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Studying shear capacity in reinforced concrete beams is vital for structural safety and
integrity. Preventing sudden shear failure is essential to avoid catastrophic collapses
and ensure reliable construction performance. ABAQUS is vital for the thorough
analysis of concrete specimens, offering deeper insights into their behavior under
different experimental conditions. This paper explored the correlation between shear
capacity and curvature ductility in high-strength reinforced concrete cantilever beams
subjected to monotonic loading, involving tests on six cantilever beams with cross
sections measuring 200 mm by 300 mm. The study examined how span-to-effective
depth ratios ("a/d") and stirrup spacing influence beam behavior at the plastic hinge
under various failure modes: flexural, shear, and combined. The specimens were
categorized into two groups, with each group comprising 3 beams and 3 values for
each variable. In the first test group, as the a/d ratio increased from 750 to 850 and
then to 1150 mm, shear capacity increased by 99.3% and 16.3%, while curvature
ductility improved by 45.5% and 29.7%. The failure modes included shear, combined,
and flexural, indicating a direct yet non-linear relationship between curvature ductility
and shear capacity. Increasing stirrup spacing from 100 to 150 and then to 300 resulted
in a 37.3% and 59.2% decrease in shear capacity and an 18% and 58.8% reduction in
curvature ductility. This demonstrates an inverse non-linear relationship and a shift in
failure mode from flexural to combined and then to shear.

1. Introduction

Shear capacity in reinforced concrete (RC)
beams refers to their ability to resist shear
forces, preventing sliding failure. This capacity
is affected by concrete strength, cross-sectional
shape, and reinforcement type. Common failure
modes include diagonal tension failure,
characterized by angled cracks, and shear-
compression failure, where concrete in the
compression zone fails under high shear.
Adding stirrups is vital for enhancing shear
capacity, as they control crack spread and
increase strength. Exceeding this capacity can
cause sudden, brittle failures, making
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understanding shear behavior essential in RC
design and analysis [1].

Several factors limit the shear capacity of
reinforced concrete (RC) beams under repeated
loads. Diagonal cracks weaken shear capacity,
while  compression zone crushing can
exacerbate this. Widened cracks reduce
aggregate interlock and shear strength.
Corrosion of longitudinal bars and stirrups
weakens steel, lowering tensile resistance.
Fatigue can degrade the concrete-steel bond,
causing slippage and further reducing shear
resistance. Overall, cyclic loading leads to
deterioration  in  both  concrete and
reinforcement, resulting in reduced shear
capacity [2].
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In continuous and cantilever beams, plastic
hinges form in areas where bending stresses are
the strongest, usually near supports and where
bending moments are highest. When shear
stresses occur along with these bending
stresses, the area around the plastic hinge
experiences greater stress. This can lead to
earlier yielding or failure, particularly in

regions with high shear [3]. Table 1 presents
several empirical models that define the plastic
hinge length (Lp). This length indicates the
region where uniform plastic curvature is
assumed, which helps in evaluating the flexural
deflection and plastic rotation of reinforced
concrete (RC) elements.

Table 1. Empirical Models for Plastic Hinge Length

References  Plastic hinge length (L)
Baker [4]  Co(z/d)"/*d (for RC beams and columns)
Sawyer [5] 0.25d + 0.075z (for RC beams)
Corley[6]  0.5d + 0.2Vd(z/d) (for RC beams)

Mattock [7]

Paulay and [8]

Panagiotakos and Fardis [9]

0.5d + 0.05z(for RC beams)

0.08z + 0.022d,, f,, (for RC beams and columns)

0.18z + 0.021d,,f,,( for RC beams and columns)

The combination of shear and flexural stresses
in the plastic hinge region of RC beams creates
complex stress conditions, leading to bending
deformations and shear cracks. This can
diminish ductility and result in premature
failure if shear strength is inadequate. Proper
detailing of stirrups and longitudinal
reinforcement is crucial to preserve beam
integrity [10].

Curvature in reinforced concrete beams
quantifies the bending of the beam under load
and is defined mathematically as the rate of
change of its slope [11]. It is commonly
measured  experimentally by examining
deflection and strain distribution along the
beam. Strain gauges positioned at various
points record deformation, from which
curvature can be calculated [12].

