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ABSTRACT

The presented work utilizes Artificial Intelligence (AI) algorithms, to model and interpret the
behavior of the fiber reinforced polymer (FRP)-reinforced concrete deep beams without stirrups. This
is done by first running an extensive nonlinear finite element analysis (NLFEA) investigation,
spanning across the practical ranges of the different input parameters. The FEA modeling is
meticulously validated against published experimental results. A total of 93 different models
representing a multitude of possible FRP-reinforced deep beam designs are rigorously analyzed. The
results are then utilized in building an Al-model that describes the shear capacity for FRP-reinforced
deep beams. The study investigates the effect of several factors on the shear capacity and identifies
the vital parameters to be used for further model development. Additionally, the developed Al-model
is benchmarked against several design standards for blind predictions on new unseen data and design
codes, namely: the EC, ACI 440.1R-15, and the modified ACI 440.1R-15 (for size effect). The Al-
model demonstrated superior generalization on the blind prediction dataset in comparison to the

design codes.
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1 Introduction and Background

The past century has witnessed significant advancements in steel-reinforced concrete structures.
However, a number of structural systems of this type still pose major challenges due to the strenuous
environments they are subjected to. Corrosion of steel reinforcements in reinforced concrete (RC)
infrastructure constitutes the primary cause of concrete deterioration, which leads to costly repairs
and shorter service life. To alleviate the high repair cost, different types of reinforcement have been
used, such as stainless, epoxy coated, and galvanized steel. Fiber-reinforced polymers (FRPs) have
been recently proposed as an alternative to steel reinforcement due to their advantages when
compared to conventional steel reinforcement bars [1]-[6]. FRP reinforcement is characterized by its
high immunity to corrosion, which increases the service life of the concrete and reduces its repair

expenses [7]-[9].

In addition to the above, FRP bars are non-corrosive, non-conductive, magnetically inert, and have a
high strength-to-weight ratio. Their mechanical properties are also considerably enhanced compared
to those of steel. FRP bars have a high tensile strength [10], which contributes to the flexural capacity
of the reinforced concrete elements and causes them to have a high strength-to-weight ratio which
facilitates handling and installing them in concrete [3]. However, the axial rigidity of FRP bars is
usually lower than that of steel bars and large transverse deformations are expected for FRP-
reinforced members. FRP is also characterized by a low modulus of elasticity, which adversely
affects aggregate interlock and dowel action, leading to larger crack widths, greater deformations,
and reduced shear strength in the structural elements [11]-[14]. Large deformations lead to wider
flexural and shear cracks, hence reducing the shear capacity of slender-RC beams with no web
reinforcement due to weak interlocking of aggregates and decreased contribution of dowel action to

shear strength [15], [16].

The shear strength of a concrete beam is directly proportional to its shear span-to-effective depth
ratio (a/d). Based on this criterion, various codes such as the ACI 318M-14 [17] and the CSA A23.3-

14 [18] divide beams into two categories, deep beams and slender beams. FRP-reinforced deep beams
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with shear span-to-depth ratio a/d < 2.0 are known to have larger shear capacity than those of FRP-
reinforced slender beams with a/d > 2.0 [12], [16], [19]. Other codes, such as the Eurocode 2 [20],
adopt a more conservative definition, whereby deep beams are defined as the beams with a clear
span-to-depth ratio (I/h) of less than 3.0. Unlike slender beams, loads supported by deep beams are
transferred directly to supports through diagonal compression struts creating compression stresses
rather than shear stresses. Such a mechanism is referred to as the arch action, which describes the
direct transfer of shear forces from the loading points to the supports, through the buildup of
compressive stresses caused by the realignment of internal forces after cracking [21]. This results in
the formation of compression struts between the loading points and the supports, as opposed to the
development of shear stresses in slender beams with tension ties configured by the longitudinal
reinforcement acting as arch ribs in compression. According to ACI 318-14, a deep beam is defined
as a beam with a clear span (Lo) to height (h) ratio, Lo/h < 4.0 or with a shear span (a) to height (h)
ratio a’/h < 2.0, while other codes define deep concrete beam as a beam with a shear span (a) to depth
(d) ratio, a/d < 2.5. Deep beams are completely dominated by a disturbed region (D region)
characterized by a non-linear strain-stress distribution. Thus, the sectional model used to evaluate the
shear strength of slender beams is not applicable [22]. Instead, available codes allow the use of the
strut-and-tie model (STM) method, among others, to design deep beams and estimate their capacities.
The shear capacity is of great importance for deep beams because their failure is generally caused by
shear due to the non-linear distribution of strain [23]. The large depths present in deep beams cause
the stress-strain relationship to deviate from its linearity and in the nonlinear range from its parabolic

curve with a clearly defined ultimate stress leading to shear failure [23].

The STM method assumes that the applied load is directly transmitted to the supports by in-plane
compression through an inclined strut rather than a shearing force, thus significantly overestimating
the beam’s shear strength. The shear strength of concrete deep beams is generally governed by the
strength of the inclined concrete strut near the bottom node [24]. According to the modified

compression field theory, the critically low strength of the inclined concrete strut is attributed to the



presence of transverse tensile strain induced by the strain developed in the longitudinal steel
reinforcement [25]. Existing codes account for this phenomenon by applying a reduction factor to

the strength of the inclined concrete struts.

The shear strength of slender beams longitudinally reinforced with FRP bars has been studied
intensively over the past decades. Thus, multiple design formulas and guidelines have been made
available in codes, such as the ACI 440.1R-06 [10], the CSA S806 [26], and the Concrete Society
Technical Report [27]. Studies have shown that FRP-reinforced slender beams exhibit a lower shear
strength compared to equivalent steel-reinforced beams. The drop in shear strength is attributed to

the lower modulus of elasticity and poorer bonding characteristics of FRP [12], 28], [29].

Multiple research studies have been conducted on slender concrete beams comparing the shear
behavior of specimens reinforced with steel rebars and specimens reinforced with FRP rebars. It was
concluded that the two types of reinforcement yielded considerably different shear behaviors [30]—
[31]. El-Sayed et al. [19], [31] compared slender concrete beams reinforced with carbon fiber
reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP), and conventional steel,
respectively. The study concluded that steel-reinforced beams had the highest shear strength,
confirming that shear capacity is generally proportional to the rebars’ modulus of elasticity. Results
of this study also featured a proposed modification to the shear design equation of FRP-reinforced
beams available in ACI 440.1R03, which was, however, deemed overly conservative. In a similar
study, ten concrete beams reinforced with GFRP rebars and stirrups were tested under four-point
loading [32]. The outcome of this study was a new design approach to compute the shear capacity of
concrete beams reinforced with FRP stirrups [32]. Furthermore, other studies on deep beams have
shown that deep beams as well exhibit a lower shear capacity when compared to their steel-reinforced
counterparts, as a result of the low modulus of elasticity characteristic of FRP, which leads to wider
shear cracks and larger transverse tensile strains, reducing the shear strength of the inclined concrete

strut and ultimately reducing the overall shear capacity of the concrete beam [19], [33], [34].



