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Abstract

Reinforced concrete (RC) one-way slabs without transverse reinforcement are found extensively in bridge constructions.
In the presence of concentrated loads (CLs) close to the supports, the shear strength (SS) of such slabs is usually determined
using design expressions provided by the codes of practice that were derived originally from tests performed on beams or
one-way slabs that were loaded along their entire width, which are inconsistent with the actual shear failure mechanism of
one-way slabs under CLs. This paper presents an empirical SS model developed using the gene expression programming
method (GEP), where the SS is related to six influencing parameters. The proposed model is derived employing the test
results of 238 RC one-way slabs that experienced shear failure from the literature. The accuracy of the proposed model is
measured using several statistical indices and compared with the existing shear design methods. The GEP model agreed
favorably with the test results. The GEP model was also employed to conduct a parametric study for further validation and
sensitivity analysis to define the contribution of input parameters to the SS. The parametric study demonstrated the
efficiency of the GEP model in replicating the physical behavior, and the sensitivity analysis revealed that the SS is
sensitive to the concrete strength and the shear span-effective depth ratio.

Keywords: Bridge, One-Way Slabs; Shear Design; Concentrated Loads; Gene Expression Programming.

1. Introduction

Reinforced concrete (RC) one-way slabs are structural members that transfer loads in one direction perpendicular to
the supports. They are subject to closely spaced, highly concentrated vehicle loads near supports in bridge constructions.
Examples of these are slab bridges, deck slabs supported on girder bridges, and box-girder bridges [1], as shown in
Figure 1. Because of the loading situation, such slabs are susceptible to shear failure characterized by diagonal cracks
extending from the concentrated loads (CLs) to the supports [1-3]. Despite the increase in traffic volume and the brittle
nature of shear failure, only a few studies were conducted to investigate the shear mechanism of one-way slabs under
CLs [4]. Consequently, their shear design procedure has not been addressed in the provisions of the design codes [1, 2,
5, 6].

The codes of practice provide semi-empirical methods [7-9] and mechanical methods [10, 11] to design RC slabs
against one-way and two-way shear. The one-way shear equations were derived using shear tests conducted on heavily
reinforced slender beams, while those of two-way shear were derived using punching shear (PS) tests on slab-column
connections [12]. The applicability of these methods is questionable since the shear transfer mechanism of one-way
slabs under CLs is different from those of ordinary beams and slab-column connections (see Figure 2), as it is considered
an intermediate case between them [13]. The results of previous experimental and analytical investigations reflect these
differences and confirm that they affect the slabs' shear strength (SS) [1, 3].
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(a) Solid slab Bridge (b) Deck slab supported on I girders

(c) Box girder

Figure 1. Examples of RC slabs one-way under CLs

(b) One-way slab under CLs (c) Typical two-way shear
Figure 2. Shear transfer mechanism in RC slabs

Researchers found that the SS of one-way slabs without shear reinforcements is significantly affected by several
parameters, such as the concrete strength, the shear span-effective depth ratio, the size of CLs, and the slab's width. The
SS increases with the size of CLs and the slab’s width to a certain limit [3, 14-16] and decreases with the increase in the
shear span-effective depth ratio [1-3]. They also found that the amount of transverse reinforcement, the type of steel
rebars (plain or deformed), and the moment-shear ratio of the section have little to do with the SS [3, 12, 17], while
some researchers indicated that the degree of rotational restraint has an ambiguous effect on the SS [3].

Few design models are available to predict the shear capacity of RC one-way slabs under CLs, where these models
constitute a refinement of Eurocode 2 for one-way shear [6, 18]. Lantsoght et al. [19] have suggested a strip model based
on the plasticity approach. The drawback of this model is that the shear calculations require adjustment to fit the
geometry of the deck under consideration [20]. Abambres & Lantsoght [20] employed the artificial neural network
(ANN) approach to predict the SS of one-way slabs under CLs, which perfectly matched the test results. The shear
calculations, however, are carried out using non-accessible matrices.

Kongwang et al. [21] proposed a fatigue shear degradation model for RC deck slabs under wheel loads. Their model
included the SS and S-N equations, considering the influence of environmental and support parameters, where a beam-
like structure is employed to predict the fatigue life of a deck slab under wheel loads. Fernandez et al. [22] proposed an
SS model considering the effects of the concrete strength, the size of a slab, and the shear span-effective depth ratio.
They employed the EC2 [8] French method in defining bw. However, they considered the angle to be 52.5 degrees
instead of 45 degrees, as the average value of a as suggested by the Model Code [10], for simplicity to be valid for RC
slabs with different restraint conditions. They verified their model with 90 slabs from the literature. Huber et al. [23]
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reported the results of four shear tests conducted on two full-scale models of bridge slabs constructed with bent-up bars
and subject to CLs simulating the EC2 train loads. The current design codes were applied to predict the SS of the existing
bridge slabs. The comparisons with the test results revealed that the ACI-318-25 [7], EC2 [8], and Model Code [10]
underestimated the SS of the slabs constructed with bent-up bars due to detailing issues. Lipari [24] carried out a
numerical analysis to investigate the shear behavior of design skew slab bridges without shear reinforcement under CLs.
The results indicated that the shear behavior is generally similar to ordinary slabs despite the stress concentrations at the
obtuse corners. Lipari compared the numerical results with the shear current design codes and found that the EC2 [8]
and the Model Code [10] underestimated the SS and provided scattered predictions. Setiawan et al. [25] performed
numerical analysis to study the shear failure of cantilever bridge deck slabs subjected to CLs, where the internal forces
were evaluated considering the gradual reduction in shear stiffness in terms of bending moment and shear forces. They
found that the failure mechanism is similar to the shear in beams without transverse reinforcement instead of PS, and
the reduction in shear stiffness is significant near the support because of the high bending moment causing high shear
strain because of the formation of inclined flexural cracks.

