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Nonlinear �nite element simulation was once employed to look into the behavior of horizontally curved reinforced concrete deep
beams under concentrated load at its mid-span. �e study focused on the parametric impact of span length-to-depth (L/D) and
span length-to-radius (L/R) ratios. In addition, the e�ect of longitudinal and spacing of shear reinforcement on the behavior of the
beam has been investigated. �e study considered sixteen beam specimens. �ree of these specimens were straight beams as a
control, and others were curved beams.�e concrete-damaged plasticity model has been used to model the beam with C-25 grade
concrete and steel reinforcements having diameters of ∅ 4mm, ∅ 10mm, and ∅ 12mm with 568MPa, 596MPa, and 643MPa
steel grade, respectively. Reduced twenty-noded brick (C3D20R) and two-noded (T3D2) elements have been used for modeling
concrete and steel, respectively.�e ultimate load capacity, the strain distribution, the load-de�ection curve, and the load-twisting
curve are the main outputs of the FE simulation. �e study con�rmed a considerable decrease in load-carrying capacity by up to
8.74% and 27.95% as the (L/R) ratio increased from 0 to 1.57 and the L/D ratio increased from 2.4 to 3, respectively. However, as
the longitudinal steel ratio increased from 0.02042 to 0.02608 and the spacing of shear reinforcement decreased from 100mm to
50mm, the ultimate load capacity is increased up to 9.28% and 4.3%, respectively. Sensitivity evaluation was also conducted to see
howmuch the independent variables (L/D ratio, L/R ratio, longitudinal bar ratio, and spacing transverse reinforcement) a�ect the
dependent parameter (ultimate load capacity).

1. Introduction

Horizontally curved reinforced concrete beams are exten-
sively used in many �elds, such as in the construction of
modern highway bridges, circular balconies, rounded cor-
ners of buildings, and stadium construction. Curved beams
with higher depth are required to resist huge loads and to
ful�ll some aesthetic purposes. Deep beams are structural
members having a larger depth than shallow beams, and the
thickness is much smaller than either depth or span [1]. �e
deep beam is de�ned di�erently as per di�erent codes. �e
beam is classi�ed as a deep beam when the magnitude re-
lation of its e�ective span length L to overall depth D is
smaller than 2, and 2.5 for simply supported and continuous
beams, respectively [2]. In another way, when the beams
have either clear spans, equal to or less than four times the

overall member depth, or regions with concentrated loads
within twice the member depth from the face of the support,
it is considered a deep beam according to [3], and as span
length to overall depth is less than or equal to 3, it is
considered to be deep beams based on [4].�ey dissent from
shallow beams within the sense that strain distribution
across the depth is nonlinear and cannot delineate in terms
of uniaxial stress-strain characteristics [5, 6]. Moreover, the
nonhomogeneous nature of the materials concerned con-
tributes to the complexness of the matter. �erefore, it
becomes necessary to use advanced numerical analysis
procedures to satisfy the safety and economic necessities
during the design of structures.

Di�erent methods are available for analyzing deep
beams. �e strut and tie model (STM) provides structural
engineers with a lot of versatile and intuitive possibilities for
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coming up with structural elements [7, 8]. However, it is
difficult to identify optimum truss configuration because of
its complexness and the inability to predict failure mode. As
a result, it is not widely used [9]. A finite element method is a
good tool for its realistic and satisfactory solutions for the
nonlinearity behavior of reinforced concrete deep beams
[10–12]. Using this method allows exactly investigating
different behavior of concrete members. (ese aspects in-
clude the tension-stiffening, nonlinearity multi-axial mate-
rial properties, modeling of cracking and crushing under
loads, and many other properties related to the behavior of
reinforced concrete members under stress. (e utilization of
finite element methodology contains modeling of the deg-
radation of concrete compressive strength with transverse
tensile strain happens in members subjected dominantly to
torsion and shear stresses. During this study, the damaged
plasticity model, as stated within the general-purpose finite
element package [13], is employed to review the behavior of
beams. (is constitutional modeling is supported with ev-
idence to be the foremost stable regime for modeling
concrete nonlinear behavior. It shows the flexibility to
capture the total concrete behavior up to failure with reliable
accuracy compared to the experimental results [14–18].