Due to their high shear resistance, deep beams are commonly used as transfer girders in high-rise
buildings and bridges, shear walls, and pile caps. In most cases, they are exposed to aggressive
environments and using FRP bars to reinforce such members can reduce the rehabilitation cost and
enhance their service life. Previously conducted studies [30]-[31], showed that the shear behavior of
FRP-RC slender beams differs from that of steel-reinforced slender beams. However, the shear
behavior of deep RC members, in general, is still unclear and further research in this scientific topic
is needed. Experimental studies on the shear behavior of FRP-reinforced concrete deep members, in
particular, are limited and more comprehensive studies to investigate the shear behavior of such
members are needed. More importantly, there are still no specific design codes for FRP-RC beams
in general. While some codes, such as the American Concrete Institute, permit the use of the strut-
and-tie model (STM) analysis [17], others, like the Canadian Standards Association, do not [35].
Current guidelines recommend using slightly modified shear design equations originally developed
for steel-reinforced slender beams. Such equations are not applicable for the design of either steel or
FRP-RC deep members and current standards recommend the use of the strut-and-tie method to
determine the shear capacity of beams with a/h < 2.0. It is, therefore, important to investigate the
performance in shear of FRP-RC deep beams and compare it to that of steel-reinforced concrete deep
beams to explore differences in their shear behavior and mode of failure. Such differences should be
considered when developing new or revised shear design rules to determine the shear capacity of

FRP concrete deep beams [36].

Building codes, such as the ACI 440.1R-06 [10], the CSA S806 [26], and the Concrete Society

Technical Report [27], dictate some constraints on the values of the design variables such as:
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Since some of the aforementioned variables are dependent on each other, as shown in equations 1-3,
some of them will be combined into a ratio-independent variable. Five variables will be investigated

in this paper with different values (levels), as shown in Section 3.

To investigate the effect of each variable and model the force-deflection behavior, a statistical
analysis is performed on the numerically generated database. The numerically obtained database was
further analyzed to establish conceptual information about the interactions among the independent
variables and the maximum capacity force. Accordingly, a nonlinear prediction model was developed
by implementing a variety of machine learning (ML) algorithms. The implemented methodology is
based on a recent study for the precise implementation of ML algorithms to RC datasets. In particular,
as demonstrated in [37], [38], artificial intelligence (Al) algorithms were found able to predict RC
strength and dynamic response characteristics without training on experimental data. The prediction
accuracy was satisfying, by exhibiting errors lower than that obtained from Building Codes [38]. The
same procedure was implemented in this work for FRP-RC deep beams, as presented in Section 4

Statistical Analysis.

Several researchers have investigated the mechanical properties, mainly the shear behavior, of deep
beams with FRP reinforcement composed of common fibers such as glass (GFRP), carbon (CFRP),
and basalt (BFRP). An early research study by Omeman et al. [ 14] investigated the shear behavior of
CFRP-reinforced deep beams with no web reinforcement. They compared CFRP-reinforced deep
beams to steel reinforced deep beams in terms of shear strength, deflection, and mode of failure.
Shear strength of CFRP-reinforced deep beams was found to be higher than that of steel-reinforced
deep beams due to the improved arch action mechanism that stems from the higher tensile strength
of CFRP bars. Additional findings revealed that an increase in shear strength was achieved by
increasing the effective depth, reinforcement ratio, and concrete compressive strength, while
decreasing a/d. Meanwhile, deflection was decreased by increasing the effective depth and concrete
compressive strength. Reinforcement ratio did not have an effect on deflection. The most common

mode of failure in deep beams was shear failure for both types of reinforcement. However, due to



lower modulus of elasticity, CFRP-reinforced deep beams had wider cracks than other conventional
deep beams. Researchers also concluded that the STM needed modification by calibration in order

to account for deficiencies that occur when it is applied to deep beams with FRP reinforcement [14].

The external application of FRP to enhance the shear capacity of conventionally reinforced concrete
deep beams has been studied extensively. Islam et al. [39], tested deep beams strengthened with
CFRP strips, wraps, and grids until failure. The results of the study confirmed an enhanced shear
capacity due to external FRP strengthening. However, the study failed to fully capture improvements
in the specimens’ load carrying capacity due to inherent flaws in the STM method. A similar study
was conducted in [40], in which CFRP composite sheets were used to strengthen concrete deep beams
with two square openings. It was concluded that CFRP strengthening around the openings enhanced
stiffness and shear capacity. This study also presented a comparison of experimental with analytical
results, based on proposed methods in existing literature, where the shear capacity of CFRP
strengthened deep beams with openings can be accurately predicted. Using finite element analysis,
Hassan et al. [41], also confirmed about the improved shear capacity due to FRP strengthening in

concrete beams with openings.

One of the limited research works on deep beams with internal FRP reinforcement and no web
reinforcement, is an experimental study conducted by El-Sayed et al. [42], in which ten full-scale
deep beams were tested under four-point loading. One half of the specimens were reinforced with
GFRP rebars, and the other were reinforced with CFRP rebars. Test parameters included the
reinforcement ratio, which varied from 0.78% to 1.71%, and the shear span-to-depth (a/d) ratio,
which varied from 0.92% to 1.69%. The results revealed that by increasing the reinforcement ratio,
the shear capacity for both types of reinforcement increased. Moreover, decreasing the a/d ratio
resulted in a significant increase in the ultimate shear strength. However, a less significant increase

was observed in the specimens’ inclined shear strength.

Kim et al. [34], conducted a similar experiment, in which 15 deep beam specimens with no web
reinforcement were tested under two-point loading. The objectives of the study were the investigation
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of the effects of various parameters on the shear capacity of deep beams, as well as to propose an
effectiveness factor for STM analysis. The parameters investigated were the reinforcement type
(steel, CFRP, and Aramid FRP, respectively), the reinforcement ratio, the a/d ratio, and the effective
beam depth. It was noted that decreasing the a/d ratio, increasing the reinforcement ratio, and
increasing the effective depth increased the shear capacity of the specimens. In addition, an
effectiveness factor was proposed to better estimate the shear capacity of FRP-reinforced deep beams

using STM analysis.

Another study conducted by Farghaly and Benmokrane [1] investigated the factors affecting the
capacity and deflection of deep beams with CFRP and GFRP reinforcement using STM methods that
adhere to the ACI-318 and CSA-S806 code provisions. It was confirmed that the capacities were
predominantly affected by the reinforcement ratio and the concrete compressive strength, but they
were not significantly influenced by the reinforcement type [1]. However, Mohamed et al. [43]
assessed both ACI and CSA STM’s and concluded that the efficiency factor of ACI-318
overestimated the shear strength while the efficiency factor of CSA-S806 underestimated the
capacity. For this reason, many research efforts were directed towards making variations to
conventional STM methods in order to best fit the behavior of FRP-reinforced deep beams. Chen et
al. [44] proposed a cracking STM (CSTM) in order to accurately model the shear behavior of steel
reinforced deep beam, taking into account the effect of diagonal cracks. The CSTM was recently
modified and used by Chen et al. [45] to be applicable to FRP-reinforced deep beams. It was proven
that the modified CSTM correctly predicted the shear capacity of the beams and the main factors

influencing it.

Similarly, Andermatt and Lubell [46], examined the effects of three parameters: a/d, effective depth,
and concrete compressive strength on GFRP-reinforced deep beams. The findings agreed with
previous studies highlighting that an increase in shear capacity was obtained by decreasing a/d. They
used ACI 318-08 and CSA S806-02 STM’s to study the capacity. CSA S806-02 provided more

accurate predictions than those of ACI 318-08 STM [46]. While such studies tested the effects of



multiple factors, Tomlinson and Fam [13] conducted a more specific investigation focused on the
effect of reinforcement ratio on deep beams reinforced with BFRP bars with no stirrups. The results
revealed that increasing the reinforcement ratio by 2.15 times generated a 54 percent increase in the
shear strength. This was due to a higher rebar dowel action and a stronger interlock between the

aggregates [13].

Recognizing the above design limitations, this study numerically and analytically investigates the
shear behavior of FRP-RC deep beams and provides the much-needed database to help develop more
detailed and reliable shear design recommendations. It will also provide a thorough investigation of
the effect of basic shear design parameters on the shear capacity of FRP-RC deep beams, thus,
contributing to the understanding of different aspects involved in the design and analysis of such

structural members.

