80
80
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80
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80
80
80
80
80
80
80
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80
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300
300
300
300
300
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375
375
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300
250
250
250
250
250
250
250
250
250
250
250
250
120
280
120
120
120
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
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180
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180
180
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100
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320
320
320
320
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0.71
0.24
0.24
0.24
0.24
0.24
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0.23
0.71
0.24
0.23
0.23
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0.28
0.28
0.28
0.75

0.52
0.52
0.52
0.52
0.52
0.52
1.06
0.52
0.76
0.76
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0.76

0.8
0.71
0.24
0.24
0.24
0.24
0.24
0.71
0.23
0.71
0.24
0.23
0.23
0.28
0.28
0.28
0.75
0.28

0.3
2.36
2.76

0.6
0.6
0.6
0.6

N DN NN

0.6

0.53
1.2
1.2
1.2
0.6

0.7
0.7
0.7
1.19
1.19
1.19
0.7
0.7
0.71
0.71
0.58
0.71
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1.04
0.81
0.81
1.63
1.63
2.44
2.44
1.63
2.44
2.44
2.24
2.24
1.23
3.88
6.93
3.88
3.88
3.88
1.76
1.04
1.04
1.04
1.04
1.04
1.04
1.76
1.76
1.76
1.76
1.04
1.04
1.04
1.76
1.04
1.04
1.04
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2.89
2.89
2.89
2.89
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2.89
21
3.04
3.87
3.15
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3.04
0.84
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276 WB-17 700 1120 50 150 120 0.25 025 4.23
277 HSCw1 1200 880 75 375 90 047 1.26 4
278 HSCW2 1200 880 75 375 90 047 126 4
279 HSCW3 1200 880 75 375 90 047 0.75 4
280 HSCwW4 1200 880 75 375 90 047 0.75 4
281 HSCW5 1200 880 75 375 90 075 126 4
282 HSCW6 1200 880 75 375 90 075 126 4
283 HSCW?7 1200 880 75 375 90 075 0.75 4
284 FSW-4 914.4 12192 76 152 152 055 0.55 3.27
285 FSW-5 914.4 12192 76 152 152 055 0.55 3.27
286 FSW-6 914.4 12192 76 152 152 055 0.55 3.27
287 FSW-7 914.4 12192 76 152 152 109 109 3.27
288 FSW-8 914.4 12192 76 152 152 023 0.23 327
289 FSW-9 914.4 12192 76 152 152 1.09 109 3.27
290 FSW-10 914.4 1219.2 76 152 152 109 1.09 3.27
291 FSW-12 914.4 1219.2 76 152 152 023 0.23 3.27
292 FSW-13 914.4 1219.2 76 152 152 023 0.23 3.27
293 1 600 1330 40 130 130 031 031 1.26
294 2 600 1330 40 130 130 063 0.63 1.26
295 3 600 1330 40 130 130 126 126 1.26
296 4 600 1330 30 130 130 0.84 084 126
297 5 600 1330 20 130 130 0.63 063 1.26
298 6 600 1330 20 130 130 126 126 1.26
Table A-1. (Continued)
No. Specimen ID fe fyn fyv fyo PifAw  Viest Vn Vo/Viest
1 WAS 27 377 377 434 0.07 654 603.6 0.92
2 WBS 27 377 377 434 0.07 542 546.2 1.01
3 5 22 271 271 324 0 378 336.7 0.89
4 6 22 271 271 324 0 360 336.7 0.94
5 7 26 271 271 305 0 511 375.3 0.73
6 8 25 271 271 305 0 483 3659 0.76
7 9 24 271 271 305 0 535  356.3 0.67
8 10 23 271 271 305 0 454 3465 0.76
9 12 31 271 271 324 0 523 4212 0.81
10 13 18 393 393 296 0 414 3441 0.83
11 14 21 414 414 299 0 489 378.9 0.77
12 25 41 331 331 276 0 409 5433 1.33
13 32 27 345 345 345 0 445 4239 0.95
14 33 24 341 341 341 0 476 3947 0.83
15 35 26 345 345 345 0 405 4145 1.02
16 36 25 341 341 341 0 454 404.3 0.89
17 37 28 345 345 345 0 360 4332 1.20
18 40 34 323 323 345 0 676 4827 0.71
19 41 23 323 323 345 0 471 381.6 0.81
20 43 34 323 323 345 0 560 4827 0.86
21 44 32 323 323 345 0 592 465.2 0.79
22 45 20 313 313 345 0 409 a77.7 1.17
23 46 12 296 296 345 0 387 3448 0.89
24 47 18 294 294 345 0 489 4442 0.91
25 48 19 336 336 345 0 489  465.6 0.95
26 49 14 319 319 319 0 400 3826 0.96
27 50 16 306 306 319 0 409  456.6 1.12
28 51 17 343 343 319 0 503  483.0 0.96
29 52 18 348 348 316 0 498 5002 1.00