The previous models have provided better strength predictions than existing models. However, some of them either
do not consider the governing parameters, or they were calibrated with a small database, and consequently, they provide
scattered strength estimations. Hence, there is a need to develop a reliable design method considering all the key
parameters and verifying using a comprehensive database. Recently, gene expression programming (GEP) has proved
to be an efficient approach in various civil engineering applications, as evidenced by experimental results [26-28]. The
GEP overpasses regression analysis since it does not need a predetermined function, and it can develop an explicit
expression by including and excluding input parameters to achieve the best fitness with the test results.

This paper presents a predictive model for the SS of one-way slabs under CLs. The proposed model is developed
based on the GEP technique using the test results of 238 one-way slabs under CLs compiled from the literature. The
performance of the proposed model is compared with those of the design codes for verification. This work differs from
the previous studies in terms of the adopted parameters, the evolutionary approach, and the parametric and sensitivity
analysis performed to develop the proposed model with consistent predictive capability using a comprehensive database.
Figure 3 summarizes the workflow of this study.

Problem Statement

!

Data Collection

!

Design GEP Model

!

Train Model

Validation with
Existing Models

Acceptable

—  Parametric Study Accuracy

— Sensitivity Analysis

l

Results & Discussion

!

Conclusions

Figure 3. Research workflow

2. Slabs Database

An experimental database consisting of 238 RC one-way slabs subjected to CLs that experienced shear failure is
employed to train and test the proposed GEP model. The database includes the test results of 21.6, 23, and 22 RC slabs
reported by Lantsoght et al. [1], Natério et al. [2], Reissen et al. 2018 [3], and Lantsoght et al. [13], respectively; and the
test results of 166 slabs reported by various researchers [13, 29-52] that were previously collected by Lantsoght et al.
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[53]. The slabs employed in this study have no shear reinforcement and are either simple span, cantilever, or continuous.
That is, 168 (70%) of them are simple span slabs, 52 (22%) are continuous slabs, and 18 (8%) are cantilever slabs.

According to previous experimental studies, the SS is affected by specific parameters. These include the concrete
strength (fc), the longitudinal reinforcement ratio (p), the ratio of the shear span to the slab's effective depth in the
longitudinal direction (a/d), the slab's effective depth in the longitudinal direction (d), the slab's width (b), the ratio of
the slab's width to the CL's width (b/by), and the ratio of the slabs' width to the slabs' effective depth in the longitudinal
direction (b/d). The key parameters are employed to develop the proposed model. Table 1 presents the descriptive
statistical parameters of the considered variables, such as the average value (AVG), the standard deviation (SD), the
minimum value (Min), the maximum value (Max), and the range.

Table 1. Statistical details of the input parameters

Variables and Statistical parameters

data sets Mean Standard deviation Minimum Maximum Range
b (mm)
Training set 1606 1206 400 10000 9600
Testing set 1468 1136 500 3500 3000
d (mm)
Training set 196 100 80 538 458
Testing set 233 137 81 750 669
a/d
Training set 33 1.7 0.7 9.1 8.4
Testing set 39 0.9 1.0 55 4.5
f. (MPa)
Training set 41.8 21.0 12.7 94.8 82.1
Testing set 34.1 11.1 12.4 60.0 47.6
p (%)
Training set 1.2 0.5 0.4 2.8 2.3
Testing set 12 0.5 0.4 22 1.8
b/bi
Training set 13.0 13.1 2.5 75.0 72.5
Testing set 7.7 32 1.3 20.0 18.8
b/d
Training set 9.9 7.7 1.9 455 43.6
Testing set 7.1 4.7 1.3 14.6 133
Viest (kN)
Training set 510.7 4459 52.5 1717.0 1664.5
Testing set 387.9 304.0 59.0 1283.0 1224.0

The dataset includes a wide range of test variables, which significantly influence the SS. However, a critical review
of Tables Al and A2 in Appendix | indicates that only 30% of the slabs were tested with a/d smaller than 2.5, which
interests bridge engineers. In addition, the database includes no skew slabs, and all are rectangular ones [20] because no
test results of skew slabs failed by shear were found in the literature. Therefore, there is a need to carry out extensive
tests to examine the influence of the above parameters on the SS.

The experimental database is split into two statistically comparable sets to train and test the proposed model. That
is, 167 (70%) of the test slabs are employed for training, and the remaining 71 (30%) slabs are used for testing. The
training set is to develop the relationship between the input parameters to derive the proposed model. While the testing
set (remaining slabs) is to provide a neutral assessment of the proposed model. It is noteworthy that the excessive values
of the considered parameters are included in the training set to allow for the fact that the GEP (empirical) model is better
in interpolation than extrapolation [54].
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3. Existing Models

This section summarizes four shear design expressions for one-way slabs without shear reinforcement (ACI-
318-25[7], EC2 [8], AASHTO 2007 [9], and the Model Code [10]) and the crack sliding theory (CST). The symbols
used in the existing equations are unified in Table 2 for convenience, even though they are variants from the original
documents. In which fc is the cylinder compressive strength, d is the slab's effective depth in the longitudinal
direction, p is the tension reinforcement ratio in the slab's longitudinal direction, by is the effective width of a slab,
and av is the clear shear span. The ACI-318-25 [7], the AASHTO 2007 [9], and the CST [11] define by as the total
width of a slab. The EC2 [8] defines by according to (French and Dutch methods) for wide members experiencing
shear, see Figures 4-b and 4-c, while Figure 4-d shows the by, of the Model Code [10]. All the parameters are in Sl
units. It is noteworthy to mention that the strength reduction and partial safety factors are set to one when compared
with test results. The simplified expression of the CST [11] and the approximate method | of the Model Code [10]
are considered because the information on the size of aggregates is not available for all test slabs, despite that the
accuracy and the complexity of these methods increase by the use of aggregate interlock and longitudinal strain in
the calculations of the SS.

Table 2. The existing SS equations

Design code Shear equation

When As = Asmin, Vac1 = [[

[0.17A/F]bwd (a)
0.66Ap7/Te| bd (b)
ACL318.25 [7] When Ag < Agmin Vaci = [0.66A2p%\/Fc| bud

A =1 for normal concrete, and A = 0.75 for lightweight concrete.