In another study, Andermatt and Lubell [33] tested 12 full-scale deep beams reinforced with GFRP,
to investigate their shear behavior and modes of failure. Deflections were recorded using linear
variable differential transformers (LVDTs) and strains were recorded using strain gauges.
Measurements of strain, crack widths and observations of crack orientations, demonstrated the arch
mechanism characteristic of concrete deep beams. It was found that the efficiency of the arch
mechanism decreased with increase in a/d ratio, as a consequence of reduced reserve capacity with
reduced inclined cracking. In a different study of Andermatt and Lubell [47], investigated five
sectional shear design models, which aim to predict the shear strength of FRP-reinforced deep beams.
The study revealed that none of the examined models, including the STM approach modified for
FRP-reinforced beams in ACI 318-08, accurately captured the arch mechanism, thus underestimating
the increase in shear capacity with a decreasing a/d ratio. Furthermore, through a nonlinear finite
element analysis, it was deduced that deflection, rather than strength, is the governing factor in the
design of FRP-reinforced concrete deep beams [48]. However, further investigation is required to

account for factors like concrete creep, concrete shrinkage, and fire exposure [49].



According to the international literature, it is commonly accepted that further investigation is required
in developing accurate and objective design formulae for the prediction of the shear capacity of deep
beams reinforced with FRP bars. To achieve this objective, the authors believe that a multi-
disciplinary approach has to be considered that will involve both numerical and experimental
activities. More specifically, Al-Based models are developed to accurately predict the shear capacity
of deep FRP-RC beams without stirrups. The Al-based modeling is developed primarily from an
extensive numerical investigation campaign, utilizing high-fidelity numerical approaches. The
response of a 3D detailed model simulating the structural behavior of 93 GFRP-reinforced concrete
deep beams without shear reinforcement is utilized herein. The ultimate shear capacity obtained from
the nonlinear finite element analysis (NLFEA), serves as the input for the Al modeling effort. The
numerical results are augmented with a supplemental set of experimental results from nine beams
from a previous publication [50]. Section 3 of this article sheds light on the intricate details of the
NLFEA implementation. Subsequently, Section 4 lays out the groundwork for the Al-modeling
techniques used. Furthermore, Section 5 demonstrates the predictive and generalization capabilities

on the proposed Al-based model. Concluding remarks are presented in Section 5.

2 Research Significance

This research is believed to provide profound insights into the shear capacity of FRP-reinforced deep
deems without shear reinforcement. To the best of the authors’ knowledge, this type of Al modeling
has never been attempted in the available literature. The presented model is capable of accurately
predicting the shear capacity for beams with all currently available FRP reinforcement [GFRP,
CFRP, AFRP, BFRP]. The model is developed using a hybrid dataset of experimentally obtained
results in combination with high-fidelity numerical modeling approach via the widely accepted
smeared crack approach. While the blind predictions are made for experimentally obtained data,
demonstrating the model’s capability to accurately capture the physical phenomena. Moreover, the
presented model can be further tweaked and refined with new data as it becomes available in the

literature. It is worth noting that in blind predictions for experimental testing data, the presented
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model has consistently outperformed design codes and standards. As such, it provides a convenient
closed-form design equation for structural designers upon potential adoption into codes and

standards.
3 Nonlinear Finite Element Analysis (NLFEA) Investigation

An excessive NLFEA investigation was performed in this research work, which was based on the
meticulously validated finite element (FE) modeling of RC structures [50], where GFRP concrete
deep beams without shear reinforcement were studied through the use of ReConAn FEA [51]. The
purpose of this study was to derive FE models that are capable of capturing the experimental results
(of nine four-point bending tests) with high levels of accuracy and computational efficiency. In
achieving this objective, the 20-noded hexahedral element was used for the discretization of the
concrete domain, while the concrete material was modeled through a 3D concrete constitutive
material model that assumes a brittle behavior after the occurrence of a macro-crack at a Gauss point
within the concrete hexahedral finite element (see [52] and for the most recent advancement of the
method [53][54]). The GFRP bars were modeled as embedded 2-noded rod elements [50] by
assuming full bond conditions with concrete, while the material model used in simulating the stress-
strain relationship for the GFRP bar material assumed linear behavior until complete failure by both

tension and compression.

From the numerical investigation performed by Markou and AlHamaydeh [50], it was revealed that
the developed 3D detailed model was capable in capturing the mechanical behavior of all nine GFRP
concrete deep beams with a 2.47% overall deviation from the experimental data in predicting the
ultimate load capacity and a 10.36% deviation in predicting the ultimate deflection. In Fig. 1,
specimen BS5 is presented where the deformed shape and the crack patterns is depicted according to

the FE analysis in [50].
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Total Loud 75 kN (Load Increment 15)

Total Load 85 kN (Load Increment 17)
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Figure 1. Beam specimen BS5. (a) Crack patterns at different load increments, (b) 3D view of the crack pattern prior to

failure, (c) Deformed shape prior to failure (scaled by 100) and (d) Load-deflection curves. [50]

As can be seen in Fig. 1, the load-deflection curves of the experimental and numerical results are in
good agreement. It must be noted here that from the numerical investigation performed in [50], it
was found that the optimum value of the remaining shear stiffness p after a crack occurs at a Gauss
point, was 3.16%, which is also the unified value adopted in the numerical investigation performed

herein. The FE model used in the numerical tests of this study is presented subsequently.
3.1 NLFEA Model Description

As it was mentioned earlier, 93 FE models were implemented (see Table 1) to study the structural

behavior of concrete deep beams that were reinforced with three different FRP rebar material types
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(Glass, Carbon, and Aramid). Appropriate values of the material properties were selected to capture
low, baseline and high levels for all input parameters, to be implemented in the FE models (see Table
2 for adopted values). The deep beams were also studied for different geometries and material
properties, as depicted in Tables 1-2. Appendix A shows the dataset of the beams that were used to

train and test the proposed Al-model.

Table 1: FE Mesh Groups of the 93 deep beam models and the experimentally tested beams.

Dimensions bx hx L Beam Model Total Number
Group
(mm X mm X mm) Designation of Beams
1 200 x 800 x 1600 1-8 8
2 400 x 800 x 1600 9-16 8
3 200 x 475 x 2024 17-24 8
4 400 x 810 x 3400 25-32 8
5 200 x 1061 x 3636 33 1
6 400 x 1061 x 3636 34 1
7 300 x 1061 x 3636 35-42 8
8 300 x 675 x 2833 43 1
9 250x 1731 x 3181 44 -59 16
10 250 x 1038 x 3544 60— 67 8
11 350 x 1038 x 3544 68—175 8
12 350 x 1731 x 3181 76 — 84 9
200 x 300 x 1000
*13 200 x 350 x 1000 85-93 9
200 x 400 x 1000
min-max b (mm) 200-400 - -
min-max d (mm) 300-1731 - -
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min-max L (mm) 1000-3636 - -

* Experimentally and numerically Total 93

tested specimens [50, 55]

Table 2: Reinforced beam design variables

Variable Unit | Low level | Base line level | High Level
Beam width (b) mm 200 300 400
Concrete properties (Ec/Fe) 701 794 940
Reinforced material properties (Ec/Fc) 71 73 75
Shear span (a/h) 0.5 1.25 2
Reinforced ratio (p) % 0.2991 0.7854 2.595

A uniform hexahedral FE mesh size was used to discretize each beam model with a 10 cm average
edge size. This was also the FE mesh size adopted in the parametric investigation presented in [50],
where a mesh sensitivity analysis was also performed. To capture the exact geometry of the beam,
the 20-noded hexahedral FE dimensions were modified according to the specimen’s geometry. Fig.
2 illustrates the 13 different model groups developed for the needs of this numerical investigation. It
must be noted here that the reinforcement in all beam models was discretized through 4 rebars, thus
the corresponding diameter resulted according to the reinforcement ratio adopted for each deep beam
(see Table 2). Table 1 shows the overall mesh dimensions of each group of beams and the

corresponding number of beam models that are included within each group.
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Group 1 - Beam 1 (Left) 20-noded hexahedral mesh and (Right) Embedded rebar rod elements.
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Figure 2 Hexahedral meshes for groups 1-13.