Currently, the demand is increasing for constructing
different types of structures to resist different types of
loading, both dynamic and static loading. A deep beam is
one type and can be made with several forms and ar-
rangements to extend its resistance to torsion, shear,
bending moment, fire, and temperature and to suit the
geometric pattern of the building structure. Traditional-style
assumptions concerning section stay plane after bending for
shallow beams did not apply to deep beams [19]. However, it
ought to note existing codes of practices have not adequately
addressed the behavior of deep beams particularly, hori-
zontally curved-deep beams. Most of the studies performed
antecedently primarily targeted the behavior of horizontally
straight deep beams with and without opening [6, 20–25].
However, an investigation has been conducted on the be-
havior of curved-deep beams on the Winkler foundation
using the finite difference method [19]. In a general sense,
the studies performed on the horizontally curved reinforced
concrete deep beam are rare. (e failure behavior of deep
beams is different from that of shallow beams due to ge-
ometry and load transfer mechanism. In addition, the ser-
viceability and failure pattern are not reported of those
structural parts extensively due to the shortage of clear
procedures for the prediction of its behavior.

(erefore, a detailed study of load-carrying capacity,
shear, moment, and torsional behavior of reinforced con-
crete deep beam is required to provide a safe and economic
structure [19]. (ere arises the need for more elaborate
investigations for better understanding and design of deep
beams. (e study has adopted a three-dimensional finite
element model and aimed at investigating the behavior of
the beams. (e focus is to assess the effect of geometric
parameter ratios (L/D & L/R), longitudinal steel ratio, and
stirrups spacing on strain distribution, load-deflection re-
sponse, load-twisting response, and load-carrying capacity
of the deep beams.

2. Materials and Methods

2.1. Material Modeling

2.1.1. Concrete. Compressive Stress-Strain. (e stress-strain
data for concrete are crucial for analysis utilizing the con-
crete-damaged plasticity model. However, the experimental
results have not been reported yet, and only the ultimate
compressive strength of the concrete at 28 days was used.
Concrete with C-25MPa was used. Stress-strain data input is
extracted using Eurocode 2 [20] mathematical model pro-
vision. Concrete behaves linearly within the elastic region
until σco � 0.4σcu, where, σcu � fc

′ � fcm. In this circum-
stance, the value of 0.0022 and 0.0035 was taken at peak and
the nominal ultimate strain, respectively. After reaching this
point, concrete starts to undergo in a plastic fashion and
exhibits some work-hardening up to the ultimate stress, σcu,
followed by strain-softening. Different parameters defining
the concrete-damaged plasticity model were computed as
proposed in [21–23]. Isotropic damaged elasticity in tension
and compression was employed to present the inelastic
behavior of concrete.

Tensile Stress-Strain. (e concrete tensile stress-strain
behavior under uniaxial tensile loading was used for this
particular study. (e tensile stress-strain has been used as
input to model concrete in the concrete-damaged plasticity
model. (e relationship is linear elastic until the peak point,
and then, it induces a strain-softening postpeak response
[13].(e equations proposed in a paper [20, 24] were used to
extract the tensile stress-strain of concrete.

Selection Of Concrete Damage Parameters. Since the
calculations for these parameters involve complex mathe-
matical derivations and assumptions using the yield surface
of the concrete-damaged plasticity model, the proposed
values in other researchers’ work have been used here
[25–30]. (e verification was checked by comparing the
numerical results with published experimental data. Table 1
presents the concrete damage parameter of the study. Table 2
illustrates the summary of concrete properties used for the
modeling.

2.1.2. Steel. Steel is assumed to be an elastoplastic material
and identical in tension and compression with a linear elastic
response up to yield point and hardening stress from yield
point to the ultimate strain. (e study used the steel rein-
forcement with a Poisson ratio of 0.3 and an elastic modulus
of 200,000MPa, and 2.5% of the elastic modulus was used
for the hardening modulus of elasticity [31]. Table 3 il-
lustrates the summary of steel properties and its diameter
used for the model.

