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ABSTRACT

ARTICLE INFO

This study investigates the prediction of the strength of reinforced concrete deep
beams, critical components in urban infrastructure, by evaluating their load-carrying
capacities through finite element modeling and nonlinear inelastic analyses using LS-
DYNA software. Four widely used concrete material models were examined:
Mat084/085, Mat159, Mat072R3, and Mat016. Analyses were conducted on two sin-
gle-span and four double-span beams with varying reinforcement configurations and
an aspect ratio of 1.0, based on well-documented experimental setups. Comparative
analyses of force-displacement behavior and stress distributions revealed significant
differences in shear strength predictions across the models, with Mat159 providing
the most accurate results. These findings establish a reliable and cost-effective ap-
proach for predicting the capacities of deep beams, reducing reliance on extensive
experimental testing. The study contributes valuable insights for improving strength
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1. Introduction

In an era of rapidly urbanizing cities, resilient struc-
tural elements like deep beams play an essential role in
safeguarding critical infrastructure. Deep beams, with
their unique load transfer mechanisms predominantly
via shear, are vital components in the construction of re-
silient foundations, bridges, and high-rise buildings.
Their ability to withstand significant stresses and dis-
tribute loads efficiently makes them indispensable in de-
signing infrastructure capable of withstanding urban
challenges, including seismic events, extreme weather,
and increasing building loads driven by urban densifica-
tion. Understanding the behavior and capacity of deep
beams under various stress conditions is crucial to im-
proving their design for urban resilience.

Deep beam design and analysis can be complex due to
non-linear stress distributions and the potential for
large shear forces, requiring specialized approaches like
the strut-and-tie method for accurate assessment.
Guidelines for various models and theories (e.g., truss
model approaches, compression field theories, strut-
and-tie models, etc.) for designing reinforced concrete
deep beams to resist shear forces are included in ACI
318-19 (2019) and ASCE-ACI Committee 445 on Shear
and Torsion (1998).

According to ACI 318-19 (2019), deep beams are de-
fined as elements loaded on one face and supported on
the opposite face, where compression and similar com-
pressive elements may develop between loads and sup-
ports. Deep beams must be designed considering the
nonlinear distribution of longitudinal strain over the
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depth of the beam. The net span-to-depth ratio (2a/h) of
deep beams should not exceed 4, or in the case of a con-
centrated load, the ratio of the load's distance from the
support (a) to the depth (h) should be less than or equal
to 2. For the shear reinforcement, 4,, should be greater
than or equal to, 0.0025b,,s (where bw represents the
web width of the beam, and s denotes the spacing of the
distributed transverse reinforcement). For the longitu-
dinal reinforcement, A,,, should be greater than or equal
to 0.0025b,,s, (where s is the spacing of the distributed
longitudinal reinforcement). According to the CSA A23.3
(2004), beams with a net span-to-depth ratio of less than
2 are defined as deep beams. Deep beams are designed
considering nonlinear stress distributions, lateral tor-
sional buckling, and increasing stresses at the nodes of
reinforcements. The use of the Strut-and-Tie Model
(STM) method is indicated as necessary for the design of
deep beams.

In the literature, there are many analytical and nu-
merical studies aimed at predicting the load-carrying ca-
pacities of deep beams. Due to the discontinuity in the
stress distribution in deep beams, complex finite ele-
ment methods (FEM) are often used for modeling and
analyzing their behavior. LS-DYNA is one of the most fre-
quently used programs for analysis in civil and structural
engineering applications. It has proven to be an essential
tool for structural analysis, particularly in predicting dy-
namic responses and failure mechanisms in complex
structures (Markovich et al. 2011; Imani et al. 2015;
Jiang and Zhao 2015; Youssf et al. 2015; Polat and
Bruneau 2017, 2018; Grassl et al. 2018; Polat 2020a,
2020b, 20223, 2022b; Polat et al. 2021; Zhao et al. 2021;
Polat and Polat 2024; Tang et al. 2024). The program li-
brary contains many concrete materials, which can be
used with complex parameter inputs, but are generally
utilized by users through the default parameter genera-
tion option. In this study, the predictability of the capac-
ities of experimentally tested deep beams using the de-
fault concrete parameter creation option in concrete ma-
terials, often preferred in structural engineering applica-
tions, is investigated using the LS-DYNA program.

In this numerical study, four different concrete mate-
rial models in LS-DYNA - Mat084/085 (Winfrith),
Mat159 (CSCM), Mat072R3 (KCC), and Mat016 (Pseudo-
TENSOR) - are utilized to analyze the load-carrying ca-
pacities of reference deep beams. The study aims to iden-
tify the most accurate model for predicting these capaci-
ties, analyze stress formations and distributions within
the concrete, and assess axial force demands in beam re-
inforcements for each material model. By doing so, the
research seeks to establish a reliable method for estimat-
ing the capacity of deep beams, which are typically costly
to test experimentally, while enabling the exploration of
various beam parameters, such as aspect ratios and re-
inforcement configurations, without requiring extensive
experimental studies.

The reference models are based on the experimen-
tally tested deep beams documented by Rogowsky et al.
(1986), where their behavior was thoroughly analyzed.
The significance of Rogowsky et al.'s work is well-estab-
lished and validated by its inclusion in the Commentary
R9.9.1.1 of ACI 318-19 (2019) which highlights this

study, along with others (Marti 1985; Schlaich et al.
1987), as foundational for understanding deep beam be-
havior. The continued relevance of this work under-
scores its impact on contemporary engineering prac-
tices, particularly in the design and evaluation of deep
beams and their load-carrying capacities.

Additionally, the study contributes novelty by com-
paratively evaluating these concrete material models to
determine the most effective approach for finite element
simulations of deep beams. This focus addresses a signif-
icant gap in the literature and provides insights into
model performance, enhancing reliability in predictions
for critical infrastructure applications. By bridging ex-
perimental results with advanced numerical modeling,
this research offers a practical, cost-effective solution for
designing and analyzing deep beams in structural engi-
neering.

Moreover, the study provides a novel contribution by
comparatively evaluating these concrete material mod-
els to determine the most effective approach for finite el-
ement simulations of deep beams. This research high-
lights the application of four widely used concrete mate-
rial models in LS-DYNA, a powerful tool for advanced nu-
merical simulations. By focusing on the comparative per-
formance of these models in predicting the behavior of
deep beams, the study offers an understanding of their
suitability for finite element analysis of similar engineer-
ing structures. While prior studies have explored deep
beam behavior experimentally, limited work has sys-
tematically evaluated these specific material models in
the context of deep beam shear strength predictions.
This research, therefore, offers practical insights into the
use of advanced material models and simulation tools
for structural analysis, establishing a reliable and cost-
effective approach for analyzing deep beams in critical
infrastructure applications.