3.2 NLFEA Numerical Results

The development of the numerically derived load-deflection curves was performed on a standard 3.7
GHz personal computer (12 cores), where up to 5 models could be simultaneously analyzed. It is
worth mentioning that the 93 models were successfully analyzed without any numerical instabilities.
This has been consistently reported in previous published work, a finding that characterizes the
stability and numerical robustness of the developed algorithm [50]-[55]. Fig. 3 shows the combined
load-deflection curves a representative selection of the 84 FE models depicted in one figure for

brevity and comparison purposes. The additional nine deep beams, which were included in the dataset
16



used for training the proposed model, were analyzed in [50]. Based on the distribution of the curves
obtained, it can be observed that the selected models represent a diverse spectrum of strength and
stiffness values, providing a wide and densely populated spectrum of practical scenarios leading to a
versatile approach with objectivity and applicability. The outcome of the NLFEA of the structural

behavior of this type of RC deep beams will be further discussed in Section 4.
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Figure 3 Load-Deflection curves of the 84 FE beam models.

4 Al-Model Development for Shear Capacity

Although computer experiments are very effective and economical than physical experiments
involving the destructive testing of full-scale RC deep beams, they also suffer from increased cost
and time constraints in complex simulations. Therefore, they can only afford a limited number of
runs with a relatively large number of factors and are restricted to scarce sampling plans in
investigating the mechanical response of structural response. ReConAn FEA [51] manages to

overcome this limitation due to its optimum algorithmic design and the robust numerical response
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that efficiently addresses multiple analyses [37], [38]. Therefore, the generation of large databases
can be feasible by replacing the physical experiment and developing design formulae, according to
the problem at hand. This section will present the methodology of developing the proposed shear

capacity model.
4.1 Descriptive Statistics

The input database consisted of nine variables in total, eight predictors, and one response, as
presented in Table 3. As can be seen in Table 3, L is the span, b is the width, and d is the effective
depth of the beams, where p is the reinforcement ratio, As is the reinforcement area and a/h is the
shear span over the depth of the beam cross-section. The remaining variables refer to the material of
concrete and FRP bars. Finally, the output refers to the maximum predicted capacity Vgy ¢, The first
step of the statistical investigation was the constitution of the histograms for both predictors and
responses, and subsequently, the non-linear models were developed. The corresponding diagrams are

presented in Figure 4, which demonstrate their variations.

Table 3. Input and response variables.

Input Output
d b L a fe frrp EFRP p VRicp
(mm) (mm) (mm) (mm) (MPa) (MPa) | (strains) | (%) | (kN)
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Figure 4 Histograms for input parameters.
4.2 Predictive Modeling
The raw database of 93 beams was utilized to train the ML models. To investigate the model's
performance for testing on out-of-sample observations or blind predictions, 43 experimentally tested

beams were used. Each variable X; (predictors and response) was normalized by subtracting its mean

value and dividing by its standard deviation, resulting in a new input variable X, = (X, —X,)/ o(X,) .

Hence although the initial variables were of a different order of magnitude (i.e., modulus of elasticity

vs. strains, etc.), the normalized variables had a mean value of zero and variance equal to the unity.

As described in [38], stepwise, nonlinear polynomial regression up to an order of three was
implemented to constitute a prediction model. The nonlinear models considered the interactions
among the variables, as well as remained easily interpretable by researchers and professional

engineers. Five features were utilized, resulting in 18.6 observations per feature, to obtain statistically



robust results. After the training of the model using Higher-Order Stepwise Regression (HOSR), the

resulting equation was of the following form:

Veiep = 1.20 - 107*f,db — 113 - 1075a%f, + 6.33 - 106f;,, fub — 1.47 - 10 Cabd  (4)

+9.42-1078a%L + 115

According to Table A in the appendix, all the variables within the developed formula are expressed
in mm or N/mm?, while the resulting characteristic shear capacity is computed in kN. This is an
additional advantage of the adopted numerical approach in developing formulae, where the training
can be performed by using the desired units for the input variables and selecting the required output
variable units accordingly. Fig. 5 shows the correlation between the numerically generated

characteristic shear strength Vrk,cp values and the predictions from the developed formula (Eq. 4).
The EC,Eﬁpwere not used in the formula generation, as they are collinear with f,, f s (auto-
correlation coefficient = 0.99). This decision is necessary to avoid statistical instabilities in the model.

The red lines indicate the acceptable range of shear values to check the reliability and validity of the

proposed equation (Eq. 4) in comparison with the numerical results. The red lines indicate the +/-

95% confidence intervals.

rediction in Train 8zt with HOSRE
[
3 =3
| s o
L]

.Zi‘_.

Figure 5 HOSR model shear strength prediction (Eq. 4) vs. NLFEA values.

4.3 Sensitivity Analysis

Three ML models were utilized to investigate the influence of each input parameter on the beam’s

structural response. The following AI modeling techniques were used: Linear Regression (LR),
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Higher-Order Stepwise Regression (HOSR), and Random Forests (RF) [55, 56]. The performance of

each ML model for training and testing sets is demonstrated in Figure 6.
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Figure 6 Input parameter sensitivity analysis using: Random Forest [58], Linear Regression [60], HOSR [70].

The predicted values were tested by utilizing the predicted values (PV), the dependent variable (DV),

and the number of observations N, the metrics of the coefficient of dispersion (COD) as per (Eq. 5),

the alpha metric (Eq. 6), the root mean squared error (RMSE) as shown in Eq. 7, the mean absolute

error (MAE, Eq. 8), and the mean and maximum absolute percentage error (see Egs. 9, 10). The

Pearson correlation coefficient (Eq. 11), and the SR metric (Eq. 12) were also used herein.

The formulas for the computation of the metrics are defined as follows:

1 PV| 1PV
_Z —__ __Z_
coD = 100 « 32007l xZ50)
N~DV
RMSE = [EPV-V°
N
MAPE = >y 2/-2Y]
N DV
__cov(PV,DV)
Pxx OpvODV

)

(7

©)

(11)

PV = Alpha » DV + Beta (6)
MAE = 2P (8)
MAXAPE = max("=21) (10)
SR== (12)
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The definitions of the metrics are presented in greater detail in [58], [59]. The analyses were
conducted using MIT’s Julia programming language [60] and previously developed computer codes
in [61]. The results for each method are presented in Table 4. Figure 7 depicts the actual shear force,
V versus the predicted Nonlinear Regression Model, exhibiting a clear linear association pattern. The

red lines correspond to the MAE = 74.864 kN.

Table 4: Performance metrics (see Eqs 5-12)

pxy MAE RMSE MAPE MAXAPE SR Alpha COD

RF 0.934 98.261 151.008 0.176  1.062 1.089 0.660 16.112
LR 0924 97.184 136.687 0.181 1.225 1.008 0.853 17.798
HOSR | 0.956 74.864 104.085 0.123  0.526 1.024 0915 12.046

A modified version of the Profile method [62], [63] was applied to investigate each variable’s
influence on the output or the dependent variable. In particular, each input parameter was varied
within its range in the raw dataset, while the other input parameters were retained constant at specific
values. These specific values correspond to the Median (50% Percentile). The sensitivity analysis

results of the proposed model are presented in Fig. 7.
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Figure 7 Sensitivity analysis for the significance of each predictor to the response.