2.2. Geometry. Different parts were modeled to cover the
objectives of the study with the FE simulation software
package. (ese parts include concrete plain beam, and
longitudinal and shear reinforcement. Based on independent
variables, sixteen numbers of the sample were considered in
the study. Length-depth ratio, length-radius ratio, longitu-
dinal steel ratio, and stirrups spacing were the main study
parameters in the model. Table 4 illustrates the geometric
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dimension and number of the deep beams used for modeling
in finite element software Abaqus/CAE, to cover the re-
quired objective. Figure 1 shows the geometric description of

sample deep beams including detailed reinforcement for
modeling. Figure 2 indicates the geometric cross section of
the beams.

Table 2: Concrete properties [16].

Concrete properties Elastic modulus (MPa) Poisson’s ratio Compressive strength (MPa) Tensile strength
Magnitude 28960 0.2 25 1.923a

Table 3: Diameter and properties of steel reinforcements.

No Diameter (mm)
Elastic region Inelastic regions Elastic modulus (GPa)

fy (MPa) εy (%) fu (MPa)

1 4 568 0.2840 596.40 200
2 10 596 0.2980 625.80 200
3 12 643 0.3215 675.15 200

Table 4: (e case understudied and the dimension of the deep beams model.

No Beam ID Length (mm) Depth (mm) Width (mm) L/R ratio L/D ratio Long. bar size (mm) Stirrup size (mm)
1 DB10 1200 400 100 — 3 4V4, 4V10, & 4V12 V4c/c100
2 DB11 1200 400 100 1.05 3 4V4, 4V10, & 4V12 V4c/c100
3 DB12 1200 400 100 1.31 3 4V4, 4V10, & 4V12 V4c/c100
4 DB13 1200 400 100 1.57 3 4V4, 4V10, & 4V12 V4c/c100
5 DB20 1200 450 100 — 2.67 4V4, 4V10, & 5V12 V4c/c100
6 DB21 1200 450 100 1.05 2.67 4V4, 4V10, & 5V12 V4c/c100
7 DB22 1200 450 100 1.31 2.67 4V4, 4V10, & 5V12 V4c/c100
8 DB23 1200 450 100 1.57 2.67 4V4, 4V10, & 5V12 V4c/c100
9 DB30 1200 500 100 — 2.4 4V4, 4V10, & 6V12 V4c/c100
10 DB31 1200 500 100 1.05 2.4 4V4, 4V10, & 6V12 V4c/c100
11 DB32 1200 500 100 1.31 2.4 4V4, 4V10, & 6V12 V4c/c100
12 DB33 1200 500 100 1.57 2.4 4V4, 4V10, & 6V12 V4c/c100
13 DB11-L 1200 400 100 1.05 3 4V4, 4V10, & 6V12 V4c/c100
14 DB13-L 1200 400 100 1.57 3 4V4, 4V10, & 6V12 V4c/c100
15 DB11-S 1200 400 100 1.05 3 4V4, 4V10, & 4V12 V4c/c50
16 DB13-S 1200 400 100 1.57 3 4V4, 4V10, & 4V12 V4c/c50

b
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b

L

D
R

R

(b) (c) (d)

Figure 1: Sample geometric description of the deep beam and steel reinforcement. (a) Straight concrete plain beam, (b) curved concrete
plain beam, (c) detailing for straight beam, and (d) detailing for curved beam.

Table 1: Concrete damage parameter.

Eccentricity (c) Dilation angle (ψ) K σbo/σco Viscosity parameter

0.1 31 0.667 1.16 0.0001
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2.3. Element Type andMeshing. Quadratic reduced solid 3D
with twenty-noded brick (C3D20R) and node linear 3D
truss element (T3D2) have been used to model concrete and
steel reinforcement, respectively. Figure 3(a) shows the
meshing type employed during analysis. A 25mmmesh size
has been employed for all models.

2.4.LoadingandBoundaryCondition. Fixed end support has
been considered to model the boundary conditions of the
specimens. (e static concentrated load has been applied at
the mid-span of the beam until it reaches ultimate capacity.
Figure 3(b) shows the loading and boundary conditions of
the beams.