ABAQUS, a Finite Element (FE) software, was
used to analyze the performance of reinforced
concrete  (RC) beams under different
parameters. It offers a wide range of elements
and material properties, allowing for the
simulation of various geometries and both

linear and nonlinear behaviors typical of
engineering materials [13].

Concrete is a composite material extensively
utilized in  engineering  constructions.
Laboratory research indicates that concrete
exhibits a pronounced nonlinear response when
subjected to uniaxial compression.
Consequently, accurate modeling of reinforced
concrete (RC) necessitates consideration of this
nonlinear behavior [14].

2. Experimental work

This study comprises two main components: a
practical investigation and an analytical study
using the ABAQUS program. The practical
aspect involved examining six samples divided
into two groups, each assessing the effect of a
different variable. The first group analyzed
how varying the shear span to effective depth
ratio (2.82, 3.19, and 4.32) influenced the
results, while the second group evaluated the
impact of stirrups spacing for shear
reinforcement at three distances (100, 150, and
300 mm). The focus was on the shear capacity
within a defined plastic joint region,
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specifically a 300 mm patch from the joint
towards the load application point. Each
sample underwent monotonic loading, and
deflection measurements were taken at the
cantilever tip. Subsequently, these samples
were simulated in ABAQUS based on their
practical test results and failure patterns to

explore the theoretical aspect of shear capacity,
its relationship with the studied variables,
curvature measurements in the targeted area,
and the correlation between shear capacity and
curvature. Figure 1 displays a sample under
examination.

Figure 1. Sample under testing.

3. Input Data

The Concrete Smeared Cracking (CSC) and
Concrete  Damaged Plasticity ~ (CDP)
constitutive models are both available in
ABAQUS. The CDP model is preferred over
the CSC model due to its superior stability.
Widely utilized in various loading conditions,
the CDP model effectively characterizes the
mechanical behavior of reinforced concrete
(RC) and is implemented in the present study.

Table 2 lists the material characteristics of the
examined specimens, including concrete and
steel reinforcement ratios. This study utilizes
six reinforced concrete cantilever beams
divided into two groups of three. The first
group examines the impact of varying the shear
span to effective depth ratio (a/d), while the
second group focuses on altering stirrup
spacing. Figure. 2 and 3 illustrate the details
and geometry of the samples.

Table 2. Specimen details and material properties.

S o Shear Comp. Transverse
2 ) Span Strength Longitudinal R. Target
S § . Tensile R. (Stirrups Failure
2 L a fe (#bar) spacing) Mode
O] ) (mm)  (MPa) (mm)
Aall5 1150 65 3016 300 Flexural
A pAags 850 65 3@16 300 combined
Aa75 750 65 3016 300 Shear
Bs30 750 65 3016 300 Shear
B Bs15 750 65 3016 150 combined
Bs10 750 65 3016 100 Flexural

Note: that for all specimens, height (h) is 266 mm, b is 200 mm, and d is 266 mm, for longitudinal
steel f, is 600 MPa, and for stirrups steel is 550 MPa.

415



Hussein A. Merie, Mazin B. Abdulrahman/ Al-Rafidain Journal of Engineering Sciences Vol. 2, Issue 2, 2024:413-429

The CDP model
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* Note: all dimension in meter and Red text indicates
the variable and its values.

Figure 2. Details and geometry of group (A) samples.

0.800

4816mm
@96mm @ 150 mm

o

’7 @6mm @ 300 mm

j 2@12mm

v

- 0.300—

—'0.200

Sec.1-1

1.250

a=0.750

Y} s=04, o.:.s&o.aﬂl

@

0.700

I
\
!
@

fc =65

inJerested area

Mp

2.350

— 3016mm
F— @6mm @ 100, 150 & 300 mm

Loo — 2@12mm l\
Values of variables(100, 150& 300 mm). §
Variable of group (Stirrups Spacing). \k
Group Symbol. L
~—'0.200
Gro“p (B) Sec.2-2

* Note: all dimension in meter and Red text indicates

the variable and its values.

Figure 3. Details and geometry of group (B) samples.

requires defining five

parameters including:

1.