A clear inverse relationship pattern between the shear strength and shear span a was identified. This
could be attributed to the experimentally observed phenomenon of arching action, which typically
vanishes as the shear span increases, since longer shear spans correspond to the flexure-dominated
behavior of beams. Accordingly, the cross-sectional geometric characteristics of the beam (b and d)
manifest high levels of influence on the shear capacity Vgy ,. The simpler model used, that is the
linear regression (LR) model, suggests that the concrete uniaxial compressive strength f’.. correlates
to increases in the shear strength of the deep beams. The ML models are in qualitative agreement;

however, differences are attributed to the limited dataset. Hence, increasing the generated numerical

.J‘... ssaw 4 4s

4

HOSR

results is a future research objective.

rho
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5 Al-Model Blind Prediction Comparison to EC and ACI codes

To benchmark the Al-generated model blind prediction capabilities proposed in Eq. 4, direct

comparisons against the ACI 440.1R-15 and the Eurocode (EC) are carried out. Moreover, the Al-

model was investigated against 43 experimentally tested beams (see Table 5). In the following

sections, a brief demonstration of the design equations and conditions provided by each design code

is presented.

Table 5: Data of the experimentally tested beams used for Al-model testing.

3 fe Ec | Errp | frre | Failure Strain | Reinf. Area | Reinf.

—

é 1D Vrk,cp (kN)

< (MPa) |(MPa) | (MPa) |(MPa)| errp (mm/mm)|  (mm?) Ratio p % | a/h

<

A
94| 39.4 [29502 |134000| 986 0.0074 635.7 0.78 |1.38 359
95| 40.5 [29911 | 42000 | 749 0.0178 635.7 0.78 1.38 329
96| 39.4 |29502 |134000| 986 0.0074 1010.6 1.24 1.38 390

)

= 97| 40.5 [29911 | 42000 | 749 0.0178 1010.6 124  |1.38 350

<

B

§ 98 | 39.4 [29502 |134000| 986 0.0074 1393.65 1.71 1.38 467

z

H 99| 40.5 29911 | 42000 | 749 0.0178 1393.65 1.71 1.38 392
100| 39.4 |29502 [134000| 986 0.0074 1010.6 1.24  |1.06 744
101| 40.5 | 29911 | 42000 | 749 0.0178 1010.6 1.24  |1.06 538
102 26.1 | 24011 | 80697 | 1827 0.0226 190 0.38 1.21 136
103| 26.1 |24011 | 80697 | 1827 0.0226 190 0.38 |1.47 99

?

aa)

= [104| 26.1 | 24011 | 80697 | 1827 0.0226 255 051 [1.47| 121

B

=

v 105 26.1 |24011 | 80697 | 1827 0.0226 320 0.64 [1.47 134
106| 26.1 |24011 | 80697 | 1827 0.0226 190 0.50 |1.40 110
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o fe E. Errp | ferep | Failure Strain | Reinf. Area | Reinf.
—
é 1D Vrk,cp (KN)
= (MPa) |(MPa)| (MPa) |(MPa)| erre (mm/mm)|  (mm?) Ratio p % | a/h
<
A
107| 26.1 |24011 | 80697 | 1827 0.0226 316.2 0.51 1.51 134
108| 26.1 | 24011 |120214| 1956 0.0163 190 0.38 1.21 169
109 26.1 | 24011 |120214| 1956 0.0163 190 0.38 1.47 107
110 26.1 | 24011 |120214| 1956 0.0163 255 0.51 1.47 96
111] 26.1 | 24011120214 1956 0.0163 320 0.64 1.47 151
112] 26.1 | 24011 [120214| 1956 0.0163 190 0.50 1.40 105
113 26.1 | 24011 |120214| 1956 0.0163 316.2 0.51 1.51 145
2 114| 49.3 | 33001 | 47600 | 790 0.0166 2270.79 0.69 1.04| 1447
<
2
g 115 49.3 | 33001 | 51900 | 750 0.0145 4047.36 1.24  |1.04] 1906
T T116| 38.7 {29238 120000 1596 0.0133 866.58 026 |1.04| 1191
=)
=)
2 117| 38.7 | 29238 | 144000 | 1899 0.0132 1526.28 046 |1.04| 1601
S 9
118 40.2 | 29800 | 41100 | 709 0.0173 1187.083 149  0.90 814
119| 454 |31668 | 41100 | 709 0.0173 1189.377 1.47 1.21 471
= 120/ 40.5 | 29911 | 37900 | 765 0.0202 2565.3 1.70  [0.89| 1273
on
%’ 121] 39.9 | 29688 | 37900 | 765 0.0202 2570.13 1.71 1.22 799
—
k=
= 122| 40.7 |29984 | 41100 | 709 0.0173 3169.44 2.13 1.21 830
<
E
= |123| 66.4 |38299 | 41100 | 709 0.0173 3160.92 212|121 1062
<
124| 51.6 | 33762 | 42300 | 938 0.0222 4227.9062 1.58 1097 2269
125| 50.7 |33466 | 42300 | 938 0.0222 4225.4784 1.56  |1.32| 1324
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o fe E. Errp | ferep | Failure Strain | Reinf. Area | Reinf.

—

é ID VRk,cp(kN)

= (MPa) |(MPa)| (MPa) |(MPa)| erre (mm/mm)|  (mm?) Ratio p % | a/h

<

A
126| 34.7 | 27686 |134000| 1180 0.0088 25425 1.13 1.16 185
127! 38.9 [29314 [134000| 1180 0.0088 254.25 1.13 1.37 155
128| 37.4 | 28743 (134000| 1180 0.0088 382.5 1.70  |1.37 162
129| 39.6 | 29576 | 134000 | 1180 0.0088 508.5 2.26 1.37 186
130| 41.7 | 30351 |134000| 1180 0.0088 506.25 1.35 1.18 298

2

= 131] 63.1 |37335(134000| 1180 0.0088 254.25 1.13 1.37 227

o

-

S 132| 35.5 | 28003 | 40800 | 690 0.0169 290.25 1.29 1.16 136
133| 48.0 | 32563 | 40800 | 690 0.0169 290.25 1.29 1.37 129
134| 48.0 | 32563 | 40800 | 690 0.0169 384.75 1.71 1.37 147
135 35.2 | 27885 | 40800 | 690 0.0169 519.75 231 1.37 122
136| 42.0 | 30459 | 40800 | 690 0.0169 521.25 1.39 1.18 243

5.1 Eurocode

According to Eurocode [20], in order to calculate the design resistance, Vra4c, of a particular section

under shear due to the lack of stirrups in the concrete section, the following formula can be utilized:
VRd,c = [CRd,c k (pl fck)l/3 + ki ch] bwd (13)
Where,

Crdc =0.18 / yc is a semiempirical coefficient

k=1+ ’Zdﬁ < 2.0; (d in mm), is the size factor
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Ol = bAS P < 0.02,is the longitudinal reinforcement ratio, where bw is the smallest width of the

w

cross-section in mm and d is the effective height of the cross-section in mm

fek 1s characteristic concrete compressive strength (MPa)

N . . . .
Ocp = Aid < 0.2f.4 (MPa), where Nkqd is the axial force in the cross-section as a result of

c

loading or prestressing, and Ac is the cross-sectional area of the concrete (mm?)