2.5. Validation of FEModel. (e researchers [32] conducted
experimental investigations on horizontally curved rein-
forced concrete beams, which is used as validation of the FE
simulation of this study. (e beam is curved in a circular arc
with subtending an angle of 86 degrees. Single concentrate
load was used to investigate the behavior of the test spec-
imen. Figure 4 illustrates geometry, detailing reinforcement,
boundary condition, and loading condition of the test
specimen. (e material properties presented in Table 5 were
employed in modeling the beam specimen, based on test
data. (e theoretical results obtained from the finite element
analysis showed a good agreement with the experimental
values with a difference of 1.12% and 6% for ultimate loading
and deflection, respectively. Figure 5 presents the compar-
ison of experimental and finite element results. Concrete and
steel properties that were used in the experimental inves-
tigation were applied in modeling FE of this study.

3. Result and Discussion

3.1. Strain Distribution

3.1.1. Concrete. In the reinforced concrete deep beam unlike
normal reinforced beam, the stress-strain distribution is
nonlinear across the cross section. To evaluate the strain
distribution in the concrete section, the reading was taken

along the height of the section at the mid-span of the beam
from the FE simulation of Abaqus software. Since the strain
distribution of all deep beam specimens is similar, one deep
beam specimen (DB-12) was taken as a sample. Figure 6
presents the strain distribution in the concrete section at the
cracking and the ultimate stage of loading at the mid-span
and near support of the beam. (ere is a slight variation of
neutral axis position at cracking and ultimate loading for
both near support and at mid-span. (e slope of strain
versus section height curve is significantly affected when the
comparison is undertaken between cracking and ultimate
loading. (e slope of the curve is flatter at ultimate loading
than at cracking loading for both positions: near support and
mid-span.

3.1.2. Steel Reinforcement. In addition to strain distribution
in the concrete section, the strain distribution in longitu-
dinal reinforcement has been investigated along the length
of the deep beam for both negative and positive rein-
forcement. Figure 7 shows the strain distribution in the
longitudinal reinforcement along the length of the beam at a
different stage (at cracking and ultimate) of loading for both
negative and positive reinforcement of the DB-12 beam
specimen, respectively.(e strain in the reinforcement along
the length is compression in some portions and tension in
some portions. (is is mainly caused due to fixed end
support condition of the beam. Fixed end support results in
tension at top fiber and compression at bottom fiber at near
support and tension at bottom fiber and compression at top
fiber at mid-span of the beam, which is different from simply
supported deep beam. (e strain distribution of one spec-
imen (DB-12) was shown since the strain distribution is
almost the same for all specimens. Each longitudinal rein-
forcement is subjected to both tension and compression
stress along its length, which is caused by the fixed support
condition of the deep beam. Bottom reinforcements are
subjected to compression and tension stress at near support
and around mid-span, respectively. In another way, top
reinforcements are subjected to compression and tension
stress around mid-span and at near support, respectively
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Figure 2: Cross-sectional view of deep beam specimens (a) DB10, DB11, DB12, & DB13, (b) DB20, DB21, DB22, & DB23, (c) DB30, DB31,
DB32, & DB33, (d) DB11-L & DB13-L, and (e) DB11-S & DB13-S.
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3.2. Load Deflection Curve. (e load-deflection responses
were extracted from the FE simulation at the mid-span of the
beam to evaluate the effect of the L/D ratio, L/R ratio,
longitudinal steel ratio, and vertical reinforcement spacing.
Figure 8 presents the effect of the L/D ratio on the load-
deflection response at the mid-span of the specimen. (e
curve shows that, as the L/D ratio of the deep beams increase,
there is a significant decrease in the slope of the load-de-
flection curve under the same center of curvature. (is
implies that, at the same deflection, the load resisted by the
lower L/D ratio is greater than the larger L/D ratio.

