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ABSTRACT

The shear strength is a critical parameter in the design of Reinforced Concrete (RC) shear walls subjected
to lateral loads. Numerous design codes and published studies have proposed formulas for calculating the
shear strength of squat RC walls. However, there is a discrepancy between the calculated and experimental
results. This study aims to evaluate various models for the calculation of the shear strength of rectangular
squat RC walls using 312 databases collected from the literature. The shear strength of the RC walls was
calculated using eight code- and empirical-based models, while the input parameters were obtained from
the experimental database. The results were evaluated utilizing two statistical indicators: coefficient of
determination and root-mean-squared error. The analysis of the results revealed that the model of C. K.
Gulec and A. S. Whittaker is the optimal model, followed by the models of S. L. Wood and Eurocode-8

(EC8).

Keywords-design code; empirical formula; experimental data; rectangular squat RC wall; shear strength

I.  INTRODUCTION

RC walls have been widely used in buildings and nuclear
power plants because of their large capacity for lateral loading
[1]. In addition to columns, walls are key members of the
lateral structural system of RC buildings [2]. There are two
typical cross-section types of RC walls: rectangular and
flanged. Based on previous experimental results, three common
failure modes of RC walls have been identified: flexure, shear,
and flexure-shear combination [3]. Flexural failure normally
occurs in slender walls (i.e., when the aspect ratio is larger than
2.5) with a ductile failure mechanism, such as flexural yielding
near the base. Shear failure is governed by low-aspect-ratio
walls or squat walls (aspect ratio less than 1.5) with typical
diagonal tension failure or diagonal web crushing. Flexure-
shear failure can occur for walls with an aspect ratio from 1.5
to 2.5. In this case, the wall experiences a yield in the flexure
followed by shear failure, typically a diagonal tension failure

after concrete spalling, diagonal compression after crushing at
boundary elements, or shear sliding after flexural yielding.

The shear strength is a crucial parameter in the design of
RC walls when seismic loading is considered. In the last
decades, numerous experiments have been conducted to
propose equations for calculating the shear strength of
rectangular RC walls [3-8]. For instance, authors in [3] tested
eight squat RC walls with boundary elements, considering
various reinforcement and aspect ratios. They pointed out that
the current design underestimated the shear strength of the
squat RC walls. A formula was proposed based on the
experimental results. In [4], the equations of the ACI 318-83
code were re-evaluated using 143 experimental datasets for
squat RC walls. Authors in [5] proposed a strut and tie-based
model for predicting the shear strength of squat RC walls
subjected to earthquake. In [6], an equation was presented to
estimate the shear strength of squat RC walls based on 277
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experimental databases. In [7], an analytical formula was
provided to calculate the shear strength of RC walls based on
the calibration of 664 datasets. Moreover, some codes and
standards, such as ACI 318 [9], ASCE/SEI-43 [10], and EC8
[11], provide equations for estimating the shear strength of
rectangular RC walls. Nevertheless, there is disagreement
between the code- and empirical-based models and
experimental results. Therefore, it is necessary to evaluate the
different models using large amounts of experimental data.

The objective of this study is to evaluate various models for
determining the shear strength of rectangular RC squat walls.
Eight models, including both code- and empirical-based
approaches, were examined. A comprehensive database
comprising 312 experimental results was compiled from the
existing literature. Subsequently, the shear strength of the
rectangular RC squat walls was computed employing these
eight models for all 312 data points. The performance of each
model was then evaluated utilizing statistical metrics,
specifically the coefficient of determination and root-mean-
squared error.

II. MODELS FOR CALCULATING THE SHEAR
STRENGTH OF RECTANGULAR RC COLUMNS

Eight code- and empirical-based equations were deployed
for calculating the shear strength of rectangular RC squat walls.
The code-based models were ACI 318 Chapter 11 and 18 [9],
ASCE/SEI-43 [10], and ECS8 [11]. Additionally, the empirical
models were acquired from [3, 4, 6, 8]. The expressions of the
models are described in Table L.

TABLE L. SHEAR STRENGTH MODELS CONSIDERED IN THIS

STUDY

Model Equation
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11 where I is the shear strength provided by concrete; V is M
the shear strength contributed by lateral reinforcements; f,
is the compressive strength of concrete; t,, is the wall
thickness; P is the axial load; A4, is the area of the lateral
reinforcement; f, is the yield strength of reinforcement; s
is the spacing of lateral reinforcements; A is the factor
considering the reduction of concrete characteristics; [, is
the wall length; h,, is the wall height; M/V is the ratio of
moment and shear force.
V = A (e AF + pnf,) < 0.834,,4/F
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ACI 318 Ch. | wall along with the shear force direction; pj, is the lateral 2
18 reinforcement ratio; a, is the coefficient representing the
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entire wall.
V = v,dt,,(d = 0.61,)