The characteristic resistance of the section in shear can be calculated by setting the following
recommended values: (1) the concrete material partial safety factor yc is setto 1, (2) Crac=0.18/yc,

and (3) ki =0.15.

For the case where a concentrated load is applied near the support, Eurocode roughly approximates
the shear resistance of the section. It estimates the design shear capacity for a shear span of a/d within
the range of 0.5 to 2.0. Appropriate strength reduction is achieved through the parameter § = a / 2d,
presented herein. The Eurocode does not mandate using the f parameter when a deep beam is
designed for uniform loads. Whereas, in general, the design of a deep beam is often carried out as a
structural member connecting columns to shear walls. For the purposes of this research work, this
parameter is also investigated. Consequently, after computing the shear capacity of a section without
stirrups, the characteristic shear resistance value per section will be divided by the  parameter
(Vrk./B). Additionally, it is important to note that the Eurocode 2 [20] formula is originally developed

for steel and not GRFP reinforcement. As such, it is indicatively used herein for illustrative purposes.
52 ACI318-14

According to ACI 318-14 [65], the nominal concrete shear strength 1 is given by Eq. (14). The
equation is applicable for non-prestressed members with no axial forces. Otherwise, Table 6 shall be

used to evaluate V.

V, = (0.17 A /f) by, d ST units (14)
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V.= Q2AJf) by d US units

Where A is the modification factor to account for light-weight concrete, f. is the specified
compressive strength of concrete (psi or MPa), by, is the width of cross-section (in or mm), d is the
distance from extreme compression fiber to centroid of tensile rebars (in or mm). Furthermore, p,, is
the ratio of the area of non-prestressed longitudinal tension reinforcement As to bwd, V, is the factored
shear force at the section (Ib or N), M,, is the factored moment at the section (in-lb or N-mm). Table

6 shows the procedure of calculating V..

Table 6: Detailed procedure to calculate Vc [65], [66]

V¢ (SI units) V¢ (US units)
V,d V,d
(0.16 W +17py “—) b, d (1.9 AT +2500p, “—) b, d
M, My,
Least value obtained from
the three oquations (0.16 A/f +17 ) by d (194Jf +2500p,) by d
0.29 /! by, d 3.5 0Jf! by, d

5.3 ACI318-19

The new equations included in the ACI 318-19 [67] for calculating the concrete shear strength while
considering their safety and performance aspects, are based on several factors. It was observed that
the flexural reinforcement ratio along with the member depth are important parameters that have to
be taken into consideration. It should be noted that the design equations do not account for the cases

of shear walls and footings.
One-way shear

The concrete shear strength V. shall be calculated using Egs. (15) through (17).

N SI units 15
V.=017A/fl + ——| b, d (15)
6 Ag
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N US units
Ve =(21/fl +—=] b, d
6 A,
1 N ST units 16
V. =(0.66 A (py)3 /fi +——] by, d (16)
6 A,
1 N US units
Ve =(8A(pw)3 i +——] by d
6 Ag
1 N ST units 17
V. =(0.66 A A (py)3 /Tl +——) by, d (17
6 A,
US units

1 N
V. =8 (py)3 J/fi + ——] by d
6 Ag

Where Ny, is the factored axial load (Ib or N), A is the gross area of cross-section (in? or mm?), p,,

. . . L A . . . .
is the flexural reinforcement ratio, which is equal to —, and A is the size effect factor and is obtained

bd’
by Eq. (18).
) SI units (18)
A= |———— <1
s 1+0.004d —
2 US units
A = <1
d
1+ 10

The selection of concrete shear strength equation(s) depends on the flexural and shear reinforcement
areas. For members with shear reinforcement areas greater than the minimum specified by the code,
the lesser outcome of Eq. (15) and Eq. (16) shall be used. However, for members with a shear
reinforcement area less than the minimum, Eq. (17) will be used. Additionally, the concrete shear
strength V.. for members of normal-weight concrete with no axial loads can be calculated using Eq.
(19). The equation is only valid when a member has met the minimum shear reinforcement area

specified by the code. It should be noted that the equation is the modification to Eq. (15).
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Vv, = (0.17,/£)) b, d SI units (19)
V. = (2f) b, d US units

Another condition was provided by the code, which states that V. shall not be greater than a specific

limit as follows:

V, < 042 \/fl b, d ST units (20)
V. <5A/flb, d US units

54 ACI440.1R-15

According to ACI 440.1R-15 [68], the procedure used to consider the effect of the axial stiffness of
the FRP bars is by using the factor ([5 £/ 2]), where k is defined as the ratio of the neutral axis depth
to the reinforcement depth. The ACI 440.1R nominal concrete section shear capacity can be

computed using:

SI units (21)

US units

Where,

f¢: compressive strength of concrete (psi/MPa)

ng: ratio of modulus of elasticity of FRP bars to the modulus of elasticity of concrete
py: ratio of FRP reinforcement

5.5 Modified ACI 440.1R-15

The equations provided by both ACI 318-14 and ACI 318-19 cannot be used to calculate shear

capacity for GFRP reinforced members since they have been derived for steel-reinforced members.
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However, by tracing the changes adopted by ACI 318-19 to account for the size effects, a new
expression could be derived for GFRP reinforced sections. Following the same concept adopted by
ACI 440.1R-15 for considering the axial stiffness effects of the GFRP reinforcement, V., is proposed

to be calculated as follows:

V, = (g k) <0.66 A (po)? \/f_c) by, d SI units (22)
V, = (g k) <8 A A (pw)é \/f_é) by, d US units
With the condition
Ve < (g k) 0.42 1/T by, d ST units (23)
Ve < (g k)5 0/E by d US units

5.6 Comparison Results Between the Proposed AI-model and Design Codes

Figure 8 demonstrates the predictions (Al-model, ACI 440.1R-15, Modified ACI 440.1R-15, EC
with B parameter) versus the NLFEA or experimentally obtained shear capacities. The EC case
without B was omitted so as to avoid including a significantly large number of data points within the

graph. The comparison reveals the following observations:

a. Based on the training and validation datasets that were used herein, the proposed Al-model
demonstrates superior prediction and generalization capacity throughout the range of input
parameters compared to the under-study design codes. To further emphasize this superior
generalization capability of the Al-model, blind predictions were carried out on beams that are
different from the 15% of input data, which was set aside to be used for testing purposes during
the model development. The additional validation data for the blind predictions are obtained from
the literature as summarized in Table 5 and represent physical experiments performed in
laboratories. The generalization capabilities are demonstrated in Fig. 8 (when the Al-model is

applied to new data). The average absolute error is 26% for the overall 136 samples and 57% for
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the blind predictions (43 samples). On average, the actual values are 99% of their corresponding
predictions for the overall 136 samples and 93% for the blind predictions (43 samples). It is worth

noting that the scatter of the Al-model predictions is also minimal.

b. The ACI 440.1R-15 predictions are relatively conservative compared to experiments and the
calibrated high-fidelity NLFEA models. The ACI 440.1R-15 predictions are excessive and
recommend major re-consideration and revision to the shear capacity evaluation approach. On
average, the ACI 440.1R-15 code predictions are four times smaller than the actual values, and
the absolute error is 77% on average. This could be attributed to the shear capacity calculation
approach, which was originally developed for long shallow beams. Hence, this code is inherently
incapable of capturing typical deep beam behavior (arching action, etc.). Such complex behavior
is typically captured by more advanced methods, such as Strut-and-Tie models, where the deep

beam is converted into an equivalent system of compression struts and tension ties.

c. The modified ACI 440.1R-15 predictions are lower than those calculated using the original
version provided by the code, which yielded more conservative results. The predicted results are

seven times smaller than the actual values, with an absolute error of 83% on average.