2. Literature Review

The literature includes a wide range of experimental,
analytical, and numerical studies that have employed
various methods to predict the strength of deep beams.
These diverse approaches are designed to enhance the
accuracy and reliability of predictions related to the per-
formance and safety of deep beams in construction and
engineering. In this section, key research studies are
summarized to highlight the advancements in this field.

Rogowsky et al. (1986) conducted experimental anal-
ysis of the shear behavior of reinforced concrete deep
beams. The study examined 24 beams, including 7
simply supported and 17 two-span continuous deep
beams, with different shear span-to-depth ratios and
web reinforcement patterns. The experiments observed
arange of behaviors from brittle to ductile, depending on
the presence and amount of vertical web reinforcement.
The results indicated that horizontal web reinforcement
had no significant impact on capacity. The ACI Building
Code's predictions for continuous deep beams and those
with horizontal shear reinforcement were found to over-
estimate strength. This study is crucial for understand-
ing the impact of reinforcement patterns on the strength
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and behavior of deep beams. Arabzadeh (2020) studied
on the impact of different boundary conditions on the
behavior of RC deep beams. The study used experi-
mental and theoretical analysis of 43 deep beams with
various reinforcement arrangements and boundary con-
ditions. The study concluded that boundary conditions
significantly affect ultimate loads, failure modes, and de-
flections. The study also proposed a method for analyz-
ing deep beams, which shows good agreement with ex-
perimental data. Collins et al. (2008) examined the re-
search on shear behavior in beams tested in the past and
assessed 1849 tests and evaluated the safety of shear
provisions in North America. It was argued that current
ACI shear provisions may be unconservative for mem-
bers with larger effective depths or higher stresses in
longitudinal reinforcement. Chen et al. (2019) presented
a comprehensive study on the shear strength of rein-
forced concrete deep beams. The research focused on
both simple and continuous deep beams, analyzing their
structural behavior, particularly in terms of shear
strength. The study employed a combination of experi-
mental observations, nonlinear finite element analyses,
and areview of existing test databases. Chen et al. (2020)
presented a comprehensive study on shear-transfer
mechanisms and strength modeling of reinforced con-
crete (RC) continuous deep beams. The study involves
detailed experimental observations, numerical analysis
using finite element methods, and theoretical considera-
tions of various shear-transfer mechanisms. Zargarian
and Rahai (2022) conducted a study on continuous RC
deep beams strengthened with carbon fiber reinforced
polymer (CFRP) strips. The study included experimental
and numerical analyses, focusing on the effect of differ-
ent shear span-to-overall depth ratios and CFRP strip ar-
rangements. Finite element analyses of the tested speci-
mens were developed to simulate experimental speci-
men behavior. Gedik et al. (2012) investigated the im-
pact of stirrups on deep beam shear failure mechanisms
using an analytical tool 3-D Rigid-Body-Spring Model
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(RBSM). The study examined stress distribution, defor-
mations, crack patterns, and stirrup strain, providing in-
sights into deep beam shear failure mechanisms influ-
enced by stirrups. Ma et al. (2023) explored a data-
driven model to predict the shear strength of reinforced
concrete (RC) deep beams. They utilized machine learn-
ing (ML) algorithms and interpretable models, to com-
pare the performance of different ML models in predict-
ing shear strength. Li et al. (2023) introduced a new
shear strength determination method for reinforced
concrete (RC) deep beams using a statistical approach.
The study employed the Bayesian-Markov Chain Monte
Carlo (MCMC) method to establish a new shear predic-
tion model and improve existing deterministic models.

3. Description of the Reference Deep Beam Models

Within the scope of this study, experimental study of

Rogowsky et al. (1986) carried on two single-span and
four double-span reinforced concrete deep beams with an
aspect ratio of 1.0 were considered. In the experimental
study, various combinations of vertical and horizontal re-
inforcement on the behavior of these beams were exam-
ined, failure modes and the influence of different rein-
forcement configurations and quantities on the struc-
tural performance of the beams were investigated.
Fig. 1(a-f) shows the reinforcement layout in the refer-
ence beams considered in this study. As reported by
Rogowsky et al. (1986) the reinforcements were de-
signed in accordance with the ACI Code Sections 11.8.8
and 11.8.9 (ACI 318-83 1983), adhering to both the min-
imal and maximal vertical and horizontal reinforcement
limits: the quantity of shear reinforcement varied from
the minimum requirement of 0.0015, as specified by the
code, to a value four times greater than this minimum,
and the primary flexural reinforcements were carefully
chosen to ensure that shear was the predominant mode
of failure.

R
=
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Fig. 1. Reinforcement layout of the reference beams: (a) BM1; (b) BM2; (c) BM3; (d) BM4; (e) BM5; (f) BM6.
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The original nomenclature for the beams is main-
tained in the study. In Fig. 1 'N' and 'S’ represent the
north and south sides of the beams. As shown in the fig-
ure BM1 has stirrups only on the left shear span and no
stirrups on the right; BM2 has horizontal body reinforce-
ment at both spans and shear reinforcement only at the
left span; BM3 is a continuous beam and has shear rein-
forcement at all the four span; BM4 is a continuous beam
with body reinforcement passing through all spans but
does not have shear reinforcement; BM5 is a continuous
beam and has heavy shear reinforcement across the four
shear spans; BM6 is a continuous beam with a high

amount of body reinforcement, but it does not have
shear reinforcement.

Table 1 details the properties of concrete and reinforce-
ment used in the test beams. The reinforcement included
two types: stirrups with a diameter of 6 mm, and 20M (19.5
mm diameter) bars for the bottom reinforcements. The
properties of the reinforcement are given in Table 2. The
beams had concrete strengths between 26.1 and 36.9 MPa.
The maximum aggregate size used was 10 mm. Fig. 2 pre-
sents the typical dimensions of the tested deep beams, both
single-span and double-span. The dimensions specified are
A=750mm, B=300 mm, C=450 mm,and D =1000 mm.

Table 1. Concrete and reinforcement properties of the tested beams (Rogowsky et al. 1986).

Top reinforcement Bottom reinforcement Web reinforcement

Beam models I\/ﬁ’a Number-  Af, d Number-  Af; d Number of Number of
diameter (kN) (mm) diameter (kN) (mm) stirrups horizontal bars
1 26.1 - - - 6-20M 114 950 4 =
2 268 2-6mm 162 980 6-20M 114 950 4 4
3 28.9 4-20M 114 950 3-20M 114 975 4 =
4 28.5 4-20M 114 950 3-20M 114 975 = 4
5 36.9 4-20M 121 950 3-20M 121 975 16 -
6 358 4-20M 121 950 3-20M 121 975 - 12

Table 2. Properties of steel reinforcement used in tested beams (Rogowsky et al. 1986).