2 . .
As = /m < 1, where d in mm and f, in MPaand +/f, < 8.3 MPa. Va¢y < 0.42A/fby,d

1
Vics = [0.18K (o3| b

k=1+ % < 2, where d in mm and f; in MPa.

EC2 18] 1 if a, > 2d
g = I“v/m if 0.5d < a, < Zd]
0.25 ifa, <0.5d

by, and a,, as defined in Figures. 4(b)- (c¢) for French and Dutch practice.

Vanstiro = [0.0525/T]byd + Vi + Vi {72, where d in mm and f in MPa.
Vq: Shear force due to dead load.

AASHTO [9] V;:Max. shear force at the section.
Mmax: Max. moment at the section.

M¢re: Cracking moment.

Vye = [k,,\/f_c]bwz, where z in mm and f; in MPa.

180

k, = To00r1757 (Level approximation I)
z=0.9d
Model Code 2010 [10]
1 if a, = 2d
B = “v/Zd if 0.25d < a, < 2d
0.5 ifa, <d

by, and a,, as defined in Figure 4(d).

02 N .
CSCT[11] Veser = [(m) \/f—c] b, d (simplified expression)
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Figure 4. Geometrical properties and effective width in French and Dutch approaches

4. Gene Expression Programming

4.1. Overview

The genetic algorithm is a heuristic algorithm used to solve constrained and unconstrained optimization problems
based on the Theory of Evolution [48]. The solution process starts by randomly selecting individuals according to their
fitness to parent the individuals of the next generation. This process is repeated for sequential generations and stops only
when the individuals have evolved to the anticipated fitness. Koza (1992) [55] developed a computer technique called
genetic programming (GP) to solve particular problems. It is considered an extended form of GA, and it encodes
individuals in a way different from that of GA. GP uses expression trees (ETs) of various sizes and forms, while GA
uses a linear fixed-length string.
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Ferreira (2002) [56] presented a technique, more advanced than GP and GA, called Gene expression programming
(GEP). This technique can solve complex problems with a smaller population. In this technique, the individuals are
encoded as fixed-length linear strings and described nonlinearly in ETs. Chromosomes and ETs are the keystones in
building GEP models. A chromosome consists of a head and tail and usually includes gene(s) defining a mathematical
formulation. The head contains constants, variables, and mathematical operators, while the tail contains terminals
(constants and variables). Mathematical operators (addition, subtraction, multiplication, and division) are used to
connect each gene with all.

The building of a new GEP model begins with setting fitness functions, followed by the selection of the components
of the tail and head to develop the chromosomes. The number of genes and the length of the head are set to shape the
architecture of the chromosomes. Finally, the linking function and mathematical operators are selected to achieve the
best performance.

4.2. Development of the GEP Model

Various trials were conducted to select the optimum model that agrees best with the experimental results, and the
proposed GEP model is the one that achieves the best performance. In each trial, the number of genes, the linking
functions, the chromosomes, and the size of the head are varied to improve the accuracy and consistency of the proposed
model. It is worth noting that the increase in the number of genes does not always increase accuracy and may induce
over-fitting. In addition, an increase in the number of chromosomes may result in remarkable growth in the processing
time [26, 27].

The genetic parameters determine the accuracy and generality of the GEP model. Hence, various trials were
conducted to improve the accuracy and consistency of the model, where the values of these parameters were selected in
each trial either from trial and error or according to the suggested values by previous scholars [26, 27]. Table 3 presents
the optimum values of the genetic parameters adopted in this study.

Table 3. Setting parameters for the proposed GEP model

Parameter Setting
Function set +, X, /, 2\/, 3\/, 4\/, x2, X3, x4
No. of chromosomes 150
Head Size 9
No of genes 3
Linking Function +
No of constant per gene 3
Mutation rate 0.05
Inversion rate 0.1
Gene recombination rate 0.1
Gene transposition rate 0.1
One-point recombination rate 0.3
Two-point recombination rate 0.3

The proposed model consists of three genes, and each has three constants. The linking functions between genes are
addition. The values of the constants in the second and third genes are c2 = 0.64 and cO = 8.82, respectively. Simple
functions are implemented in the proposed model to facilitate the calculations without losing accuracy. Functions used
in the model included addition, multiplication, division, square root, cube root, quartic root, and x to the power of 2, 3,
and 4.

Six input parameters are used to develop the proposed model. The employed parameters are the concrete strength
(d0 = f¢), the slab's width-the concentrated load's ratio (d1 = b/b;), the flexural reinforcements ratio in the longitudinal
direction (d2 = p), the shear span-effective depth (longitudinal direction) ratio (d3 = a/d), the effective depth of a slab in
the longitudinal direction (d4 = d), the slab's width-effective depth (longitudinal direction) ratio (d5 = b/d). The
corresponding ET of the proposed model is presented in Figure 5. The GEP formulation of the SS (Vgep) in terms of f,
b/by, p, a/d, d, and b/d is given by:

M
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Figure 5. ETs of the proposed model

5. Model Reliability and Comparative Study

Statistical analysis is carried out to evaluate the performance of the proposed model. According to Smith [57], the
accuracy of a model is deemed acceptable when it provides a correlation coefficient (R) greater than 0.8, which indicates
a robust correlation between the estimated and measured strengths. R is expressed as follows:

R = Yie1 (i —%) (i)
JEi—R2 El i-9)2

@)

xi and yi are the measured and estimated values, respectively; X;, y; are the average of measured and estimated
values; and n is the number of points within data. Values of R usually range from zero to one, where the former value
indicates no correlation between the measured and estimated strength zero, and the latter indicates the perfect correlation
between the measured and estimated strength, respectively.