d. When applying the EC without the B parameter, the MAPE is 91% on the validation dataset (see
Table 7), which is larger than that derived from the proposed model. Therefore, the proposed
model that derived a 57% MAPE, is 34% more accurate than Eurocode, when estimating the
shear strength of the 43 specimens. It is also important to note that about 53% of the blind
prediction specimens (23 out of the 43) had smaller effective depths than the minimum depth

used to develop the dataset that the Al model was extrapolated from (300 mm).

e. When the blind tests are performed on the specimens with geometries within the ranges used for
the Al model development (shown in Table 1), the proposed formula derives a MAPE of 34%,
while the EC without the use of B results in a MAPE of 91% (see Table 7), which represents
about 268% of the proposed model prediction error. When using parameter , EC blind

predictions substantially improve, deriving a MAPE of 34% (10% increased error). Similarly, the
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two ACI equations (original and modified) derive a 77% and 83% MAPE, respectively.
Moreover, when blind tests on the identical deep beams are performed (23 out of the 43), the
MAPE increases by 224% and 254%, respectively. This finding further demonstrates the
enhanced predictive characteristics of the proposed Al model. Even though the proposed Al-
model predictions are shown to deliver a relatively small error, it is nevertheless a reliable source

of input to be used for geometries within the ranges in Table 1.

f. The EC exhibits a significant improvement to the ACI 440.1R-15 predictions when the B
parameter is adopted, with an MAPE of 36%, and average predictions that are 1.13 times less
than their corresponding actual values. However, the EC predictions' scatter is quite large
compared to the Al-model. Bearing in mind that the B parameter is applicable only for cases
where a concentrated force is applied near the support, which is a rare occasion, especially when

deep beams are used to connect columns to shear walls or in the case of pile caps.

It is worth mentioning that in Fig. 8c, where the prediction error is shown, the closer the points are
to the dashed line, the smaller the overall error is achieved from the under-study method. The same
applies for the case of Fig. 8d, where the actual over the predicted shear capacity is shown. It is easy
to notice the superior predictive capabilities of the proposed equation that has the ability to capture
the response derived from physically tested deep beams. Overall, the predictions of the Al-model
outperform the design codes predictions when compared to new data sets (blind predictions). When
the Al-model is compared to the NLFEA in terms of the computational effort, it is evident that the
proposed model can provide predictions in milliseconds, whereas the NLFEA requires a relatively
significant amount of time to setup and run high-fidelity numerical models. Further extensive blind
prediction benchmarking is the objective of ongoing investigations to be included in future
publications as extensions to this currently presented work. This is expected to revolutionize the
current state of the art in RC structural design using FRP-reinforced and steel-reinforced concrete

members for beams [70], slabs [71-73], and columns [74].
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Figure 8 Prediction comparison of Al-model (HOSR), ACI, and EC with B codes: (a) Prediction comparison (b)

Prediction error (c¢) Ratio Vpyeq /Vacr (d) Ratio Ve /Virea

Table 7: Mean average error on blind prediction beams depicted in Table 5

Eurocode
Al ACI 440 ACI 440-Modified Eurocode with 3
without 3
MAPE [%] 57 77 83 91 34
MAE [kN] 194 414 444 337 198

Concluding Remarks

The feasibility of developing Al-models to predict the shear strength of FRP-reinforced concrete
deep beams was investigated herein through a novel pilot research study. To develop the Al-model,
a set of data corresponding to 93 deep beams is used. A benchmark against several design standards
was carried out, specifically: the EC, ACI 440.1R-15, and the modified ACI 440.1R-15 (for size
effect). The blind predictions data comprised 43 beams that were experimentally tested previously

and were obtained from the available literature.
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Superior generalization capabilities were demonstrated by the proposed Al-model. The developed
Al-model was shown to be an extremely cost-effective and non-computationally demanding tool for
predicting the complex behavior of FRP-reinforced deep beams without shear reinforcement. The
developed Al-model exhibits a number of advantages over the customary FEM methodology. In
contrast to the FEM, the Al-model provides a closed-form mapping tool between input and output
parameters. This allows for easier identification of influential inputs or combinations of inputs. The
FEM procedure alone lacks any automatic adaptability or learning capabilities, which are essential

assets for model generalization.

In FEM model discretization, the development of governing equilibrium equations and the solution
of these equations, are all necessary steps for every possible combination of input parameters. In
contrast, the Al-model is relatively much easier to develop, is immediately capable of predicting new
data, and it can be updated to new input parameters and combinations. The ease of updating the
proposed model, when new data is made available, further enhances the Al-model’s capability of
generalization. Other advantages of the Al-model are the relatively simpler architecture, feasibility
of implementation, ease of reconfiguration, and above all, significantly faster simulation, which
requires by orders of magnitude less computer effort. Furthermore, the relative simplicity of the
derived expression qualifies it to be used in multi-objective optimization applications and lays the

foundation for computing the key response parameters in future investigations.

According to the numerical investigation performed in this work, the Eurocode was found to enjoy
the highest agreement with the experimental tests among the considered design codes and standards.
The improvement to the predictions of shear capacities of deep beams reinforced with FRP bars could

be attributed to the B parameter (indirectly accounting for the arching action effects).

Finally, further enhancements to the performance of the presented Al-models is to be expected in a
future publication as a result of ongoing research efforts, where a more general shear capacity formula
will be developed without the use of parameter a (shear span), along with the increase in the number
of physical experiments being performed for validation purposes. A much more extensive data set
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is being prepared to represent larger variations of various deep beam configurations. The ongoing
refinement of the Al-model shall enable much enhanced generalization capabilities for a variety of
structural applications. The general distributed deep learning training methods that are currently
being developed will provide superior Al-models with significantly improved predictive

generalization capabilities.
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9 Appendix A

Table A Input Parameters: Material and reinforcement details of the deep beam models, and FEA model Output:

Maximum computed shear capacity.

Input Output

Model

Failure | Reinf. | Reinf. v
Strain, errp| Area As | Ratio p a/h Rk’yp
(mm/mm) | (mm?) % ()

fe Ec Errp SERP
(MPa) | (MPa) | (MPa) | (MPa)

01 25.0 23500 41400 552 0.013333 | 1528.2 1.02 0.50 410
02 25.0 23500 41400 552 0.013333 | 2159.6 1.44 0.50 465
03 25.0 23500 82700 1172 0.014172 | 1528.2 1.02 0.50 500
04 25.0 23500 82700 1172 0.014172 | 2159.6 1.44 0.50 420
05 45.0 31529 41400 552 0.013333 | 1528.2 1.02 0.50 530
06 45.0 31529 41400 552 0.013333 | 2159.6 1.44 0.50 735
07 45.0 31529 82700 1172 0.014172 | 1528.2 1.02 0.50 735
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Input Output
Failure | Reinf. | Reinf.