Bar diamater Asfy Yield Ag E Ity
(mm) (kN) strain (mm?) (MPa) (MPa)
20 114 0.00185 302 205400 377-380
6 16.2 0.00210  37.8 273000  428-573
2200 4400
300
(@) —1 (b)
B B B B
_ —
(@] O
200 A B A 200 200 A B A |200] A B A 200

Fig. 2. Typical dimensions of the reference beams: (a) Single-span; and, (b) Double-span.

4. Summary of Experimental Observations

The study of beams BM1 to BM6 showed different fail-
ure patterns. BM1 had significant early cracks and a brit-
tle failure due to strong concrete struts. BM2 failed from
concrete crushing at strut ends, with early strut for-
mation. BM3, moderately ductile, failed due to concrete
strut failure, with major cracks appearing under signifi-
cant load. BM4 exhibited clear strut formations and
failed due to crushing at the strut's top. BM5 had major
cracks and less pronounced struts, failing in shear com-
pression at the strut's upper end. BM6, similar in crack-
ing, also failed due to shear compression at the struts’
upper ends, with some handling damage noted.

Experimental observations (Rogowsky et al. 1986)
identified two main behavior patterns in deep beams.
Beams without or with minimal web transverse rein-
forcement (stirrups) exhibited tied-arch action at failure,
independent of the amount of horizontal body reinforce-
ment. These beams, structured with minimal reinforce-
ments, typically failed in a brittle manner following a
tied-arch pattern. Conversely, beams with substantial
amounts of transverse reinforcement demonstrated
more ductile behaviors. This distinction highlights the
significant impact of reinforcement type and amount on
the failure characteristics of deep beams.

Although designing beams without stirrups is not per-
missible in practical applications, the referenced experi-
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mental study, which forms the basis of this research,
aimed to investigate the influence of reinforcement on
beam behavior and strength rather than develop design
strategies. Shear reinforcement was intentionally re-
moved or omitted on one side of the beams to isolate and
examine its impact on shear strength and structural be-
havior. Similarly, this study focuses on replicating those
experimentally tested configurations using finite ele-
ment models to validate the numerical approach against
established experimental results and ensure its reliabil-
ity in simulating such scenarios.

5. Description of Finite Element Modeling
5.1. Element and material models

In the modeling of the reference deep beams, LS-DYNA
was used. In the modeling, the concrete part of the beam
was represented by "Solid 1," an eight-node constant-
stress solid element (standard solid element model in the
software). The beam's transverse and longitudinal rein-
forcements, which in reality undergo deformations due
to axial load, shear force, and bending moments, were
modeled using two-node beam elements, known as
"Beam 1." (default beam element model in the program).

In the modeling, the concrete elements (solid nodes)
and reinforcement elements (beam nodes) were meshed
similarly and coupled directly. This approach assumes a
perfect bond between concrete and reinforcement, with
no slip occurring at the interface. Such an assumption
simplifies the modeling process and is a commonly used
methodology for representing rebar in concrete struc-
tures in numerical simulations.

Additionally, there are constraint-based contact mod-
els available in LS-DYNA, such as the CONSTRAINED_LA-
GRANGE_IN_SOLID (CLIS) keyword, which can achieve
similar coupling between concrete and rebar without re-
quiring identical meshing. This method ties the displace-
ment of reinforcement nodes to surrounding concrete
nodes, effectively simulating perfect bond behavior. Ac-
cording to Tay et al. (2016), this approach is widely em-
ployed in reinforced concrete modeling and has been
validated for both static and dynamic applications.

In this study, while a direct mesh coupling was used,
CLIS could also have been an effective alternative. Both
methods inherently rely on the assumption of perfect
bond behavior, which aligns with the configurations and
objectives of our research

In the numerical study, a single steel material model
was employed for the reinforcements, and four distinct
concrete models were utilized. These models include:
Mat084/085 (Winfrith), Mat159 (CSCM), Mat072R3
(KCC), and Mat016 (Pseudo-TENSOR). Wu et al. (2012)
examined these models' performance in capturing key
concrete behaviors through single-element simulations
and structural analyses under various load conditions
and compared numerical responses with test data to as-
sess each model's effectiveness in predicting actual
structural responses. These materials were also used
and compared in the analysis of composite plate shear
walls (Polat and Bruneau 2018; Polat 2022a).

Mat003 plastic kinematic material model was used
for the material modeling of the beam reinforcements.
This model demonstrates a bilinear behavior, character-
ized by a unit strain-stress curve as illustrated in Fig. 3.
The required parameters are the yield strength, the elas-
tic modulus (E), the tangent modulus (E:), and the hard-
ening parameter (f5).

Yield

W/

B=1. isotropic hardening

Fig. 3. lllustration of typical stress-strain curve of
plastic kinematic material model.

The Mat003 plastic kinematic material model was
chosen due to its simplicity and efficiency. This model re-
quires minimal input parameters and is computationally
efficient, reducing convergence issues. Given the lack of
detailed steel component test history in the reference
study and the focus of this research on predicting ulti-
mate strength rather than the complete load-defor-
mation behavior, Mat003 was deemed appropriate for
the numerical modeling of beam reinforcements.

The Winfrith Concrete material in the software pro-
gram is represented by two separate material models,
Mat084 and Mat084/085. The Mat084 model includes a
specific formulation designed for structural reinforce-
ment. In contrast, the Mat084 /085 lacks a formulation
tailored for structural reinforcement (LSTC 2017). For
Mat084/085 the amount of reinforcement must be spec-
ified in the analysis model using different elements
through direct, one-to-one modeling. This approach al-
lows for a more detailed and accurate representation of
the reinforcement within the structural analysis. The
formulation of this material is based on the research of
Broadhouse and Neilson (1987) and Broadhouse (1995).
This model is commonly employed in the structural
modeling of concrete under diverse loading conditions.
Its popularity stems from the minimal input require-
ments, which align closely with the properties of con-
crete typically used in engineering applications. A nota-
ble feature of this material model is its capability to ac-
commodate crack planes in three directions per element
(Wittmann et al. 1988). This feature enables the visual
simulation of crack formation in analysis results. The es-
sential material parameters required for this model are
tangent modulus, poisson's ratio, uniaxial compressive
strength, uniaxial tensile strength, crack width, aggre-
gate size.