However, the use of R only is not enough because it is not affected by the variances between the estimated and
measured strength [58]. Therefore, other statistical indices must be employed, such as the root mean square error
(RMSE) and mean absolute error (MAE) affected by the variances between the estimated and measured strengths. RMSE
is the square root of the differences between estimated predictions and tests, while MAE represents the average of the
absolute differences between estimated strength and measured ones. The lower values of these indices denote the close
agreements between the estimated and measured strengths, while a zero value points to the perfect match between the
estimated and measured strengths. RMSE and MAE are expressed as follows:

Y (xi-yi)?
RMSE = % ®3)

MAE — Zi:ll:lci_yil (4)

The performance of the proposed model is examined for all divisions of the database. It is to ensure its consistency
and generality and to avoid overfitting. The R, RMSE, and MAE are computed for the training set, testing set, and the
total database. Figure 6 shows comparisons between the estimated strength by the GEP model and measured ones, along
with the values of the above-described statistical indices. R is 0.97 for the training set, testing set, and the whole database.
RMSE for the training set, testing set, and the entire database are 117.85, 72.85, and 106.44, respectively; MAE for the
training set, testing set, and the whole database is 70.71, 42.76, and 62.37, respectively. The R's high value and the low
values of both RMSE and MAE indicate that the GEP correlates well with the test results of the whole database and the
training and testing sets. These prove to eliminate over-fitting. Such correlation is due to considering all the influencing
parameters in the proposed model.
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Table 4 presents the values statistical indices of the proposed GEP model and the existing models listed in Table 2
for the whole database. This table demonstrates that the GEP-based model overperforms the other models, which is
expected as these models were derived using the test results of heavily reinforced slender beams and ignored the
influence of b/d, leading to inconsistent strength estimation when b/d is higher than 1 [59].

Table 4. Performance of the proposed and the existing models

Model Name R RMSE MAE
ACI-318-25 [7] 0.79 278.88 166.17
EC2-French practice [8] 0.64 356.46 212.55
EC2-Dutch practice [8] 0.53 414.56 249.52

AASHTO 2007 [9] 0.78 286.61 172.70
Model Code 2010 [10] 0.73 399.62 257.96
CSCT [11] 0.81  534.29 275.02
Proposed model 0.97 106.44 62.37

The comparisons between the existing models revealed that the ACI-318-25 [7] and the AASHTO 2007 [9] correlate
better with the test results than the EC2 [8] (French and Dutch practices) and the Model Code 2010 [10]. It is due to the
use of the effective width method (see Figure 6), which was found to have a pronounced effect on the SS estimations,
especially for the ratio of the clear shear span-effective depth of a slab greater than 3 (av/d >3) leading to unsafe and
scattered strength estimations [5].

2000 - 2000 -
1500 A 1500 A
g 2
?-;1000 1 & 1000 A
> S
500 - 500 A
0+ T T T ! 0+ T T T .
0 500 1000 1500 2000 0 500 1000 1500 2000
Vtest (kN) Vtest (kN)
(8) Training set (b) Testing set
2000 -
1500 -
z
S3
o 1000 -
L
O]
>
500 -
0 T T T .
0 500 1000 1500 2000
Vtest (kN)

(c) All database

Figure 6. Performance of the GEP model
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6. Parametric Study and Sensitivity Analysis

A parametric study is conducted to examine the trend of the GEP model with variation in the input parameters for
further validation, where each input is varied while the others are kept constant [60]. The performance of the proposed
model is measured by comparing the trends of the estimated strength with the physical behavior of slabs reported in the
previous studies.

A set of artificial values is developed for each input parameter within its range in the database. The SS (Vgep) is
estimated using the developed data, and this process is repeated for the other input parameters until the model's response
for all parameters is determined. Figure 7 shows the trend of estimated strength to the variation of the input parameters,
that is, fc (MPa), b/by, p (%), a/d, d (mm), and b/d.

25 - 25 -
2.0 1 2.0 -
T 15 1 €15 1
£ £
€10 - € 10 1
> >
0.5 A 05 A
0.0 | | | | | 0.0 ; ; ; ; ; ; ; .
0 20 40 60 80 100 0 10 20 30 40 5 60 70 80
fc (N/mm?) b/bl
(@) f (b) b/by
2.5 4 25 -
2.0 A 2.0 A
T 15 e _
£ _ £
£ 2
> 1.0 1 — < 10 -
0.5 - 05 4
0.0 ' ' ' ' ' 0.0 . . . |
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Figure 7. Parametric study of the input parameters used in the GEP model

As inferred from Figure 7, the SS increases with f; and p and decreases with b/by, a/d, d, and b/d. The results obtained
from the parametric study are in good agreement with the physical behavior reported in previous experimental
investigations [1-4, 15, 16, 59]. The trends confirmed the reliability of the GEP model to replicate the main features of
the SS of RC one-way slabs under CLs.

The influence of fc and p can be explained by the well-established shear resistance mechanism in RC beams and
slabs that consists of three components: concrete compression zone, aggregate interlock, and dowel action, where they
co-exist, though they do not develop their full contribution at the same time. The resistance provided by the compression
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zone developed first, and the aggregate interlocks contribute only after the formation of the inclined shear crack at the
mid-height of the section projecting towards the compression zone, while the dowel action of flexural reinforcement
prevents the cracks propagation [61]. The shear contribution of the compression zone depends on the area above the
neutral axis and the properties of concrete, and hence, it increases with the fc. The increase of p reduces the crack width
and the relative displacement between the cracks' faces, which increases their surface roughness and hence improves the
shear resistance of the aggregate interlock. The increase in the SS with the decrease of a/d is due to the development of
arch action between the load and the support [62], while the reduction of the SS with the increase of d is related to the
size effect [60]. The decrement of the SS with the rise of b/b; and b/d is due to the reduction in the influence of a/d and
the reduction of moment distribution at the supports [16].

A sensitivity analysis is performed to evaluate the contribution of each of the input parameters to the estimated
strength. For this purpose, the sensitivity index (SI) of the estimated strength of every input parameter is calculated from
the following [63]:

Ni = fmax(xi) - fmin(xi) (5)
SI; = z?:izv,- (6)

In which, f .. (x;) and f,;, (x;) are the maximum and the minimum values of the estimated strength, respectively,
with the ith input domain while the rest of the input parameters are set to their mean values within the database.