The eccentricity of the hyperbolic flow
potential (&) indicates the point at which
the hyperbolic ~ flow  potential
approaches its asymptote. In ABAQUS,
the default value is set to 0.1[15].

2.

The viscosity parameter, specifically
the relaxation time of the viscous
system, is set to a default value of zero
in ABAQUS. However, to enhance
convergence in certain problems, it may
be beneficial to assign a small positive
value [16].
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3. The ratio of the second stress invariant
in the tensile meridian to that in the
compressive meridian, with maximal
principal stress at (-kc), is a parameter
for defining the yield surface of the
concrete plasticity model. ABAQUS
defaults kc to 0.667 [17], while test
results indicate kc ranges from 0.5 to 1.

4.  The initial equiaxial compressive yield
stress is divided by the initial uniaxial
compressive yield stress (fbo/fc,), with
a default value of 1.16 in ABAQUS
[17].

5. The dilation angle (y) represents the
inclination of plastic potential under
confining pressure. In ABAQUS, vy can
range from 0° to 56°. Lower values lead
to more brittle concrete behavior. This
research selected a dilation angle of 31°
[18].

4. Geometric Modelling
All finite element models for this investigation
were assembled in four parts.
e The length of the beam and the
dimensions of the concrete section.
e Longitudinal steel reinforcement of the
beam.
e Stirrups reinforcement of the beam.
e Steel plate for load and support.

The preliminary phase in the fabrication of the
components involved creating detailed cross-
sectional sketches of each beam. A three-
dimensional solid model was utilized to depict
the concrete beam, while a three-dimensional
wireframe representation was employed to
simulate the steel reinforcement.

5. Sample modeling element mesh size.

After the Assembly module, the optimal mesh
size for the reinforced concrete beam models

was selected for computational efficiency and
alignment with experimental results. The
concrete element size was set to 30mm cubes,
while the mesh size for the main steel bars and
stirrups was 25mm.

6. Surface Interactions

Modeling interactions between components is
crucial for result accuracy. In this study, steel
reinforcement and stirrups were modeled with
a perfect bond to surrounding concrete using
the "embedded region™ option in ABAQUS.
The interaction between concrete and loading
plates was modeled with a "tie" constraint,
while concrete supports used the "Penalty"
friction method with a coefficient of 0.74. This
ensures full attachment and continuous action
during analysis.

7. Load Application and Boundary
Conditions

The load was applied to the top surface of the
steel loading plates, covering an area of 100
mm by 200 mm, with a vertical downward
displacement that matched the displacement
recorded from the simulated practical model.
The plates' positions were set according to the
required shear span for each specimen in the
reinforced concrete beam experiment. The
sample is supported by a stable chassis on the
ground. The first upper support is a 15 mm
thick, 200 mm wide, and 900 mm high steel
plate shaped like an inverted U, which prevents
movement during adjustments. It is securely
fastened to the chassis with screws. The second
support is similar but shorter, at 700 mm, and
secures the end of the continuous beam. Al
supports are fixed and immovable in the X, Y,
or Z directions due to set boundary conditions,
illustrated in Figure. 4.
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l Second upper support

Chassis part

First upper support
Pp pp

direction).

EC.: Displacement/Rotation (-25mm in
tep: General Static type

Lower Support

g

.C.: Symmetry/Antisymmetric/ Encaster.
ep: Initial.

Figure 4. The boundary conditions positions and their types.

8. Finite Element Analysis Results

The results obtained from the finite element
analysis of the reinforced concrete beams are

summarized in terms of maximum loads and
deflections occurring at the point of load
application, as detailed in Table 3.

Table 3. Summarizing the finite element results for all tested beams.