The Mat159 model, also known as Continuous Surface
Cap Model (CSCM), is one of the most commonly used
concrete models in LS-DYNA. Users have the option to
input their own material properties for normal strength
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concrete or request default material properties (LSTC
2017). This model is noted for its efficiency in simulating
key concrete properties with minimal user input. The pa-
rameters required for the default material properties are
uniaxial compressive strength, and aggregate size. Eval-
uation of this material model has been studied by many
researchers (Murray et al. 2007; Winkelbauer 2015;
Novozhilov et al. 2022)

Mat072R3 material model is also known as the Kara-
gozian & Case Concrete (KCC) Model and utilizes three
shear failure surfaces (LSTC 2017). The foundations of
this concrete material model are based on the Pseudo-
TENSOR Model (Material Type 16). The latest version,
referred to as Rel3 or Version 111, generates the required
concrete material parameters used in this study based
on simple concrete properties. The model is based on
partially associative plasticity theory and has the ability
to replicate a wide range of concrete behaviors, includ-
ing hardening, softening, rate effects, confinement, shear
dilatancy, and fracture. The model's effectiveness under
various loading conditions has been demonstrated by re-
searchers (Wu and Crawford 2015).

The Mat16 model, being a pseudo-tensor model, is
particularly suited for materials that exhibit complex
mechanical responses, including non-linear behavior,

-
I "

(b)

(a)

Fig. 4. Finite element models for BM1 and BM3:

Displacement Curve

10

A (mm)

Time

Fig. 5. Time-displacement curve used in analyses.

The tolerances used in the nonlinear analyses were
set to the default values provided by LS-DYNA for im-
plicit simulations to ensure consistent and reliable con-
vergence. Specifically, the convergence tolerance for re-
sidual forces (TOL) was set to 1.0x10-°. The minimum al-
lowable time step size (Atmin) was 1.0x108, while the
maximum allowable step size increment (Atmax) was
0.004.

.

anisotropy, and rate dependency. The material has been
used to analyze embedded steel-reinforced concrete
structures subjected to impulsive loads. This model is
highly suitable for the application of standard geological
models such as the Mohr-Coulomb yield surface with the
Tresca limit (LSTC 2017).

5.2. Definition of finite element analysis

Fig. 4 shows the finite element models developed for
the BM1 and BM3 beams, illustrating the concrete and
reinforcement components separately. The analyses
were conducted using displacement-controlled loading.
Fig. 5 presents the displacement curve established for
the analysis, where the horizontal axis (abscissa) repre-
sents time, and the vertical axis (ordinate) indicates dis-
placement in millimeters. A displacement of 10 mm is
characterized as a linear increment over a 1-second time
interval. In the numerical model, this displacement was
uniformly applied to the top surface nodes of the column
at the mid-span of the beam. Nonlinear analysis was ex-
ecuted using the implicit solution algorithm in the soft-
ware. In this solution approach, the predefined displace-
ment curve is applied in loading steps (dt) of 0.001 sec-
onds.

(a)

(a) Concrete part; (b) Reinforcement layout.

The shear strengths of the analysis models were ob-
tained by adding up the shear forces generated in each
span (left and right) of the beam. For instance, in the nu-
merical model, the shear force demand for the left span
of the beam model was determined by measuring the ax-
ial force demand (in the z direction) at a cross-section
located at the beam's left support. Likewise, the shear
force demand for the right span was ascertained by
measuring the axial force demand at a cross-section at
the right support. The overall shear carrying capacity of
the numerical model was calculated as the sum of these
two support reactions (i.e, V1 + V2).

It should be noted that a convergence study was con-
ducted to establish the appropriate element sizes for the
numerical beam model. Considering the distribution of
transverse and longitudinal reinforcements and their
spacings within the concrete of the beam, two element
sizes were evaluated: 50 mm and 25 mm. These sizes
were selected to enable as accurate as possible modeling
of the reinforcements, resembling the actual tested spec-
imen. The nodes of the beam elements used for rein-
forcements were aligned with the nodes of the solid ele-
ments, allowing the reinforcement to be coupled in dis-
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placements with the concrete. This was achieved by
merging the mutual nodes, ensuring that the reinforce-
ment elements and the concrete elements moved in a de-
pendent manner. To facilitate this integration, the di-
mensions of the reinforcement beam elements were
made identical to those of the solid elements, that is, 50
mm or 25 mm in length.

Note that the element sizes used in this study (50 mm
and 25 mm) were chosen considering the geometrical di-
mensions of the beam, the layout of the main and shear
reinforcement, and the spacing between the rebars. Us-
ing finer meshes would result in excessively short beam
elements for the reinforcement, given the 20mm diame-
ter of the rebar. This could introduce numerical inaccu-
racies and undesired effects in the modeling of reinforce-
ment behavior. Additionally, finer mesh resolutions
would significantly increase computational cost. While
intermediate sizes between 50mm and 25mm could im-
prove robustness, the current configurations were
deemed sufficient for accurately predicting ultimate
strength within the scope of this study.

The model was set up as a simply supported beam
with fixed boundary conditions at one end and roller
support at the other, restricting vertical and transverse
displacements while allowing longitudinal translation.
Prescribed displacements were applied at the load appli-
cation points. For the mesh sizes used, the total number
of degrees of freedom (DOF) was approximately 78,000
for the 50mm mesh and 264,000 for the 25mm mesh.
The beam reinforcements were modeled using beam el-
ements coupled to the concrete solid elements through a
constraint-based coupling method to simulate a perfect
bond. The concrete was represented with the Mat084
material model, and the reinforcement with the Mat003
plastic kinematic material model. Hourglass control was
applied to maintain numerical stability.

Fig. 6 displays the shear force-deflection curves de-
rived from the nonlinear inelastic analysis results of the
numerical beam models with two distinct mesh sizes.
Additionally, the figure includes the experimentally de-
termined maximum shear force capacity of the reference
beam for comparison purposes. The findings from these
outcomes reveal that the analysis result obtained with
the model featuring a 50mm mesh size exhibited a
strength that surpasses the actual beam strength upon
comparison. Conversely, the analysis results from the
model with a 25 mm mesh size exhibited a strength
lower than the former and its results closely aligned with
the actual beam's maximum shear strength.

It should be noted that the observed jumps in Fig. 6 are
aresult of the behavior of the numerical model during the
nonlinear analysis, particularly in relation to the concrete
material model (Mat084) used in the convergence study.
The Mat084 concrete model has the ability to simulate
concrete cracking, which results in the formation of sud-
den shear cracks in the beam. This leads to abrupt
changes in the structural response, causing the sudden
drops in the observed beam strength displayed in Fig. 6.

However, it is important to note that the finite ele-
ment (FE) simulation used in this study does not explic-
itly model concrete failure or element erosion. As a re-
sult, the model does not capture the softening behavior

of the concrete or the subsequent beam failure after
reaching the maximum strength. This limitation contrib-
utes to the sharp transitions observed in the load-deflec-
tion curves.