Table 5 presents the results of the sensitivity analysis. This table indicates that the f. and a/d have the maximum
influence on the SS predicted by the GEP model, which complies with the previous experimental results [1-3] and is
comparable to those predicted by the existing models (EC2 [8], Model Code 2010 [10], CSCT [11]). The table also
indicates that the estimated SS by the proposed model is less sensitive to p, b/d, and b/b; compared to f; and a/d. It is
hardly surprising because f. usually enhances the contribution of the concrete compression zone to the SS, and a/d
reflects the arch action and direct load transferring mechanism by compression strut [62]. However, the ACI-318-25 [7]
and the AASHTO [9] are sensitive to f. only because it is the only parameter considered in the calculation of the SS. It
is important to note that the obtained results regarding the influence of p and b/d are comparable to those reported earlier
[20, 64], suggesting a lower effect on the SS compared to other parameters.

Table 5. Sensitivity index of the input parameters

Design code fe b/bi p a/d d b/d
ACI-318-25 [7] 100 0 0 0 0 0
EC2 [8] 11.28 0 851 3012 2505 25.05
AASHTO [9] 100 0 0 0 0 0
Model Code 2010 [10] 19.38 0 0 63.91 0 16.71
CSCT [11] 27.18 0 0 2427 2427 24.27
Proposed model 25.4 15.9 75 25.0 18.1 8.9

The influence of a/d on the SS is acknowledged by the GEP models and the existing models while ignored by the
ACI-318-25 [7] and AASHTO [9]. This parameter plays a significant role in evaluating existing structures because the
SS enhancement associated with the arch action could save the replacement cost of these structures in certain conditions.
In addition, despite the comprehensive dataset, the entire slabs considered are rectangular. The GEP model can be
applied to estimate the SS of skewed slabs, considering the influence of skew angle as one of the input parameters in
the presence of test results of such slabs failing by one-way shear.

7. Conclusion

This paper presents an empirical model to estimate the SS of RC one-way slabs subjected to CLs. It is derived based
on the GEP technique relating the SS to experimental results instead of beforehand assumptions used in the development
of conventional models to produce a closed-form expression, considering the influence of fc, b/b, p, a/d, d, and b/d in
the SS estimations that can be utilized as a design tool. A total of 238 RC slabs tested under CLs near the supports failed
in shear are collected from the literature to train and test the GEP model. The latter showed good agreement with the
test results and better performance than the considered existing models (ACI-318-25 [7], the EC2 [8] (the French and
Dutch approaches), the AASHTO 2007 [9], and the Model Code 2010 [10], and the CST [11]). Moreover, a parametric
study is performed for additional verification. The results demonstrated the consistency of the proposed closed-form
expression in mimicking physical behavior, where the SS increases with fc and p and decreases with b/by, a/d, d, and b/d.
A sensitivity analysis is performed to examine the influence of the aforesaid parameters in the SS calculations. The
results indicated that the SS is more sensitive to f; and a/d than other parameters.
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Appendix |
Table Al. Geometrical and material properties used to train the GEP model
Source Slab No. b(mm) d(mm) a/d b/b; b/d fo(MPa) p (%) Viest (KN)  Vgep (KN)  VGep /Veest
SITI1 2500 265 226 1250 943 35.8 0.996 799 918.4 1.15
SIT2 2500 265 226 1250 943 35.8 0.996 912 918.4 1.01
S2T1 2500 265 226 833 943 345 0.996 1129 941.4 0.83
S2T4 2500 265 226 833 943 345 0.996 1276 941.4 0.74
S3T1 2500 265 226 833 943 51.6 0.996 1131 1112.2 0.98
S3T4 2500 265 226 833 943 51.6 0.996 1199 1112.2 0.93
S4T1 2500 265 226 833 943 51.7 0.996 964 1113.2 1.15
S4T2 2500 265 226 833 943 51.7 0.996 925 1113.2 1.20
S5T1 2500 265 151 833 943 482 0.996 1679 1514.2 0.90
S5T4 2500 265 151 833 943 482 0.996 1544 1514.2 0.98
(1] S6T1 2500 265 151 833 943 50.6 0.996 1353 1537.4 1.14
S6T2 2500 265 151 833 943 50.6 0.996 1337 1537.4 1.15
S6T4 2500 265 151 833 943 50.6 0.996 1213 1537.4 1.27
S6T5 2500 265 151 833 943 50.6 0.996 1187 1537.4 1.30
S7T2 2500 265 226 833 943 82.1 0.996 1046 1390.5 1.33
S8TI1 2500 265 226 833 943 77 0.996 1226 1345.6 1.10
S8T2 2500 265 226 833 943 77 0.996 1213 1345.6 1.11
S9T1 2500 265 1.51 1250  9.43 81.7 0.996 1355 1738.4 1.28
S9T4 2500 265 1.51 1250 943 81.7 0.996 1717 1738.4 1.01
S10T4 2500 265 1.51 1250  9.43 82.4 0.996 1422 1743.8 1.23
S10T5 2500 265 1.51 1250  9.43 82.4 0.996 1368 1743.8 1.27
0] 1 6100 134 9.10 1201 4552 29 0.426 569 643.5 1.13
2 6100 134 9.10 353 4552 29 0.426 816 834.9 1.02
1 400 83 542 533 482 31 1.66 62.5 58.6 0.94
2 600 83 542 800 723 31 1.58 85 715 0.91
3 800 83 542 1067  9.64 31 1.54 97.5 94.7 0.97
4 400 83 542 400 482 23 1.66 54.5 50.5 0.93
5 600 83 542 600 723 23 1.58 80 66.7 0.83
6 800 83 542 800  9.64 23 1.54 96.5 81.6 0.85
10 400 83 542 400 482 27.4 1.66 525 57.2 1.09
11 400 83 542 400 482 27.4 1.66 55 57.2 1.04
12 600 83 542 600 723 274 1.58 76 75.4 0.99
13 600 83 542 600 723 274 1.58 79.5 75.4 0.95
14 800 83 542 800  9.64 254 1.54 92.5 87.3 0.94
15 800 83 6.63 800  9.64 253 1.54 85 86.2 1.01
16 800 83 542 800  9.64 25.6 1.54 108 87.8 0.81
17 1000 83 542 1333 1205 254 1.51 90 97.2 1.08
[31] 18 1000 83 542 10.00 12.05 25.6 1.51 120 102.7 0.86
19 1000 83 542 1000 12.05 23.8 1.51 111 97.8 0.88
20 1000 83 542 1000 12.05 253 1.51 122.5 101.9 0.83
21 1200 80 563 1200 15.00 313 1.64 117.5 131.9 1.12
22 1200 80 563 1200 15.00 303 1.64 121.5 129.0 1.06
23 1200 80 563 1200 15.00 29 1.64 125 1252 1.00
24 1200 80 563 400 15.00 31.7 1.64 150 170.7 1.14
25 1200 80 6.88 12.00 15.00 24.8 1.64 105.8 111.5 1.05
26 1200 80 438 1200 15.00 24.4 1.64 137.5 114.7 0.83
14R 800 83 542 800  9.64 25.4 1.54 77 87.3 1.13
15R 800 83 542 800  9.64 253 1.54 86 87.1 1.01
16R 800 83 542 800  9.64 25.6 1.54 116.5 87.8 0.75
17R 1000 83 542 1000 12.05 254 1.51 137.5 102.2 0.74
19R 1000 83 542 1000 12.05 23.8 1.51 85 97.8 1.15
20R 1000 83 542 1000 12.05 253 1.51 132.5 101.9 0.77
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SN1 3000 152 496 750 19.74 303 1.32 489 459.4 0.94
SN1 3000 152 496 750 19.74 283 1.32 437 438.6 1.00