In addition, the load-deflection response presented from
FE simulation to study the effect L/R ratio at the mid-span of
the beams. Figure 9 shows the load-deflection curve of the
beam at the mid-span under different L/R ratios by keeping
the L/D ratio constant, which is used to access the effect of
the L/R ratio on the load-displacement response curve of the
beam. It is easily understood from the curve that the slope of
the load-deflection curve is slightly decreased, as the L/R
ratio of the beams increases, when compared to the L/D ratio
effect. (is shows at the same deflection the load resisted by
the lower L/R ratio is larger than the larger L/R ratio. (e

(a) (b)

Figure 3: (a) Meshing and (b) loading boundary condition.
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Figure 4: Curved RC beam test specimen for FE simulation validation [32]. (a) Geometric dimension of test specimen and (b) cross-
sectional dimension with detailing.

Table 5: Material properties of test specimen used for FE simulation [32].

Concrete Steel
E (MPa) 29725 Longitudinal bars Stirrups
f’c (MPa) 40 Es (MPa) 200000 200000
Ft (MPa) 3 Fy (MPa) 384 240
Poisson ratio 0.2 Poisson ratio 0.3 0.3
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decrease in load-carrying capacity/flexural capacity of the
beam is caused due to the development of internal torsion,
which is caused due to aspect ratio (L/R ratio). All specimens
have constant length, but the different radius of curvature
means different L/R ratios. (erefore, the decrease in load-
carrying capacity is caused by the radius of curvature.

Furthermore, the load-deflection curve is presented in
Figure 10 to access the effect of the longitudinal rein-
forcement ratio. (e steel ratio has a significant effect on the
load-deflection response curve. (e slope of the curve is
increased, as the longitudinal steel ratio increases. At the
same loading condition, larger deflection occurs in the lower
steel ratio specimen.

Furthermore, the shear reinforcement spacing was used
as a study parameter, to see its effect on the load-deflection
response of the beams. Figure 11 illustrates the load-de-
flection curve under different spacing vertical shear rein-
forcement with 100mm and 50mm center to center spacing.

(e spacing of shear reinforcement has a significant effect on
the curve because in a deep beam, shear force has a tre-
mendous effect. (erefore, providing shear reinforcement
decreases the effect that arises from the shear force on the
load-carrying capacity of the specimen.

3.3. Load-Twisting Angle Curve. In addition to the load-
deflection curve, the load-twisting angle curve has been
determined using FE simulation results, to investigate the
effect of L/D ratio, L/R ratio, longitudinal steel ratio, and
shear reinforcement spacing. As it has been seen from
Figure 12, the slope of the load-twisting angle significantly
decreased, as the L/D ratio increased under the same aspect
(L/R) ratio. On other hand, Figure 13 shows the load-
twisting angle curve with different L/R ratios and the same L/
D ratio. (e slope of the curve is slightly decreased, as the L/
R ratio increases. (e decreasing slope of the load-twisting
angle curve shows the increase in internal torsion in the
beams due to the L/R ratio.

(e load-twisting angle curve is also significantly af-
fected by the longitudinal steel ratio and the spacing of shear
reinforcement. Figure 14 shows the effect longitudinal re-
inforcement ratio considering other study parameters
constant. (e slope of the curve decreased, as the rein-
forcement ratio increased. (is implies at the same deflec-
tion, a larger load is resisted by the larger steel ratio. In the
same way, Figure 15 presents the load-twisting angle re-
sponse under different spacing of shear reinforcement and
keeping other parameters constant. (e curve confirms the
significance of shear reinforcement on the resistance of the
beam. (e study considered 100mm and 50mm center to
center spacing of shear reinforcement. (is implies under
the same magnitude of loading, a larger twisting angle
developed in the specimen with a lower longitudinal rein-
forcement ratio and larger shear spacing.
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3.4. Ultimate Load Capacity. (e ultimate load capacity of
the beam is also another focus of the study extracted from FE
simulation. Figures 16(a)–16(c) show the ultimate load
capacity that was resisted by a deep beam having an L/D
ratio of 3, 2.67, and 2.4, respectively, under different L/R
ratios. (is confirms that, as the L/D and L/R ratios increase,
the ultimate load capacity is decreased. As the L/D ratio is
increased from 2.4 to 2.67 and 2.4 to 3 the ultimate load
capacity reduced by 14.51% and 27.95%, respectively. In
other cases, as the L/R ratio was increased from 0 to 1.57 the
ultimate load capacity reduced by 5.71%, 6.34%, and 8.74%
for the beam specimen with L/D ratio equal to 3, 2.67, and
2.4, respectively.(is shows that the ultimate load capacity is
significantly affected by the L/D ratio when compared to the
L/R ratio.