Deflection at

o 3 Ultimate Load . . .
s E v g et [SEC e
O &  Exp. FE Load Ratio EXP.  FE Ratio
Aa75 139.7 1255 0.90 34 29 0.85 Shear
A pags 1274 1215 0.95 61 45,5 0.75 Combined
Aall5 98.6 90.11 0.91 7322 75.3 1.03 Flexural
Bs100 140 126.2 0.90 475 452 0.95 Flexural
B Bsl50 129.2 1124 0.87 67.8  63.9 0.94 Combined
Bs300 126.3 122 0.97 375 217 0.74 Shear

9. Numerical Load-Deflection Response

Curves

Experimental test results align closely with the FE
analysis in Figures 5 and 6, with the ultimate load

capacity 1.2% higher than ABAQUS predictions. There
was a 1.3% discrepancy between the

experimental and numerical deflection values
at ultimate loads, indicating that the
constitutive models accurately captured the
failure mechanisms of the reinforced concrete
beams.
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Figure 5. Numerical and experimental load-deflection responses of group (A) samples.
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Figure 6. Numerical and experimental load-deflection responses of group (B) samples.

10. Modes of Failure of the Analyzed RC
Beams

Figures 7 to 12
concrete beams'

illustrate the reinforced
failure modes based on

experimental results and numerical predictions.
The finite element analyses showed that
to

tensile splitting in the struts when they are
under load, specifically where the tensile
stresses surpass the strength of the concrete.
Overall, there is a significant agreement
between the numerical predictions and the
experimental observations.

Figure 7. Failure modes of beam Aa75 from tests FE and analysis.
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Figure 8. Failure modes of beam Aa85 from tests FE and analysis.

Figure 10. Failure modes of beam Bs100 from tests FE and analysis.
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11. Distribution of Reinforcement Stresses

The concrete displayed elastic behavior until
reaching full tensile strength, after which it
entered a plastic state and began to crack. We
analyzed the maximum principal and shear
stress distributions in the plastic hinge region
of the loading beams. In the ABAQUS
program, group (A) beams had shear spans of
750, 850, and 1150 mm, affecting the

Figure 12. Failure modes of beam Bs300 from tests FE and analysis.

maximum stresses. In contrast, group (B)
beams had stirrup spacing of 100, 150, and 300
mm, which influenced stresses in the reinforced
concrete beams, as illustrated in Figures 13 to
18. The Von Mises yield criterion (S, Mises in
ABAQUS) effectively determines rebar yield
or failure, accurately identifying yield points
under multiaxial stress conditions, especially
for ductile materials like steel [19].
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Figure 13. Maximum principal and shear stress of the beam Aa75.
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Figure 14. Maximum principal and shear stress of the beam Aa85.
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Figure 15. Maximum principal and shear stress of the beam Aal15.
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Figure 16. Maximum principal and shear stress of the beam Bs100.
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Figure 17. Maximum principal and shear stress of the beam Bs150.
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Figure 18. Maximum principal and shear stress of the beam Bs300.

of applied loads. ABAQUS post-

12. Shear Capacity Assessment processing tools help visualize shear stress
Assessing the shear capacity of reinforced distribution in the beam. Values in the
concrete beams in ABAQUS is simple, as the target area are compared to ACI218-19
software provides essential parameters like standards (Equation.1); exceeding them
stress, strain, and displacement throughout the indicates failed concrete resistance. Figure
specimen. The shear capacity is mainly 19 displays the shear stress distribution,
affected by concrete strength and transverse while Table 4 lists recorded concrete shear
reinforcement (stirrups), which are evaluated stresses from FE simulations.
separately as detailed below. 7, = 0.17 \/ﬁ

12.1 Concrete Shear Strength .. (1)
Shear stresses are determined from the S12 Where z is concrete shear stress.

stress components, reflecting shear effects
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Figure 19. Values and distribution of shear stresses of Aa85 FE sample.

Table 4. Shear stresses of FE simulate sample.

Concrete  ACI318-19% _ SNear
7 strength of
Group Sample Shear stresses  limit value
(MPa) (z.), (MPa) Concrete
¢ (Vo), (kN)
Aa75 3.82 exhausted
A Aa85 3.8 exhausted
Aalls 3.04 137 exhausted
Bs100 7.2 ' exhausted
B Bs150 5.45 exhausted
Bs300 3.66 exhausted

*f'. of all sample concrete is 65 MPa
Table 4 shows that the concrete's shear strength has been completely exhausted, resulting in V. being zero.