SN2 3000 152 596 750 19.74 29.5 1.32 341 442.1 1.30

[2] SN4 3000 152 596 750 19.74 28.8 1.32 494 434.8 0.88
SN5 3000 152 596 750 19.74 28.7 132 335 433.7 1.29

SN6 3000 152 696 750 19.74 289 1.32 327 431.8 1.32

BSIT2 500 265 226 250  1.89 81.5 0.948 562 410.6 0.73

BS2T1 500 265 151 250  1.89 88.6 0.948 552 7209 1.31

BS2T2 500 265 151 250  1.89 88.6 0.948 919 7209 0.78

BS3T2 500 265 226 250  1.89 91 0.948 399 4375 1.10

BMITI 1000 265 226 500 3.77 81.5 0.948 811 676.0 0.83

BMIT2 1000 265 226 500  3.77 81.5 0.948 591 676.0 1.14

BM2T1 1000 265 151 500 377 88.6 0.948 1062 1098.8 1.03

BM2T2 1000 265 151 500 377 88.6 0.948 1354 1098.8 0.81

BM3T1 1000 265 226 500 3.77 91 0.948 607 716.8 1.18

BM3T2 1000 265 226 500 @ 3.77 91 0.948 791 716.8 0.91

BLITI 1500 265 226 750  5.66 81.5 0.948 844 902.0 1.07

[16] BLIT2 1500 265 226 750  5.66 81.5 0.948 1119 902.0 0.81
BL2TI 1500 265 151 750  5.66 94.8 0.948 1311 1404.7 1.07

BL2T2 1500 265 151 750  5.66 94.8 0.948 1586 1404.7 0.89

BL3TI1 1500 265 226 750 5.6 81.4 0.948 907 901.4 0.99

BL3T2 1500 265 226 750 5.6 81.4 0.948 1035 901.4 0.87

BXITI 2000 265 226 1000 755 81.4 0.948 1080 1102.4 1.02

BX1T2 2000 265 226 1000 755 81.4 0.948 1415 1102.4 0.78

BX2T1 2000 265 151 10.00 755 70.4 0.948 1259 1467.2 1.17

BX2T2 2000 265 151 1000 755 70.4 0.948 1332 1467.2 1.10

BX3T1 2000 265 226 1000 755 78.8 0.948 935 1084.9 1.16

BX3T2 2000 265 226 1000 755 78.8 0.948 1059 1084.9 1.02

[32] DRla 10000 306 456 3333 3268 39.1 0.79 1397 1842.9 132
271 611 269 607 611 227 27 275 217 1533 0.71

272 611 271 502 611 225 27 2.73 228 163.4 0.72

331 273 612 271 401 612 226 272 272 206 189.4 0.92
274 612 270 302 612 227 272 2.73 250 270.9 1.08