Convergence Study

1500

1250

—
(=]
(=
(=]

Force (kN)
~
W
S

W
(=
(=]

——50mm
—25mm| |
= =Test B
T T T T

4 6 8 10
Deflection (mm)

[N

[

(=]
1

(=)
(=)
[3)

Fig. 6. Comparison of the numerical model results for
the convergence study.

6. Finite Element Analysis Results

In this section, comparisons are made of the global
load-displacement curves of beams subjected to nonlin-
ear inelastic analyzes using different concrete materials,
taking into account the experimentally measured beam
strengths. Additionally, the axial force demands on the
reinforcements for each model are examined. This ap-
proach allows for a comprehensive assessment of how
different concrete materials affect the overall structural
response of the beams, as well as the specific demands
placed on the reinforcements under different material
models.

It should be noted that comparing the overall beam
behavior, such as force-displacement analysis, requires
explicit modeling of not only the specimen but also the
test setup itself. This is because the stiffness of the tested
specimen can be influenced by various factors, such as
deformation in the loading equipment, stiffeners, or slip-
page at the beam supports. Properly replicating these
conditions in the FE model is a demanding task and re-
quires careful calibration, including considerations such
as friction between components, the modulus of elastic-
ity of the concrete, and other parameters. Due to these
complexities, no attempt was made to calibrate the stift-
ness of the numerical models or to replicate the entire
nonlinear behavior of the specimens. Instead, the focus
of the study was on predicting the ultimate strength of
the beams, which is independent of these factors. The de-
cision to prioritize ultimate strength stems from its in-
herent stability against variations in external testing
conditions, ensuring a more robust comparison of mate-
rial models.

The analysis results indicate that the beams exhibit a
truss-like behavior within the concrete, characterized by
the formation of diagonal compression struts. Fig. 7 pre-
sents the minimum principal stress contours for BM1
across the different concrete material models. These
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contours highlight the development of diagonal com-
pression struts, which are crucial for understanding the
distribution of internal stress and overall structural per-
formance of the beams. The stress contours for the
Mat084 and Mat159 models are significantly more pro-
nounced than those for the Mat072R3 and Mat016 mod-
els, reflecting the varying responses of the beams under
the specified deflection. This distinction in stress con-
tour prominence corresponds to the differing strengths
retained by the beams under load. Specifically, the
beams analyzed with the Mat084 and Mat159 models
maintain a greater degree of strength, while those ana-
lyzed with Mat072R3 and Mat016 exhibit moderate to
significant strength losses, respectively. In the case of the
Mat072R3 model, there is a notable localized loss of min-
imum principal stress, which is attributed to the signifi-
cant yielding of the shear reinforcements at the given de-
flection. This yielding alters the stress distribution
within the concrete, affecting the formation and integrity
of the diagonal compression struts. These phenomena,

particularly the reinforcement behavior and its impact
on stress distribution, are explored in greater detail in
the force-displacement curves discussed in the subse-
quent sections.

Fig. 8 illustrates the minimum principal stress con-
tours for BM3 across the different concrete material
models analyzed in this study. The results reveal that the
formation of compression struts is notably pronounced
in the interior shear spans of the beam compared to the
exterior spans. This indicates that the force distribution
is more concentrated in the interior spans of these dou-
ble-span beams, making them more critical in terms of
load transfer. Consequently, the reinforcement in the in-
terior shear spans is expected to experience more signif-
icant yielding than that in the exterior spans. This obser-
vation aligns with the force-flow mechanisms typical of
such structural systems and is further explored in detail
in the following sections of the study, where the impact
of reinforcement and material behavior on the overall
structural performance is thoroughly analyzed.
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Fig. 7. Minimum principal stress distributions of BM1 at deflection of 7.5mm:
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Fig. 8. Minimum principal stress distributions of BM3 at deflections of 7.5mm:
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016.

6.1. Global load-displacement response

Fig. 9 shows the shear-deflection response of the nu-
merical simulations for six reference beams (BM1, BM2,
BM3, BM4, BM5, and BM6) derived from nonlinear ine-
lastic FE analysis. The behavior of each beam model was
assessed using four different concrete material models
(specifically, Mat84 /85, Mat159, Mat071R3, and Mat16)
alongside a single steel material model (Mat003 Plastic
Kinematic). Fig. 9 also includes experimentally meas-
ured maximum shear strengths of the beams for compar-
ison with the numerical outcomes.

For BM1, the experimentally measured maximum
strength was 1204 kN, achieved at a deflection of ap-
proximately 5.5 mm. The numerical predictions for max-
imum shear strength using different material models
yielded the following results: Mat084/085 approxi-
mated 1190 kN at 5.5 mm deflection, Mat159 predicted
1282 kN at 5 mm, Mat072R3 estimated 1079 kN at 4.7
mm, and Mat016 calculated 1085 kN at 2.5 mm. The dis-
crepancies between these numerically obtained values
and the experimental measurement were 1.2%, 6.4%,
10.0%, and 9.8%, respectively.

For BM2, the experimentally measured maximum
beam strength was 1500 kN, achieved at a deflection of
approximately 6.2 mm. It is important to note that BM2,
in contrast to BM1, featured distributed body reinforce-
ment. Regarding the numerical models, using
Mat084/085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately
1202 kN at 2.27 mm deflection, 1361 kN at 6.3 mm, 1119
kN at 4.4 mm, and 1110 kN at 5.7 mm, respectively. The
discrepancies between these numerically obtained results
and the experimentally measured value were about
19.86%, 9.26%, 25.3%, and 25.9%. When comparing the
actual strengths of BM1 and BM2, it is observed that the
inclusion of body reinforcement in BM2 increased the
beam strength from 1204 kN to 1500 kN, indicating a sub-
stantial increase of 24.58%. However, this enhancement
in strength was not reflected in the numerical results.

For BM3, the experimentally determined maximum
strength of the beam was 2170 kN, achieved at a deflec-
tion of approximately 6.1 mm. It's noteworthy that BM3
is a continuous beam with shear reinforcement across all
four spans. In the numerical models using Mat084/085,
Mat159, Mat072R3, and Mat016, the predicted maxi-
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mum shear strengths were approximately 1950 kN at
2.27 mm deflection, 2263 kN at 6.3 mm, 1830 kN at 4.4
mm, and 1740 kN at 5.7 mm, respectively. The differ-
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Fig. 9. Shear-deflection curves: (a) BM1;( b) BM2; (c) BM3; (d) BM4; (e) BM5; (f) BM6.