(e ultimate load capacity of the beams is also significantly
affected by shear reinforcement spacing and longitudinal steel
reinforcement ratio. (e load-carrying capacity generally in-
creased, as the spacing of shear reinforcement decreased and
longitudinal reinforcement ratio increased, as illustrated in
Figures 17(a) and 17(b), respectively. As the longitudinal steel
ratio increased from 0.02042 to 0.02608, the ultimate load
capacity increased up to 9.28%. In other cases, as spacing shear
reinforcement decreased from 100mm to 50mm for DB-11
and DB-13 specimens, the ultimate load capacity of the beam
increased up to 4.3%. (e analysis result testified that the
longitudinal reinforcement ratio has amore significant effect on
the load-carrying capacity of the beam, as compared to shear
reinforcement spacing.

In general, the reduction of the load-carrying capacity of
the deep beams with the same depth, width, length, and steel
reinforcement is due to the variation of center of curvature,
which mainly causes internal torsional moments in the beam.
Table 6 summarizes the cracking load, ultimate load, ultimate

deflection, and ultimate twisting angle for the whole speci-
mens.(e cracking loading is also significantly affected by the
L/R ratio, L/D ratio, longitudinal reinforcement ratio, and
shear reinforcement spacing. As the L/R increased from 0 to
1.57 and the L/D ratio increased from 2.4 to 3, the cracking
loading of the model specimens is decreased up to 12.35%,
and 26.17%, respectively. In addition, the cracking loading
increased up to 12.30%, as the reinforcement ratio increased
from 0.02042 to 0.02608. Furthermore, the study showed that,
as vertical reinforcement spacing decreased from 100mm to
50mm, the cracking loading is increased up to 7.3%.

3.5. Sensitivity Analysis. Based on the result data obtained
from FE simulation, sensitivity analysis was performed using
rigorous multilinear regression in SPSS software. Equation (1)
shows the empirical relationship between input parameters (L/
D ratio, L/R ratio, longitudinal reinforcement steel ratio, and
spacing of vertical shear reinforcement) and the ultimate load-
carrying capacity of the beam. (e equation shows a negative
relationship between load-carrying capacity and geometric
parameter ratio (L/D and L/R ratios) and spacing of shear
reinforcement. However, the effect of the L/D ratio is more
significant than the L/R ratio based on the coefficient of the
parameters. On other hand, there is a positive relationship
between load-carrying capacity and longitudinal reinforcement
ratio. (e negative coefficient shows that as the input value
increases, the output value decreases and vice versa:

pul � −24.31r − 242.2 d + 11517.7ρ − 0.79099s + 1001.003, (1)