CBI(b) 750 128 332 7500 5386 32.5 1.04 129 102.2 0.79

CB2 750 128 293 7500 5386 325 1.04 130 109.9 0.85

[34] RBI 750 128 332 7500 5386 32.5 1.04 123 102.2 0.83
RB2 750 128 293 7500 5386 32.5 1.04 128 109.9 0.86

1-SS 1200 84 262 1200 1429 24 0.602 97 1193 1.23

1-CS 1200 84 292 1200 1429 24 0.602 118 115.1 0.98

2-SS 1200 84 2.14 1200 1429 222 0.602 110 124.9 1.14

2-CS 1200 84 244 1200 1429 222 0.602 148 1175 0.79

3-SS 1200 84 1.67 1200 1429 29 0.602 171 160.1 0.94

[35] 4-SS 1200 84 143 1200 14.29 339 0.602 206 181.6 0.88
5-SS 1200 84 2.14 1200 1429 293 0.602 160 145.0 0.91

6-SS 1200 84 274 600 1429 26.6 0.602 128 140.2 1.10

6-CS 1200 84 3.04 600 1429 26.6 0.602 125 136.5 1.09

7-SS 1200 84 1.67 1200 1429 354 0.602 176 177.2 1.01

7-CS 1200 84 244 1200 1429 354 0.602 189 153.9 0.81

A-10-20 500 160 175 1000 3.13 202 223 186 2423 1.30

A-10-30 500 160 1.75 1000 3.13 238 223 210 250.0 1.19

A-20-10 500 160 175 1000 3.13 19.6 223 215 241.0 1.12

A-30-10 500 160 175 1000 3.13 238 223 284 250.0 0.88

B-10-10 650 160 175 13.00  4.06 294 229 232 302.8 131

[15] C-10-10 500 160 125 1000 3.13 346 223 320 362.0 1.13
C-20-10 500 160 125 1000 3.13 32.1 223 350 3572 1.02

C-30-10 500 160 125 1000 3.13 31.5 223 417 356.1 0.85

C-10-20 500 160 125 1000 3.13 36.4 223 322 365.4 1.13

C-10-30 500 160 125 1000 3.13 30.7 223 347 3545 1.02

D-10-10 500 160 225 1000 3.13 352 223 179 195.2 1.09
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1501TV 1500 240 417 3.5 6.25 377 0.98 407 425.6 1.05
1502TV 1500 240 417 3.5 6.25 38.2 0.98 425 429.4 1.01
2501TV 2500 240 417 625 1042 279 0.98 498 503.7 1.01
2502TV 2500 240 417 625 1042 29.5 0.98 520 521.7 1.00
3501TV 3500 240 417 875 1458 359 0.98 739 754.2 1.02
3502TV 3500 240 417 875 1458 38.2 0.98 683 784.6 1.15
350al1TV 3500 240 542 875 1458 39.6 0.98 787 763.9 0.97
[36,37] 350a12TV 3500 240 292 875 1458 413 0.98 876 973.8 1.11
350a21TV 3500 240 542 875 1458 29.5 0.98 624 628.1 1.01
350a22TV 3500 240 292 875 1458 29 0.98 684 809.0 1.18
TbIITV 3500 240 475 875 1458 37 0.98 569 744.7 1.31
Tb21TV 3500 240 475 875 1458 343 0.98 538 708.7 1.32
505b 1524 406 225 428 3.75 25.7 0.68 1168 835.9 0.72
506a 1524 406 225 428 3.75 23.1 0.68 1112 809.2 0.73
506b 1524 406 225 428 3.75 26.3 0.68 1112 841.9 0.76
1243-al 2000 115 130 20.00 17.39 16.6 0.65 280 267.6 0.96
1243-a2 2000 115 2.17 20.00 17.39 19.1 0.65 193 221.6 1.15
1243-b1 2000 115 0.65 20.00 17.39 19.1 0.65 336 299.4 0.89
[38] 1244-al 2004 104 192 20.04 19.27 12.7 1.14 236 198.1 0.84
1244-a2 2004 104 240 20.04 19.27 13.3 1.14 161 178.6 1.11
1245-al 2404 106 1.89 2404 22.68 23.7 1.52 285 300.6 1.05
1245-a2 2404 106 236  24.04 2268 23.6 1.52 211 279.9 1.33
SW9-0A 914 184 324 3656 497 48.5 0.62 168 194.3 1.16
SW9-0B 914 190 3.14 3656 481 485 0.6 156 200.2 1.28
SW9-6A-15 914 188 203 3656 4.86 485 0.61 268 280.8 1.05
SW9-0B-15 914 186 205 3656 491 485 0.62 271 276.6 1.02
SWOM-0A 914 197 319 3656  4.64 485 0.61 156 204.6 1.31
SWOM-0B 914 185 323 3656 494 485 0.62 174 195.2 1.12
SWIM-0A-15 914 190 201 3656 481 485 0.6 300 285.8 0.95
(9] SWOM-0B-15 914 174 219 3656 525 485 0.66 308 2459 0.80
SW14-0A 914 191 313 3656 479 49 0.93 197 216.9 1.10
SW14-0B 914 186 321 3656 491 49 0.96 196 210.9 1.08
SW18-0A 914 184 325 3656 497 483 1.24 203 215.8 1.06
SW18-0B 914 180 331 3656  5.08 483 1.27 223 210.8 0.95
SW18-0A-15 914 179 213 3656 5.1 483 1.28 379 319.1 0.84
SW18-0B-15 914 176 217 3656  5.19 483 1.3 390 307.4 0.79
1 2500 85 435 1250 2941 25.8 1.072 222 226.9 1.02

2 2500 85 435 1250 2941 30.4 1.589 235 262.8 1.12

5 2500 85 435 1250 2941 30.2 2.15 264 270.0 1.02

5bis 2500 85 435 1250 2941 30.2 2.15 269 270.0 1.00

6 2500 85 435 1250 2941 30.2 1.662 307 262.9 0.86

6bis 2500 85 435 1250 2941 30.2 1.662 216 262.9 1.22
AT-2/1000N 1002 438 297 659 229 379 0.911 440 504.6 1.15
AT-2/1000W 1002 439 296 659 2.28 39 0.909 471 513.2 1.09
AT-2/3000 3005 440 295 1977  6.83 40.6 0.908 1282 1265.9 0.99
[40] AT-3/N1 697 307 339 459 227 37.5 0.93 238 256.5 1.08
AT-3/N2 706 306 340  4.64 2.31 37.1 0.93 259 256.3 0.99
AT-3/T1 700 306 340 4.6l 2.29 37.8 0.93 253 257.4 1.02
AT-3/T2 706 307 339 4.64 2.30 37.1 0.93 249 257.4 1.03
AX7 704 287 3.62 4.63 2.45 41 1.04 250.55 256.4 1.02
AX6 703 288 3.61  4.63 2.44 41 1.73 282.51 285.6 1.01
AX8 705 289 3.60  4.64 2.44 41 1.72 272.05 287.2 1.06
AW1 1170 538 344 384 2.17 36.9 0.79 585 598.1 1.02
AW4 1168 506 3.66 3.83 231 39.9 1.69 725 695.4 0.96
AW 1169 507 3.65  7.69 231 39.4 1.69 800 633.7 0.79
[41] S-15 761 269 416 761 2.83 33 0.63 151 189.9 1.26
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Table A2. Geometrical and material properties used to test the GEP model

Source Slab No. b(mm) d(mm) a/d b/bi b/d fe(MPa) p (%) Vit (KN)  Vger (KN)  VGEp/viest