h P
= 0.69,/F7 — 028 /F7 (—W - 0.5) +——+p.f,
L, a,c,
; 3)
< 1.67/f
pse = Apy + Bpp

ifh,/l,<05A=1;B=0

B

ASCE43

if0.5 < hy/l, < 1.5,A = —h, /l,, + 1.5;B = h,, /1, —
0.5
ifh,/l,>15A4=0;B=1

where p,, is the longitudinal reinforcement ratio.
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where F,,, is the strength provided by the longitudinal
reinforcement in the web; F,. is the strength provided by
the longitudinal reinforcement in the boundary elements.
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boundary elements.

III. COLLECTED DATABASE

A database including 312 experimental results for squat
rectangular RC walls was collected from the literature [3, 6, 8,
12-45]. Figure 1 shows the configuration and reinforcement
details of the rectangular RC squat wall.

P

P

L

Fig. 1. Configuration and properties of rectangular RC wall.
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The distributions of the input parameters from the 312
datasets are depicted in Figure 2. The correlations between the
input parameters are portrayed in Figure 3.
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Fig. 2. Distribution of the input parameters in the database.

It should be noted that the datasets cover a wide range of
input design parameters, such as the aspect ratio, axial
compression ratio, and material strength. The high strength
concrete and reinforcement were also considered in the data in
which the compressive strength of concrete was up to 70 MPa
and the yield strength of rebar was up to 806 MPa. The ranges
of the input parameters are:

e Wall height: 500 mm < h,, <4691 mm.

e Wall length: 600 mm < [, <5415 mm.

e Wall thickness: 60 mm < t,, <240 mm.

e Aspectratio: 0.3 <h, /I, <2.2.

¢ Axial compression ratio: 0 < P/f;/A, < 0.50.

e Longitudinal reinforcement ratio at the boundaries: 0.0% <
P S 14.3 %.

e Vertical reinforcement ratio: 0.00% < p, < 14.3%.
¢ Horizontal reinforcement ratio: 0.00% < p, < 6.7%.

e Compressive strength of concrete: 5.2 MPa < f. < 70.3
MPa.

e Yield strength of the reinforcing bar at the boundary: 300
MPa < f,, <770 MPa.

e Yield strength of vertical reinforcement: 300 MPa < f,,,, <
770 MPa.

e Yield strength of horizontal reinforcement: 314 MPa < f,,
< 806 MPa.

hy b te e A o fo fee fu P

h, 1.00 0.36 010 0.12 -0.06 -0.16 -0.08 0.10 0.07 0.02 0.30
0.36 1.00 0.23 -0.17 -0.23 0.15 -0.21 -0.04 -0.02 0.02 -0.06
t, 0.10 0.23 1.00 0.00 -0.01 0.13 0.27 0.37 0.33 0.31 0.21
Py 0.12 -0.17 0.00 1.00 0.18 0.02 0.01 0.06 0.05 0.04 0.16
p, -0.06 -0.23 -0.01 0.18 1.00 0.53 0.23 0.10 0.09 0.08 -0.03
p, -0.16 -0.15 0.13 0.02 0.53 1.00 0.17 0.16 0.14 0.10 -0.07
f. -0.08 0.31 0.27 0.01 0.23 0.17 1.00 0.32 0.29 0.26 0.25
fu. 010 -0.04 0.37 0.06 0.10 0.16 0.32 1.00 0.85 0.50 0.12
f, 0.07 -0.03 0.33 0.05 0.0 0.14 0.29 0.55 1.00 0.35 0.0
f,, 0.02 0.02 0.31 0.04 0.08 0.10 0.26 0.30 0.35 1.00 0.08
P 0.30 -0.06 031 0.16 -0.03 -0.07 0.35 0.09 0.09 0.08 1.00

Fig. 3. Correlation between input parameters.

IV. EVALUATION OF CALCULATED SHEAR
STRENGTH FOR RC SQUAT WALLS

To evaluate the shear strength calculated from the different
models listed in Table I, two statistical properties were used:
the coefficient of determination (R?) and the Root-Mean-
Squared Error (RMSE). It should be noted that the R’ value
indicates the percentage of data close to the regression line.
The higher the R’ is, the more accurate is the calculated model,
and vice versa. The RMSE is employed to quantify the error
between the calculated and experimental values; thus, the lower
the RMSE is, the better is the calculated model, and vice versa.
The definitions of R* and RMSE values are expressed as:

n en)2
RZ=1-— (—Zm“l o0) ) ©)

Z?:l(ti_o)z
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RMSE=\/(%) " (t - 0,)? (10)

where t; and o; are the test and calculated results of the i
sample; n is the count of the data points; 0 is the mean of the
calculated results.