For BM4, the experimentally measured maximum
strength of the beam was 2176 kN, achieved at a beam
deflection of approximately 7.0 mm. Notably, BM4 is a
continuous beam with body reinforcement extending
through all spans, but it lacks shear reinforcement. In the
numerical models using Mat084/085, Matl159,
Mat072R3, and Mat016, the predicted maximum shear
strengths were approximately 2035 kN at 5.0 mm deflec-
tion, 2240 kN at 6.2 mm, 1810 kN at 2.2 mm, and 1770

kN at 1.7 mm, respectively. The discrepancies between
these numerically obtained results and the experimen-
tally measured value were about 6.5%, 2.9%, 16.8%, and
18.7%. Upon comparing the actual strengths of BM3 and
BM4, and considering that BM3 used stirrup reinforce-
ment while BM4 used web reinforcement without stir-
rups, it was observed that stirrups contribute to a
greater increase in beam strength than body reinforce-
ment.



34 Polat and Karaman / Challenge Journal of Structural Mechanics (2025) 11(1) 24-41

For BMS5, the experimentally measured maximum
strength of the beam was 2571 kN, achieved at a beam
deflection of approximately 8.5 mm. It's important to
note that, similar to BM4, BM5 is a continuous beam with
body reinforcement throughout all spans but lacks shear
reinforcement. In the numerical models using
Mat084 /085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately
2385 kN at 5.0 mm deflection, 2840 kN at 6.1 mm, 2120
kN at 2.1 mm, and 2100 kN at 1.7 mm, respectively. The
differences between these numerically obtained results
and the experimentally measured value were about
7.2%, 10.5%, 17.5%, and 18.3%. When compared to
beams with lighter shear reinforcements, it was ob-
served that the use of heavy stirrups in BM5 significantly
enhanced the beam strength.

For BM6, the experimentally measured maximum
strength of the beam was 2198 kN, reached at a deflec-
tion of approximately 5.5 mm. Notably, BM6 is a contin-
uous beam with heavy horizontal body reinforcement
spanning all spans but lacks shear reinforcement. It's
also important to acknowledge that the specimen suf-
fered some damage during handling, which might impact
the realism of the comparison. Nonetheless, similar nu-
merical model comparisons were conducted for this
beam as well. Using the numerical models with
Mat084 /085, Mat159, Mat072R3, and Mat016, the pre-
dicted maximum shear strengths were approximately
2430 kN at 6.0 mm deflection, 2780 kN at 6.1 mm, 2120
kN at 1.8 mm, and 2100 kN at 1.2 mm, respectively. The
discrepancies between these numerically obtained re-
sults and the experimentally measured value were about
10.6%, 26.5%, 3.5%, and 4.5%.

The observed differences in the results between the
material models are due to the inherent mathematical
formulations and assumptions underlying each model.
These models differ in how they represent concrete be-
havior under varying loading conditions, including
stress-strain relationships, failure criteria, and damage
mechanisms.

MATO072R3 (K&C Model) utilizes three failure sur-
faces to capture yield, maximum, and residual strength.
However, it often overestimates the degradation of com-
pressive strength and does not account for stiffness re-
duction under loading, leading to discrepancies in
strength and deformation predictions. MAT084/085
(Winfrith Model), based on a smeared crack approach,
assumes elastic-perfectly plastic behavior in compres-
sion with bilinear strain softening in tension. While ef-
fective in some applications, it may not capture strength
degradation under highly nonlinear scenarios. MAT159
(CSCM Model) uses a continuous surface cap model that
combines shear failure and hardening compaction sur-
faces, allowing simulation across a wide range of stress
states. Although versatile, it can overestimate parame-
ters like tensile fracture energy. MAT016 (Pseudo-Ten-
sor Model) is a simpler model with lower computational
requirements but limited accuracy in capturing complex
stress states and nonlinear behavior.

The differences arise primarily due to how each
model addresses key aspects of concrete behavior. Ad-
vanced models like MAT159 incorporate explicit damage

mechanics, whereas others, like MAT084, use smeared
approaches. Stress-strain relationships differ in how
they handle tension softening, compression hardening,
and strain rate effects. Additionally, variations in yield
surfaces and failure envelopes significantly influence
strength and deformation predictions.

6.2. Axial force demands of stirrups

In this section, axial force demands in the beam stir-
rups under a range of beam deformations (i.e., A=1, 2.5,
3.0, 3.5, 6.0, 10 mm) are examined considering different
concrete models. Due to page limitations, the results are
discussed using only two beam models: BM1, represent-
ing a single-span beam, and BM3, representing a contin-
uous beam. For BM1, the analysis covers the four shear
reinforcements located in the left shear span, positioned
at distances of 350 mm, 500 mm, 650 mm, and 800 mm
from the beam's left end. In the case of BM3, the results
pertain to eight shear reinforcements. These are located
in both an interior and an exterior shear span of the
beam's half symmetric span. Specifically, the shear rein-
forcements in the exterior shear span are placed at dis-
tances of 350 mm, 500 mm, 650 mm, and 800 mm from
the left end of the beam. Those in the interior shear span
are situated at 1400 mm, 1550 mm, 1750 mm, and 1850
mm from the left end.

For BM1, the axial force distribution for each stirrup
is detailed in Fig. 10 to 12, corresponding to the mate-
rial models Mat084/085, Mat159, and Mat072R3. No-
tably, results pertaining to Mat016 are excluded, as
they were deemed unreasonable. When analyzing the
distribution of axial forces in the four shear reinforce-
ments located in the left span of the BM1 model, a no-
table observation is that the axial forces concentrate in
a specific region along the length of the reinforcement.
This concentration of axial forces correlates with the
diagonal compression strut shape illustrated in Fig. 7.
Essentially, the length of the shear reinforcement expe-
riencing the most significant axial force concentration
corresponds to the region where the minimum princi-
pal stresses occur in the concrete. This indicates a di-
rect relationship between the stress patterns in the
concrete and the distribution of axial forces within the
shear reinforcements.

When analyzing the axial force demands on the shear
reinforcement for different concrete models, it was
found that yielding in the reinforcements was most pro-
nounced in the Mat072R3 model, followed by the
Mat084/85 model, and least in the Mat59 material. For
the Mat159 model, yielding was observed only in the sec-
ond shear reinforcement (located at X=500mm) at the
maximum deformation of 10mm. The other shear rein-
forcements in this model generally remained within the
elastic range. In contrast, for both the Mat84/85 and
Mat72 models, the onset of yielding in the shear rein-
forcement began at approximately 6 mm deformation. In
these two material models, yielding was observed in al-
most all of the four shear reinforcements within the
shear span, indicating a more widespread distribution of
yielding across the reinforcements in response to beam
deformation.
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Fig. 12. Axial force demands of stirrups of BM1 using Mat072R3.