12.2 Steel Shear Strength
(Stirrups)
To analyze the role of stirrups in shear force
resistance using S22 stresses in ABAQUS,
focus on the stresses in the vertical stirrup legs.
After running the simulation, extract the S11
stress values indicating normal stresses along
the stirrup legs. Calculate the force for each leg

by integrating these S11 stresses over the cross-
sectional area. Sum the forces from all stirrups
in the target area (plastic hinge region) to find
the total shear force resisted and their
contributions, as illustrated in Figure 20. Table
5 calculates the stirrups' contribution within
each sample's target area.

Figure 20. Evaluating shear stresses in stirrups.
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Table 5. Stirrups' contribution and residual shear strength of steel

fvs

(Mpa)
% Samole — o ™ Avs VsCx  VShux VSl axx
5 PP 2 2 2 mm2) kN) (kN)  (kN)
Aa75 530 0 0 56.52 29.96 29.96 0.00
A Aa85 315 56.52 17.80 29.96 12.15

Aalls 280 O 0 56.52 1583 2996 14.13

Bs100 18 53 133 56.52 1154 89.87 78.33
B Bsl50 83 109 0 56,52 10.80 59.91  49.12

Bs300 176 O 0 5652 9.95 2996 20.01
*V'sc=3 fvsAvs (for all stirrups within the target area).
**\'sn = d/s fsy * Avs (AC1318-19).
**%\'sr = V'sn -V'sc.

Where:

fus: Stresses in the stirrups as recorded in the ABAQUS analysis.
Ays: Cross-sectional area of the stirrup rebar (Two legs).

V. Shear resistance contributed by the stirrups.

Ven: Nominal shear resistance of the stirrups.

Vqr: Residual shear resistance of the stirrups.

As noted in Table 4, the shear resistance of the 2 below to calculate the rotation at each section
concrete has been completely wused up. [20].
Consequently, the total shear capacity of the g = op “Ubotiom - (2)

h
Where, Uiy and Upotom represent horizontal

displacements, while h denotes the vertical
distance (beam depth).

The curvature (¢) can be calculated from the
change in rotation between the two sections
and the distance separating them, as shown in
the equation 3 below [21]:

simulated specimens (Vi) matches the residual
capacity of the reinforcement (Vy), as
illustrated in the last column of Table 5.

13. Curvature Assessment
To evaluate the curvature of a steel-reinforced
concrete (RC) beam, begin by measuring the 0.8
horizontal displacements at the top and bottom p==— - (3)
surfaces at two cross-sections: the start and end
of the target area (see Figure 21). Use Equation
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2
Interested Area
(Plastic Hinge Region)

Figure 21. The two cross-sections positions.

Ax represents the horizontal distance between
sections, while 0, and 0, denote the rotations at
the start and end of the target area from the
joint side, respectively. This method estimates

beam curvature based on the rotations observed
at two distinct sections [21].

Figures 22 to 23 show the curvature—moment
relationship of all FE-simulating samples.

Aa75 Aall5
150 150 100
_ N — 80 /"'
=l ‘ z /
g 100 /_,,/ E 100 = 60 s
B ad ’ B2 - g -
E 50 ;.!/ § 50 v 3 40 /x,,.
20 /
0 | o ! o !
0 0.005 0.01 0.015 0.02 0 0.005 001 0.015 0.02 0.025 0 0,005 001 0.015 0.02
Curvature *10° (rad/mm) Curvature *103 (rad/mm) Curvature *10° (rad/mm)

Figure 22. Moment-Curvature Relationship of group (A) samples.

Bs100 Bs150 Bs300

150 150 150
-_ /./_- AN — h -
g 100 . = — é 100 .-’; i g 100
o o o
o o ] /
g s | S 50 g 50

0! 0 0o/
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0.08 0 0.005 0.01 0.015
Curvature *10073 (rad/mm) Curvature *1007 (rad/mm) Curvature *100° (rad/mm)

Figure 23. Moment-Curvature Relationship of group (B) samples.

14. Shear Capacity-Curvature Ductility
Relationship

Curvature ductility is determined by correlating

the beam's moment and curvature, which can

be analyzed through the beam's cross-section

while accounting for material nonlinearity and

strain compatibility. The Curvature ductility
index (ud) can be calculated as equation 4 and
Figure 24 in chapter four.