292
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254 48M:8:50 28 528 528 296 0.07 2040 2076.0 1.02
255 48H:8:30 42 296 296 422 0.05 2280 2401.1 1.05
256 48H:8:40 43 422 422 528 0.05 2340 24474 1.05
257 48H:8:50 45 528 528 349 0.05 2430 25285 1.04
258 WC150 273 4513 4513 5479 0.07 870 897.1 1.03
259 WD170 329 5059 595.7 5957 0.07 980  1130.1 1.15
260 WD200 33.7 4513 5749 5479 0.07 880  1013.3 1.15
261 WCD170 339 5059 595.7 5957 0.07 890 11429 1.28
262 WB-1 18 294 382 383 0 173 172.0 0.99
263 WB-2 18 294 382 383 0 184 172.0 0.93
264 WB-3 16 294 382 383 0 210 159.8 0.76
265 WB-4 16 294 382 383 0 226 159.8 0.71
266 WB-5 15 294 382 383 0.17 334 231.9 0.69
267 WB-6 15 294 382 383 0 235 1715 0.73
268 WB-7 15 294 382 383 0.16 304 2452 0.81
269 WB-8 15 294 382 383 0.32 282 318.9 1.13
270 WB-9 17 530 530 383 0.15 240 2515 1.05
271 WB-10 17 530 530 383 0.15 238 2515 1.06
272 WB-11 17 530 530 383 0.15 277 2515 0.91
273 WB-12 17 530 530 383 0.15 332 2515 0.76
274 WB-13 17 530 530 383 0.15 216 2515 1.16
275 WB-14 17 530 530 383 0.15 203 2515 1.24
276 WB-17 10 530 530 383 0.25 193  216.9 1.12
277 HSCw1 104 550 550 550 0.04 735 582.8 0.79
278 HSCwW2 93 550 550 550 0.09 845 612.6 0.72
279 HSCW3 86 550 550 550 0.09 625 569.4 0.91
280 HSCwW4 91 550 550 550 0.22 866 756.0 0.87
281 HSCW5 84 550 550 550 0.09 801 619.7 0.77
282 HSCW6 90 550 550 550 0.05 745 591.7 0.79
283 HSCwW7 102 550 550 550 0.08 800 657.4 0.82
284 FSW-4 50 419 419 425 0.09 606 7115 117
285 FSW-5 56 419 419 425 0.04 633  674.7 1.07
286 FSW-6 50 419 419 425 0.02 453 596.5 1.32
287 FSW-7 53 419 419 425 0.04 702 7315 1.04
288 FSW-8 48 600 600 425 0.05 553 597.5 1.08
289 FSW-9 50 419 419 425 0.05 737 725.1 0.98
290 FSW-10 56 419 419 425 0.08 824 825.1 1.00
291 FSW-12 57 600 600 425 0.08 676 721.7 1.07
292 FSW-13 57 600 600 425 0.01 474 5957 1.26
293 1 36 286 286 286 0.19 373 446.3 1.20
294 2 30 286 286 286 0.2 370 4226 1.14
295 3 32 286 286 286 0.22 438 495.5 1.13
296 4 33 286 286 286 0.22 276 359.0 1.30
297 5 30 286 286 286 0.31 211 254.0 1.20
298 6 34 286 286 286 0.29 213 286.5 1.35
AVG 1.00