For BM1, the axial force distribution for each stirrup
is detailed in Fig. 13 to 15 corresponding to the material
models Mat084 /085, Mat159, and Mat072R3. In the ex-
amination of the axial force distribution on the eight
shear reinforcements in the first span of the continuous
beam BM3 model, a pattern similar to that observed in
the BM1 model is evident. The axial forces on the shear
reinforcements in BM3 are found to concentrate in spe-
cific regions along the lengths of the reinforcements.
These areas of concentration align with the pattern of the
diagonal compression struts, as depicted in Fig. 8. This ob-
servation indicates that, just as in the BM1 model, the re-
gions on the shear reinforcements where axial forces are
most intense correspond to the areas where the diagonal
compression struts are formed in the concrete.

In the analysis of the axial force demands on the shear
reinforcements in the continuous beam BM3 model, a
notable distinction is observed between the exterior and
interior shear spans. The first four shear reinforcements,
located in the exterior span, experience significantly
lower axial force demands compared to the subsequent
four reinforcements in the interior span. Specifically, for
the Mat72 model, the axial force demands on the rein-

forcements in the exterior span are almost negligible.
Regarding the yield ratios in the shear reinforcements:
In the exterior span, the highest yielding is seen in the
Mat084/85 model, followed by the Mat159 model, and
the least in the Mat072R3 model. In the interior span, the
highest yielding is observed in the Mat072R3 model,
then the Mat84 /85 model, and finally, the Mat159 model.

For the shear reinforcements in the interior span
across all material models, the yield ratios are predomi-
nantly higher in the middle regions of the shear span.
Moreover, all reinforcements yield at the maximum
beam deformation. In the Mat84/85 and Mat72R3 mod-
els, the first yielding in the reinforcements occurs at a
beam deformation of 3.5 mm, while in the Mat159
model, it starts at a deformation of 6 mm. In terms of the
extent of yielding: In the Mat84/85 and Mat72R3 mod-
els, yielding occurs along more than 50% of the rein-
forcement length. For the Mat159 model, this yielding
ratio is around 20%. This analysis highlights the differ-
ences in the axial force demands of shear reinforcements
in different spans and under various material models, es-
pecially in terms of yielding patterns and axial force de-
mands.
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Fig. 15. (continued)



Polat and Karaman / Challenge Journal of Structural Mechanics (2025) 11(1) 24-41 37

1000 (X=1400mm) (X=1550mm) (X=1700mm) (X=1850mm)
900
= 800 l
g 700 Q
= 600 I
B 500 (T H
L
A 4007
g
& 300 \‘
2 200 ‘
8 \
100 a-1) BM3/1.0 ) a-2) BM3/1.0 a-3)BM3/1.0 2-4)BM3/1.0
0 Mat072R3 Mat072R3 Mat072R3 Mat072R3
A I R T ST S S ' OO I T A
Force (kN) Force (kN) Force (kN) Force (kN)
Fig. 15. Axial force demands of stirrups of BM3 using Mat072R3.
The reported findings for the tested beams reveal dif- ond-row reinforcements are positioned 50 mm above

ferent patterns of yielding and failure mechanisms: For =~ the surface. For BM1, the results are presented as the
BM1: Yielding was observed in both the shear and the sum axial force acting on the three bars in a single row.
bottom longitudinal reinforcements before the collapse It's noted that the axial force demands on the second-
of the beam. The distribution of tensile force in the lon- row reinforcements are nearly the same. The average ax-
gitudinal reinforcement at failure was almost constant, ial force demands of the three bars in a single row are
suggesting a uniform stress state along its length. This given at beam deflections of A=1.0, 2.0, 3.0, 3.5, 6.0, and
indicates that both shear and flexural capacities were 10 mm. Note that, the measured tensile strength of the
critical in the failure process; For BM2: Both the shear = reinforcement materials are 114 kN for models between
and longitudinal reinforcements yielded before the BM1 to BM4, and 121 kN for models BM5 and BM6. This
beam collapsed. This suggests a combined influence of  analysis aims to understand how the axial forces in the
shear and flexural stresses leading to the failure, similar longitudinal reinforcements vary under different levels

to BM1; For BM3: Yielding occurred in the main (longi- of beam deformation and how these forces are influ-
tudinal) reinforcement, indicating a flexural failure enced by the reinforcement arrangement and material
mechanism. The beam was described as moderately duc- characteristics in various beam models.

tile, which implies it underwent significant deformation, For BM1, the axial force demands on the longitudinal
typically associated with flexural yielding, before col- reinforcements under increasing beam deformations are
lapsing; For BM4: Yielding in the lower steel reinforce- presented in Fig. 16, considering four different concrete
ment was noted significantly before the collapse, point-  materials. The key observations for this model are as fol-

ing towards a flexural failure mechanism. This early lows: For Mat084/85 and Mat159 Models yielding of the
yielding suggests that the beam's failure was primarily =~ reinforcements is observed. The reinforcements re-

governed by flexural stresses; For BM5: All shear rein- mained elastic up to a beam deflection of 6 mm, with
forcements yielded, leading to the separation of the yielding commencing after this point. In the Mat084 /85
struts, indicative of a shear failure. Additionally, the lon- model, about 65% of the longitudinal reinforcements
gitudinal reinforcements were under tensile stresses yielded, while in the Mat159 model, 50% yielded. Yield-
along the entire length of the internal shear spans. How- ing started from the midspan and spread towards the

ever, there was a more pronounced decrease in stress supports. Near the supports, a decrease in axial force de-
towards the ends of the span compared to the BM3 mands was noted, suggesting that the reinforcements re-

model, suggesting different stress distributions and pos- mained elastic in these areas. For the Mat072R3 model,
sibly different failure mechanisms between the two  the reinforcements stayed elastic throughout the entire
beams. beam length. However, the axial force demands de-
creased from the midspan towards the supports. The ax-

6.3. Axial force demands of main reinforcements ial forces reached about 70% of the yield strength of the
reinforcements. For the Mat016 model, after a beam de-

In this section, the axial force demands of the longitu- flection of 2 mm, the axial force demands on the longitu-
dinal reinforcement bars located in the bottom regions dinal reinforcements remained constant along the entire
of the beams were examined for varying beam defor- length of the beam. These forces corresponded to ap-

mations. The analysis and comparisons are based on the proximately 30% of the yield strength of the reinforce-
BM1 model, representing a single-span beam, and the ments. These findings indicate a significant variation in
BM3 model, representing a continuous beam. To recall the behavior of the longitudinal reinforcements under
the key aspects of the reinforcements in these models: different concrete models and beam deformations.