Uy = ¢u/¢y .. (4)

Where ¢y is the yield curvature and ¢, is the
ultimate curvature.
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/
i

Figure 24. Determination of

The moment value at the yield point can be
determined using two primary methods:

The  Moment-Curvature  Curve  Method
illustrates the relationship between moment and
curvature in a structural member. The yield
point indicates the transition from elastic to
plastic behavior, marking the onset of plastic
deformation and the moment of yielding [23].
The yield moment is generally estimated as
0.75 times the ultimate moment (Mu), a

curvature ductility
ndex

20% drop in
strength

#y
#y

— -

I
|
& . ;

- carvature

curvature ductility index [22].

method widely endorsed by researchers [22].
This empirical approach offers a simplified
estimate and is commonly used when detailed
moment-curvature analysis is not available.
The ultimate moment indicates the maximum
moment a component can withstand before
failure. Table 6 presents the curvature ductility
index values for all beams tested using this
method, as shown in Figures 22, 23, and 24.

Table 6. Curvature Ductility Index of all beams tested.

=3 by by
-3 -3
© Sample *10 no
© (rad/mm) (rad/mm)
Aa75  0.0045 0.014 3.11111
A Aa85  0.0055 0.025 4.54545
Aall5 0.0056 0.033 5.89286
Bs100  0.006 0.05 8.333
B Bs150 0.006 0.041 6.83333
Bs300  0.004 0.0113 2.825

Table 7 and Figures 25 and 26 illustrate the
shear capacity values and their relationship

with the curvature ductility index for each
group of FE-simulated samples.

Table 7. Shear Capacity and Curvature Index Values of FE-Samples.

S Curvature Shear

© FE-Sample Ductilit Capacity

© Y (kN)
Aa75 3.11111 0

A Aa85 4.54545 12.15
Aalls 5.89286 14.13

B Bs100 8.334 78.33

427



Hussein A. Merie, Mazin B. Abdulrahman/ Al-Rafidain Journal of Engineering Sciences Vol. 2, Issue 2, 2024:413-429

Bs150 6.83333 49.12
Bs300 2.825 20.01
Group A
__15
=
= Aas5 Aall5
2 10
(8]
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o
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i -
“ o
o 1 2 4 5 6 7 8
Curvature Index

Figure 25. Shear Capacity — Curvature Ductility Relationships of FE-Samples of group A.

The investigation of group (A) revealed a direct
relationship: as the shear span to effective
depth ratio (a/d) increases, both the curvature
ductility index and shear capacity rise. The
relationship is characterized by two stages: a
linear portion up to a specific value and a non-

linear stage beyond that. This indicates that
increased shear span enhances shear capacity
only to a certain extent; beyond that point,
additional increases have no effect on shear
capacity.

Group B
100
Bs100
80
60 Bs150 /

Shear capacity (kN)

40 Bs300 /
20

01 2 3 45 6 7 8 9

Curvature Index

Figure 26. Shear Capacity — Curvature Ductility Relationships of FE-Samples of group B.

In Group B, the relationship is inverse and non-
linear; as the spacing between stirrups
increases, both the curvature ductility index
and shear capacity of the samples decreases.

15. CONCLUSIONS

e A higher shear span to effective depth ratio
(a/d) boosts a concrete beam's ductility and
flexural deformability.

e Higher shear span-depth ratios (a/d)
enhance flexural deformability, improving

beam moment, deformability, and shear
capacity pre-failure.

e Wider stirrup spacing may lower beams'
curvature, shear capacity, and ductility,
increasing failure risk.

e Diagonal shear stresses in the samples
suggest potential concrete shear failure,
mainly due to alignment with flexural
cracks, accelerating their formation.

e Group (A) showed a direct relationship: as
the shear span-to-depth ratio increases,
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curvature ductility and shear capacity both
increase.

e Group (A) has a relationship defined by
two stages: a linear segment up to a certain
value and a non-linear segment thereafter.

e For group B, the relationship is inverse and
non-linear; as the spacing between stirrups
increases, both the curvature ductility
index and shear capacity of the samples
decreases.

e Despite the designed failure modes being
shear or bending, the samples exhibited a
compound failure, suggesting that both
types contributed to each other.
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