Model (l\/{;’a) (h/]IEIC’a) (1%4}:}132) (1]\%/[1;’Pa) ?&iﬁ;g A(ﬁfn‘%s Ra(f/ioof’ afh Vf&ﬁp
08 45.0 31529 82700 1172 0.014172 | 2159.6 1.44 0.50 930
09 25.0 23500 41400 552 0.013333 | 1528.2 0.51 0.50 900
10 25.0 23500 41400 552 0.013333 | 2159.7 0.72 0.50 990
11 25.0 23500 82700 1172 0.014172 | 1528.2 0.51 0.50 1050
12 25.0 23500 82700 1172 0.014172 | 2159.7 0.72 0.50 1050
13 45.0 31529 41400 552 0.013333 | 1528.2 0.51 0.50 1140
14 45.0 31529 41400 552 0.013333 | 2159.7 0.72 0.50 1770
15 45.0 31529 82700 1172 0.014172 | 1528.2 0.51 0.50 1920
16 45.0 31529 82700 1172 0.014172 | 2159.7 0.72 0.50 1890
17 25.0 23500 41400 552 0.013333 | 1560.9 1.84 2.00 130
18 25.0 23500 41400 552 0.013333 | 2205.8 2.60 2.00 150
19 25.0 23500 82700 1172 0.014172 | 1560.9 1.84 2.00 180
20 25.0 23500 82700 1172 0.014172 | 2205.8 2.60 2.00 200
21 45.0 31529 41400 552 0.013333 | 1560.9 1.84 2.00 230
22 45.0 31529 41400 552 0.013333 | 2205.8 2.60 2.00 240
23 45.0 31529 82700 1172 0.014172 | 1560.9 1.84 2.00 270
24 45.0 31529 82700 1172 0.014172 | 2205.8 2.60 2.00 310
25 25.0 23500 41400 552 0.013333 | 1527.6 0.50 2.00 330
26 25.0 23500 41400 552 0.013333 | 2158.9 0.71 2.00 375
27 25.0 23500 82700 1172 0.014172 | 1527.6 0.50 2.00 390
28 25.0 23500 82700 1172 0.014172 | 2158.9 0.71 2.00 375
29 45.0 31529 41400 552 0.013333 | 1527.6 0.50 2.00 570
30 45.0 31529 41400 552 0.013333 | 2158.9 0.71 2.00 615
31 45.0 31529 82700 1172 0.014172 | 1527.6 0.50 2.00 525
32 45.0 31529 82700 1172 0.014172 | 2158.9 0.71 2.00 600
33 35.0 27806 152000 2070 0.013618 | 2030.1 1.00 1.25 540
34 35.0 27806 152000 2070 0.013618 | 2030.1 0.50 1.25 990
35 25.0 23500 152000 2070 0.013618 | 2029.9 0.67 1.25 660
36 35.0 27806 41400 552 0.013333 | 2029.9 0.67 1.25 660
37 35.0 27806 82700 1172 0.014172 | 2029.9 0.67 1.25 780
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Input Output
Failure | Reinf. | Reinf.

Model (l\/{;’a) (h/]IEIC’a) (1%4}:}132) (1]\%/[1;’Pa) ?&iﬁ;g A(ﬁfn‘%s Ra(f/ioof’ afh Vf&ﬁp
38 35.0 27806 152000 2070 0.013618 | 1517.4 0.50 1.25 810
39 35.0 27806 152000 2070 0.013618 | 2029.9 0.67 0.50 1140
40 35.0 27806 152000 2070 0.013618 | 2029.9 0.67 1.25 870
41 35.0 27806 152000 2070 0.013618 | 2144.2 0.71 1.25 870
42 45.0 31529 152000 2070 0.013618 | 2029.9 0.67 1.25 1020
43 35.0 27806 152000 2070 0.013618 | 2055.8 1.10 2.00 510
44 25.0 23500 41400 552 0.013333 | 1759.5 0.42 0.88 600
45 25.0 23500 41400 552 0.013333 | 2070.5 0.49 0.88 600
46 25.0 23500 82700 1172 0.014172 | 1759.5 0.42 0.88 510
47 30.0 25743 41400 552 0.013333 | 1759.5 0.42 0.88 660
48 30.0 25743 82700 1172 0.014172 | 1760.0 0.42 0.88 660
49 30.0 25743 82700 1172 0.014172 | 2070.6 0.49 0.88 690
50 35.0 27806 41400 552 0.013333 | 1759.5 0.42 0.88 810
51 35.0 27806 41400 552 0.013333 | 2070.5 0.49 0.88 840
52 35.0 27806 82700 1172 0.014172 | 1759.5 0.42 0.88 810
53 40.0 29725 41400 552 0.013333 | 1759.5 0.42 0.88 900
54 40.0 29725 41400 552 0.013333 | 2070.6 0.49 0.88 930
55 40.0 29725 82700 1172 0.014172 | 1760.0 0.42 0.88 900
56 40.0 29725 82700 1172 0.014172 | 2070.6 0.49 0.88 870
57 45.0 31529 41400 552 0.013333 | 1759.5 0.42 0.88 960
58 45.0 31529 41400 552 0.013333 | 2070.5 0.49 0.88 990
59 45.0 31529 82700 1172 0.014172 | 1759.5 0.42 0.88 990
60 30.0 25743 41400 552 0.013333 | 1774.6 0.72 1.63 360
61 30.0 25743 41400 552 0.013333 | 2088.1 0.85 1.63 420
62 30.0 25743 82700 1172 0.014172 | 1774.6 0.72 1.63 420
63 30.0 25743 82700 1172 0.014172 | 2088.1 0.85 1.63 460
64 40.0 29725 41400 552 0.013333 | 1774.6 0.72 1.63 500
65 40.0 29725 41400 552 0.013333 | 2088.1 0.85 1.63 500
66 40.0 29725 82700 1172 0.014172 | 1774.6 0.72 1.63 520
67 40.0 29725 82700 1172 0.014172 | 2088.1 0.85 1.63 660
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Input Output
Failure | Reinf. | Reinf.

Model (l\/{;’a) (h/]IEIC’a) (1%4}:}132) (1]\%/[1;’Pa) ?&iﬁ;g A(ﬁfn‘%s Ra(f/ioo Pl am Vf&ﬁp
68 30.0 25743 41400 552 0.013333 | 1774.5 0.51 1.63 400
69 30.0 25743 41400 552 0.013333 | 2088.2 0.60 1.63 460
70 30.0 25743 82700 1172 0.014172 | 1774.5 0.51 1.63 540
71 30.0 25743 82700 1172 0.014172 | 2088.2 0.60 1.63 620
72 40.0 29725 41400 552 0.013333 | 1774.8 0.51 1.63 580
73 40.0 29725 41400 552 0.013333 | 2088.2 0.60 1.63 600
74 40.0 29725 82700 1172 0.014172 | 1774.5 0.51 1.63 700
75 40.0 29725 82700 1172 0.014172 | 2088.2 0.60 1.63 700
76 30.0 25743 41400 552 0.013333 | 1759.8 0.30 0.88 1110
77 30.0 25743 41400 552 0.013333 | 2070.4 0.35 0.88 900
78 30.0 25743 82700 1172 0.014172 | 1759.8 0.30 0.88 990
79 30.0 25743 82700 1172 0.014172 | 2070.4 0.35 0.88 930
80 35.0 27806 82700 1172 0.014172 | 2070.4 0.35 0.88 1110
81 40.0 29725 41400 552 0.013333 | 1759.8 0.30 0.88 1260
82 40.0 29725 41400 552 0.013333 | 2070.4 0.35 0.88 1260
83 40.0 29725 82700 1172 0.014172 | 1759.8 0.30 0.88 1230
84 40.0 29725 82700 1172 0.014172 | 2070.4 0.35 0.88 1230
85 344 27566 51000 1050 0.020588 423.2 0.92 0.83 307
86 344 27566 51000 1050 0.020588 423.2 0.92 1.00 262
87 344 27566 51000 1050 0.020588 423.2 0.92 1.17 233
88 344 27566 51000 1050 0.020588 634.8 1.38 0.83 366
89 344 27566 51000 1050 0.020588 846.4 1.84 0.83 461
90 344 27566 51000 1050 0.020588 627.2 1.12 0.83 315
91 344 27566 51000 1050 0.020588 831.6 1.26 0.83 433
92 40.8 30021 51000 1050 0.020588 423.2 0.92 0.83 442
93 52.0 33892 51000 1050 0.020588 423.2 0.92 0.83 475
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