Figure 4 shows a comparison between the shear strength of
the rectangular RC squat walls calculated using the eight
models and the experimental results. The dashed line represents
the true results (i.e., the calculated values are equal to the
experimental values).
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Fig. 4. Comparison between the eight models and experimental results.

The blue line in Figure 4 represents the linear regression.
Among the investigated models, the C. K. Gulec and A. S.
Whittaker model [6] is the best one exhibiting the lowest
scattering, followed by the S. L. Wood model [4] and EC8
[11]. The calculated results based on the C. K. Gulec and A. S.
Whittaker [6] and S. L. Wood models [4] were smaller than the
experimental results, implying a conservative estimation.
Moreover, the results obtained from ACI-318 [9] and

ASCE/SEI 43 [10] demonstrated larger scattering. These
deviations may be due to the influence of axial compression
and boundary elements.

Table I summarizes the calculated R* and RMSE values
obtained from the eight models. Additionally, the statistical
properties of the ratio, V.gjcuwe/Vies» are also calculated in which
Minimum (Min), Maximum (Max), mean, Standard Deviation
(SD), and Coefficient of Variation (CV) are quantified. The
results display that the C. K. Gulec and A. S. Whittaker model
[6] is the most reliable model with the highest R? value (0.763)
and the smallest RMSE (351 kN). This can be attributed to the
fact that the equation utilized in [6] considers the effects of the
squat RC walls. Besides, the models of S. L. Wood [4] and
EC8 [11] are also good options with R? values of 0.705 and
0.666, and RMSE values of 373 kN and 505 kN, respectively.
Moreover, the mean values of the ratio Ve’ Vies: Of the C. K.
Gulec and A. S. Whittaker model [6], S. L. Wood model [4],
and EC8 [11] models are 0.90, 1.10, 1.23, respectively. This
implies that the mean calculated results were close to the
experimental results. Meanwhile, the ACI 318 [9] and ASCE
43 [10] models provided lower accuracy than the other models.
Consequently, this study suggests using the models of C. K.
Gulec and A. S. Whittaker [6], S. L. Wood model [4], and EC8
[11] models for predicting the shear strength of rectangular RC
squat walls.

TABLEIL.  STATISTICAL PROPERTIES FOR EVALUATING SHEAR
STRENGTH OF RC COLUMNS
Statistical properties of ratio V ,icuiate /
Model R*> |RMSE Viest

Min | Max Mean SD CV
Aci ftg]Ch' 0361 | 1145 | 052 | 229 | 4226 | 443 | 193
Aci g }S]Ch' 0631 | 660 | 047 | 1.15 | 1868 | 133 | 0386
ASCE 43[10]] 0633 | 651 | 062 | 179 | 2393 | 1.94 | 1.08
EC8[11] | 0666 | 505 | 001 | 123 | 1398 | 136 | 1.11
[3] 0498 | 661 | 047 | 166 | 2547 | 263 | 1.58
[4] 0705 | 373 | 039 | 1.10 | 341 049 | 045
[6] 0763 | 351 | 032 | 090 | 3.02 041 | 046
[8] 0702 | 574 [ 003 | 1.62 | 1843 | 149 | 092

V. CONCLUSIONS

This study evaluated eight different models for calculating
the shear strength of rectangular Reinforced Concrete (RC)
squat walls using a comprehensive database of 312
experimental. Eight code- and empirical-based models were
considered. The accuracy of the calculated models was
assessed using statistical properties.

The analysis revealed that the shear strength of rectangular
RC squat walls depends not only on the cross-sectional
configurations and material properties, but also on the lateral
reinforcement spacing, aspect ratio, axial compression, and
boundary elements.

The C. K. Gulec and A. S. Whittaker model demonstrated
the highest accuracy, followed by the S. L. Wood model and
Eurocode 8 (ECS8). These models displayed the best
performance in terms of coefficient of determination (R and
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Root-Mean-Squared Error (RMSE). The C. K. Gulec and A. S.
Whittaker model, in particular, exhibited the highest R? value
of 0.763 and the lowest RMSE of 351 kN. In contrast, the ACI
318 and ASCE 43 code-based models provided a lower
estimation of the shear strength. Based on these findings, it is
recommended to use the C. K. Gulec and A. S. Whittaker, S. L.
Wood, or EC8 models for predicting the shear strength of
rectangular RC squat walls.

It should be noted that the findings of this study were

applied only to rectangular RC squat walls. For other RC wall
types, further investigation is necessary. This study provides
valuable insights for engineers and researchers in selecting
appropriate models for shear strength calculations in RC wall
design and analysis.
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