For BM1 (and BM2) there are two rows of bottom rein- For BM3, the axial force demands on the longitudinal
forcements. Each row consists of 3¢20 bars. For BM3 reinforcements under increasing beam deformations are
(and BM4, BM5, and BM6) there is only single row of bot- presented in Fig. 17, considering four different concrete
tom reinforcements, with each row also containing 3¢20 materials. The single bar yield strength for this beam is
bars. The positioning of the reinforcements is such that 114 kN, resulting in a total yield force of 342 kN for the
the center of the first-row reinforcements is located 25 bottom row of beam reinforcement. Yielding occurred in
mm above the concrete's outer surface, while the sec- all models that used the four different concrete materials.
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Fig. 16. Axial force demands of longitudinal reinforcement of BM1:
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016.
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Fig. 17. Axial force demands of longitudinal reinforcement of BM3:
(a) Mat084/085; (b) Mat159; (c) Mat072R3; (d) Mat016.
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In the Mat084/85, Mat159, and Mat072R3 models,
yielding in the reinforcements started at approximately
3.5 mm beam deformation. The axial force demands in
the reinforcements of these three models showed simi-
lar behavior along the beam length, with axial force dis-
tributions being generally symmetric across both spans.
In these models, the axial force demand in the reinforce-
ments reached its peak in the midspan of the beam
spans, then decreased and approached zero towards the
mid-span and end supports. In contrast, the Mat016
model displayed a different behavior, with reinforce-
ment yielding observed only under high beam deflection,
specifically at 10 mm. The distribution of axial force de-
mands in the reinforcements along the beam length in
this model was different from the other three models.
While the other three concrete models had almost zero
axial force demand in the central support region, the re-
inforcements in this region in the Mat016 model experi-
enced some level of force demand.

These observations indicate a range of behaviors in
the longitudinal reinforcements under varying concrete
models and beam deformations. The yielding patterns,
axial force demands, and their distribution along the
beam length vary significantly, reflecting the influence of
concrete material properties and the structural response
to loading.

7. Conclusions

This study presents an efficient and cost-effective
method for evaluating the shear capacity of reinforced
concrete deep beams using LS-DYNA, offering a reliable
alternative to extensive experimental testing. The analy-
sis of four different concrete models provided insights
into the most accurate approaches for predicting beam
capacities. These findings can be important for enhanc-
ing the resilience of critical urban infrastructure, such as
bridges and foundations. By optimizing deep beam de-
signs, engineers can create more durable, disaster-re-
sistant structures, contributing to the long-term sustain-
ability and safety of rapidly growing cities. The study has
the following outcomes:

o Significant differences in strength predictions and the
distribution of reinforcement forces among different
material models were observed. Among the various
materials used, the Mat159 model provided the most
accurate estimate of the experimentally measured
beam shear strength. While the beam strengths ob-
tained with this material are on the conservative side,
the percentage differences between the computa-
tional results and the values measured in experi-
mental studies were found to be 6.4%, 9.3%, 3.8%,
2.9%, and 10.5% for BM1, BM2, BM3, BM4, BM5, re-
spectively. For BM6, the difference was notably
higher at 26.5%. It is important to note that the BM6
model experienced damage during the test setup.
Moderate prediction was achieved using the
Mat084 /85 model. The analysis results obtained us-
ing the Mat072R3 and Mat016 models underesti-
mated the measured beam carrying capacity values.
The analysis results obtained using the Mat016 model

exhibited very poor performance in predicting the
measured beam carrying capacity, as well as the prin-
cipal stress distributions within the beam and the ax-
ial force demands on the beam reinforcements.
Similar to the findings in experimental studies, an
analysis of the minimum principal stress distributions
in the beams showed that a truss mechanism, made
up of struts, was formed regardless of the amount and
configuration of reinforcement. However, it was ob-
served that the struts in double-span beams were
more prominently developed in the interior spans as
compared to the exterior spans. This finding suggests
that in two-span deep beams, the inner spans are
more critical than the outer spans and should be rein-
forced with more shear reinforcement.

The minimum principal stresses in the diagonal com-
pression struts along the shear span did not exceed
the concrete's compressive strength, yet stress con-
centrations are found near the strut ends at the top
and bottom surfaces of the beam, aligns with experi-
mental findings. This highlights the importance of
these areas, as crushing in concrete is typically ob-
served in these regions of the struts.

The numerical analyses results showed that the longi-
tudinal reinforcement in the beams does not contrib-
ute to the beam strength, while an increase in the
amount of shear reinforcement does enhance beam
strength. This outcome of the numerical models is
consistent with experimental findings.

When examining the axial force demands on the shear
reinforcement for different concrete models, yielding
in the reinforcements is observed most prominently
in the Mat072R3 model, followed by the Mat084 /85
model, and finally, the Mat159 material. It has been
observed that the yielding of shear reinforcements oc-
curred within the dimensions of the diagonal com-
pression struts observed in the principal stresses of
concrete. Outside these dimensions, the shear rein-
forcements remained elastic. This finding is im-
portant as it indicates the localized nature of yielding
in shear reinforcements and highlights the signifi-
cance of the diagonal compression struts in the struc-
tural behavior of reinforced concrete beams.

When analyzing the axial force demands on the bot-
tom longitudinal reinforcements of beams for differ-
ent concrete models, it was found that these demands
are consistent with experimental observations. Upon
examining the axial force demands on the bottom lon-
gitudinal reinforcements of single-span beams for
various concrete models, it was noted that the rein-
forcement yielded in the models using Mat159 and
Mat072R3. In contrast, the reinforcement remained
elastic in the models utilizing Mat084/085 and
Mat016. In the case of double-span beams, however,
reinforcement yielding was observed in all the mate-
rial models used.

The study's primary objective—predicting the
strength values of reinforced concrete deep beams—
was comprehensively addressed through detailed
analyses and validations. The comparison of numeri-
cal results with experimental data demonstrates the
effectiveness of the proposed methodology in accu-
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rately estimating shear strength values. Mat159

emerged as the most reliable concrete model for

strength prediction, achieving close alignment with
experimental measurements across all beam types.

This accuracy highlights the method’s potential as a

robust tool for predicting beam capacities.

e The methodology employed in this study can be
readily adapted for beams with different geometries,
materials, or loading conditions by recalibrating ma-
terial models and boundary conditions. This flexibil-
ity enhances the applicability of the findings, saving
time for researchers and practitioners alike. Fur-
thermore, disseminating these results to the broader
research community enables critical evaluation and
comparison, fostering the refinement of existing
methods.

By employing LS-DYNA's default concrete parameter
options, this study established a cost-effective, reliable
method for deep beam capacity estimation, reducing the
need for extensive experimental testing. This approach
facilitates the exploration of deep beams with various
configurations without significant experimental invest-
ments.
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