S5B-3 500 240 420 125 208 33.7 0.98 140 184.6 1.32
S5D-L8 500 240 210 125 208 37.7 0.98 266 317.2 1.19

SSE-L8 500 240 140 125 208 37.8 0.98 573 596.6 1.04

S15B-1 1500 240 420 375 625 37.7 0.98 424 4248 1.00

S15B-2 1500 240 420 375 625 382 0.98 434 428.6 0.99

S25B-1 2500 240 420 625 1042 279 0.98 525 502.4 0.96

S25B-2 2500 240 420 625 1042 295 0.98 534 520.4 0.97

S35A-1 3500 240 290 875 1458 413 0.98 899 977.5 1.09

S35A-2 3500 240 290 875 1458 29 0.98 707 812.7 115

S35B-1 3500 240 420 875 1458 359 0.98 775 752.4 0.97

S35B-2 3500 240 420 875 1458 382 0.98 702 782.8 1.12

3] $35C-1 3500 240 540 875 1458 396 0.98 820 764.2 0.93
$35C-2 3500 240 540 875 1458 295 0.98 656 628.4 0.96

MS5A-dr 500 240 290 125 208 36.9 0.98 280 226.8 0.1

MS5A 500 240 290 125 208 415 0.98 236 244.7 1.04

MS5B-dr 500 240 420 125 208 37.7 0.98 159 200.5 1.26
MS35A-dr 3500 240 290 875 1458 38 0.98 1058 934.6 0.88

MS35A 3500 240 290 875 1458 373 0.98 1283 925.3 0.72

MS35B 3500 240 420 875 1458 382 0.98 746 782.8 1.05

MP35B 3500 240 420 875 1458 398 0.98 770 803.7 1.04
MS35B-pq 3500 240 420 875 1458 329 0.98 782 712.1 091

MS35C 3500 240 540 875 1458 373 0.98 741 734.0 0.99
MS35C-pq 3500 240 540 875 1458 349 0.98 657 702.1 1.07

RO 750 206 403 750  3.64 292 22 244 178.4 0.73

A0 750 206 403 750  3.64 245 22 187 161.6 0.86

2] Co 750 206 403 750  3.64 252 22 182 164.1 0.90
DO 750 206 403 750  3.64 32,6 22 218 190.1 0.87

P2 503 142 345 838 354 134 0.95 76 573 0.75

P3 502 142 345 837 354 134 111 81 59.0 0.73

P8 502 148 331 837 339 249 091 88 84.1 0.96

] P9 500 146 336 833 342 249 1.86 106 945 0.89
P10 503 102 343 838 493 124 1.1 59 446 0.76

P12 501 142 246 835 353 12.6 0.95 101 76.9 0.76

11 1000 500 3.65 1000  2.00 246 0.46 267 303.2 1.14

16 1000 750 367 1000 1.33 304 0.42 407 446.7 1.10

2 1000 250 3.68 1000  4.00 269 0.64 218 205.3 0.94

12 1000 500 3.65 1000  2.00 273 0.65 330 342.0 1.04

[44] 3 1000 250 3.68 1000  4.00 273 091 223 218.7 0.98
8 1000 500 550 10.00 2.0 311 0.63 287 313.7 1.09

9 1000 500 550 10.00  2.00 19.9 0.63 261 241.8 0.93

10 1000 500 550 10.00  2.00 20 0.63 262 2425 0.93

17 1000 750 367 1000  1.33 287 0.42 364 434.1 1.19

Real bridge 1000 257 438 1000 3.89 56 1.54 330 345.0 1.05

[45] labl 1000 257 200 1000 3.89 60 1.54 620 725.1 1.17
lab2 1000 257 1.00 1000 3.89 60 1.54 1000 1290.9 1.29
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64-8F 639 83 400 7.70 7.70 30.4 1.88 71 86.2 1.21

64-8C 640 82 400 7.80 7.80 28.5 1.9 85 82.0 0.96

64-8D 640 81 400 7.90 7.90 28.5 1.95 82 81.5 0.99

48-8B 505 82 400 6.16 6.16 27.8 1.98 65 68.6 1.05

64-8A 640 82 400 7.80 7.80 28.5 1.9 87 82.0 0.94

64-8B 636 81 400 785 7.85 29.2 1.94 86 82.4 0.96

ol 64-8F 639 83 400 770 7.70 30.4 1.88 71 86.2 1.21
64-8C 640 82 400 7.80 7.80 28.5 1.9 85 82.0 0.96

64-8D 640 81 400 7.90 7.90 28.5 1.95 82 81.5 0.99

48-8B 505 82 400 6.16 6.16 27.8 1.98 65 68.6 1.05

64-8A 640 82 400 7.80 7.80 28.5 1.9 87 82.0 0.94

64-8B 636 81 400 785 7.85 29.2 1.94 86 82.4 0.96

N8 500 226 3.50  5.00 221 25.8 0.79 102 116.6 1.14

[47] N6 500 226 250  5.00 221 25.8 0.79 118 153.1 1.30
N7 500 225 250  5.00 222 24.6 1.39 140 185.9 1.33

AlV1 800 156 410  8.00 5.13 52.4 1.538 169 212.2 1.26

A3V1 800 162 395  8.00 4.94 58.8 1.745 266 240.6 0.90

[48-50] A5V1 800 174 3.68  8.00 4.60 56.7 1.056 222 233.6 1.05
B1V1 2000 390 410 20.00 5.13 52.4 1.538 852 759.0 0.89

B4V1 2000 420 381 2000 476 54.2 0.952 804 778.3 0.97

VK1V1 2400 224 379  6.00 10.71 35 0.81 690 543.0 0.79

VK2V1 2400 217 392 6.00 11.06 46 1.16 678 664.1 0.98

VK3Vl1 2400 193 440 600 1244 46.5 1.16 672 607.9 0.90

1321 VK3V3 2400 174 489 6.00 13.79 51.5 0.52 644 563.6 0.88
VK4V1 2400 167 509 6.00 1437 42.5 12 487 5183 1.06

VK4V3 2400 167 509 6.00 1437 46 0.68 670 519.6 0.78
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