cov 0.19

Table A- 2. Test result of RWs
No. Specimen ID hw |y tw by hp Ph Py Po

1 C10 3750 2250 200 200 410 06 056 245

2 Al0 3750 2250 200 200 410 06 056 245

3 Al4 3750 2250 200 200 410 06 056 245

4 A20 3750 2250 200 200 410 06 056 245

5 W-MC-C 3316.7 1525 203 203 153 055 042 6.58
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174 RW-A20-P10-S63 2440 1220 152 152 206 062 062 7.28
175 RW-A15-P10-S51 1830 1220 152 152 206 033 033 324
176  RW-A15-P10-S78 1830 1220 152 152 206 0.74 074 6.17
177 RW-A15-P2.5-S64 1830 1220 152 152 206 062 062 6.17
178 Wall 1 1646 3048 203 203 305 071 071 071
179 Wall 2 1646 3048 203 203 305 071 071 071
180 SH-CFP-M 1350 1060 150 150 106 052 156 1.56
181 SH-DCM-M 1350 1060 150 150 106 052 156 3.05
182 SH-CFP-C 1350 1060 150 150 106 052 156 1.56
183 SH-DCM-C 1350 1060 150 150 106 052 156 1.56
184 HO0.1S 2000 1000 100 100 220 033 033 543
185 U1.0-BC 1350 1200 100 100 240 084 048 131
186 U1.0-BC2 1350 1200 100 100 240 084 048 131
187 Ohono_1-2 400 900 100 100 90 01 01 5

188 M4 609.6 899.16 80 80 90 026 039 0.39
189 C1.0 1350 1200 100 100 210 0.84 032 224

Table A-2. (Continued)

No. Specimen ID fe fin  fv o NI(fcAW)  Vies Vn Vol Viest
1 C10 32.7 507 507 543 0.09 1232 1387.6 1.13
2 Al10 32.7 507 507 543 0.09 1221 1387.6 1.14
3 Al4 42.6 507 507 543 0.14 1445 1577.2 1.09
4 A20 43.7 507 507 543 0.2 1641 1690.9 1.03
5 W-MC-C 33 483 427 462 0.03 716 871.7 1.22
6 W-MC-N 34 483 427 462 0.03 698 876.9 1.26
7 RC-M-1.2 46 667 667 484 0 345 361.6 1.05
8 RC-H-1.2 46 633 633 472 0 465 4253 0.91
9 RC-M-1.5 47 667 667 472 0 350 3731 1.07
10 RC-H-1.5 42 622 622 478 0 530 368.9 0.70
11 HO0.330R 31 655 655 655 0 1508  1609.7 1.07
12 H0.330UC 27 655 655 655 0 1372 1562.9 1.14
13 H0.330RC 27 655 655 655 0 1485 1562.9 1.05
14 H0.330GC 27 655 655 655 0 1359 1562.9 1.15
15 HO0.330R-HC-LD 50 655 670 670 0 2638 23908 091
16 H0.330U-HC-F 50 655 655 655 0 2465 20604  0.84
17 H0.330U 31 655 655 655 0 1256  1609.7 1.28
18 N0.33MR 31 466 466 466 0 1073 12917 1.20
19 HO0.33MR 31 655 655 655 0 1069 1388.3 1.30
20 HO0.330U-HC-LD 50 655 670 670 0 2178  2390.8 1.10
21 PW1 36 522 579 579 0.1 836  1047.0 1.25
22 PW2 40 522 579 579 0.13 1228 11475 0.93
23 PW3 34 522 353 353 0.1 1005 1188.3 1.18
24 PW4 29 522 462 462 0.12 970 9717 1.00
25 SW-13 43 455 448 448 0 632 6912 1.09
26 MCN50M 19 447 447 434 0.01 408 292.2 0.72
27 MCN50C 18 447 447 434 0.01 352 283.7 0.81
28 MCN100C 18 447 447 430 0.01 453 353.2 0.78
29 MRN100C 16 447 447 443 0.02 766 937.3 1.22
30 MRN50mC 20 605 605 456 0.01 776 916.2 1.18
31 MCN50mC 20 605 605 443 0.01 329 3144 0.96
32 MEN50mC 20 605 605 443 0.01 154  136.8 0.89
33 MCN50mD 25 630 630 411 0.01 234 2125 0.91
34 MCN100D 25 435 435 411 0.01 274 2520 0.92
35 S5-Z4B2-2 39 327 465 488 04 1166  1566.2 1.34
36 M60 39 453 453 440 0 1122 8883 0.79
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