where pul is the beam ultimate load-carrying capacity (kN),
r is L/R ratio (mm/mm), d is L/D ratio (mm/mm), ρ is
longitudinal reinforcement ratio (As/bd), and s is spacing of
vertical shear reinforcement (mm).
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Figure 8: Load-deflection response curves with different L/D ratios of 3, 2.67, and 2.4. (a) Straight beam, (b) beam with L/R ratio equal to
1.05, (c) beam with L/R ratio equal to 1.31, and (d) beam with L/R ratio equal to 1.57.
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Figure 9: Load-deflection response curves with different L/R ratios of 0, 1.05, 1.31, and 1.57. (a) Beam with L/D ratio equal to 3, and
(b) beam with L/D ratio equal to 2.4.
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Figure 10: Load-deflection response curves with different longitudinal steel ratios of 0.02042 to 0.02608. (a) Beam with L/D and L/R ratios
equal to 3 and 1.05, respectively, and (b) beam with L/D and L/R ratios equal to 3 and 1.57, respectively.
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Figure 11: Load-deflection response curves with different spacing of stirrups (100mm and 50mm). (a) Beam with L/D and L/R ratios equal
to 3 and 1.05, respectively, and (b) beam with L/D and L/R ratios equal to 3 and 1.57, respectively.
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Figure 12: Load-rotation response curves with different L/D ratios of 3, 2.67, and 2.4. (a) Beam with L/R ratio equal to 1.05 and (b) beam
with L/R ratio equal to 1.57.
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Figure 13: Load-rotation response curves with different L/R ratios of 1.05, 1.31, and 1.57. (a) Beam with L/D ratio equal to 3 and (b) beam
with L/D ratio equal to 2.4.
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Figure 14: Load-rotation response curves with different longitudinal steel ratios of 0.0011 and 0.123. (a) Beamwith L/D and L/R ratios equal
to 3 and 1.05, respectively, and (b) beam with L/D and L/R ratios equal to 3 and 1.57, respectively.
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Figure 15: Load-twisting angle curves with different spacing of vertical shear reinforcement (100mm and 50mm). (a) Beamwith L/D and L/
R ratios equal to 3 and 1.05, respectively, and (b) beam with L/D and L/R ratios equal to 3 and 1.57, respectively.
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Figure 16: Continued.
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Figure 16: Load-carrying capacity comparison under different L/R ratios. (a) Beam with L/D ratio equal to 3, (b) beam with L/D ratio equal
to 2.67, and (c) beam with L/D ratio equal to 2.4.

Table 6: Summary of outputs from FE simulation.

Beam ID
At first cracking At ultimate

Pcr (kN) Δcr (mm) θcrx10e-3 radian Pult (kN) Δult (mm) θultx10e-3 radian
DB10 185.72 1.702 0.000 424.15 6.490 0.000
DB11 178.41 1.711 3.691 416.51 6.869 55.06
DB12 170.06 1.759 4.220 405.21 7.210 60.48
DB13 163.47 1.845 4.320 399.92 7.614 62.56
DB20 221.70 1.407 0.000 503.29 5.193 0.000
DB21 211.14 1.472 2.818 489.20 5.386 37.07
DB22 202.64 1.505 3.003 481.69 5.611 39.72
DB23 194.33 1.531 2.810 471.36 5.944 43.61
DB30 249.11 1.426 0.000 588.67 4.660 0.000
DB31 239.51 1.435 2.183 559.09 4.927 28.46
DB32 230.68 1.392 2.375 543.43 5.300 31.35
DB33 221.40 1.433 2.342 537.20 5.626 34.36
DB11-L 196.82 1.515 3.077 480.06 6.498 52.26
DB13-L 183.58 1.706 4.134 447.75 7.287 59.66
DB11-S 186.62 1.581 3.113 455.16 6.573 52.87
DB13-S 175.41 1.752 4.177 427.82 7.363 60.28
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Figure 17: Ultimate load capacity of beam specimens with different. (a) Vertical shear reinforcement spacing and (b) longitudinal steel ratio.
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4. Conclusion

In this study, the numerical FE simulation was conducted to
investigate the behavior of curved beams, using L/D ratio, L/
R ratio, longitudinal reinforcement ratio, and spacing of
vertical shear reinforcement as study parameters within
Abaqus/CAE finite element software. (e study revealed the
significant effect of the study parameters on the load capacity
of the beams. (e load-carrying capacity of the beam de-
creased up to 27.95%, as the L/D ratio increased from 2.4 to
3. In addition, as the L/R ratio increased from 0 to 1.57, the
load-carrying capacity decreased up to 8.74%. Furthermore,
as the longitudinal reinforcement ratio increased from
0.02042 to 0.02608 and the spacing shear reinforcement
decreased from 100mm to 50mm, the load-carrying ca-
pacity increased up to 9.28% and 4.3%, respectively. (e
increase in the L/R ratio resulted in the development of
internal torsion in structural beam elements, which in turn
caused the decrease in ultimate load capacity. (e 3D
nonlinear finite element model adopted is suitable to predict
the load-carrying capacity of the beams in particular and to
evaluate the behavior of the deep beam in general. (e
numerical results are in good agreement with available
experimental results. Furthermore, sensitivity analysis was
performed based on the result obtained from the FE
simulation.
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