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ABSTRACT': This study explores the 3D FE modelling approach in determining the behaviour of shear-dominant responses of
RC beams. Five RC beams (Al, A2, B1, C2 and C3) with different cross-sections, amount of tension reinforcement area,
amount of shear reinforcement and the length of the span was analysed and the results were compared with the results of the
experiment and 2D analysis available in published literature. RC beams analysed in this FE study were constructed as a discrete
model using ABAQUS software. The concrete and the plate for loading as well as for supports were modelled using the C3D8R
element while longitudinal steel bars and stirrups were modelled with the T3D2 element. The interaction between the steel bar
and the concrete in the FE model was assumed perfectly bond. The material behaviour of concrete was modelled with the
damage plasticity model where the yield or failure of the material was governed by the tensile cracking and the compressive
crushing of the concrete by introducing the hardening variables. The results showed that crack propagation in the FE analysis
matched the cracks observed in the test. The crack pattern on Beam Al, A2, Bl and C2 indicated that the specimens
experienced flexure and shear failure while Beam C3 experienced less brittle behaviour. Estimates of strength and the
load-deformation response of 3D analysis were certainly achieved with reasonable accuracy compared to that of 2D analysis.
The difference of experiment-to-2D strength (2,,,,- P,/ P, .,) had a mean of 4.53 whereas the difference of experiment-to-

3D strength (2,.,,

were comparable to those of experiments. The difference of experiment-to-2D (4.,

- P, 5/ P,.,) had a mean of 1.83. Furthermore, the displacements at ultimate load gained in the 3D analysis

- 8,20/ &,.,) and experiment-to-3D

(8yexp- 830/ 8,,0p) midspan displacement had a mean of 19.91 and 10.89, respectively.
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1. INTRODUCTION

Building structures have grown considerably and more
sophisticated as economies have grown in size and
complexity. The assessment of the safety and serviceability of
these complex buildings demands the development of
precise and dependable methodologies and models for their
investigation. To maintain the safety of structures, both
analytical and experimental studies on structural behaviour
under overload situations and or cyclic loads are conducted
concurrently, however, experimental investigations are
costly, laborious, as well as provide limited information. It is
critical to properly explain the behaviour of reinforced
concrete (RC) structures under over-load circumstances
and predict their ultimate strength, especially for RC
structures that are brittle when compared to steel structures
[1,2].

Analytical studies have been more common in recent
years as a result of computer advancements, developments in
analytical procedures, and clear definitions of material
characteristics. Since structural analysis requires a significant
amount of computational effort for iterations, and numerical
instability occurs as working stress increases due to
variations in structural appearance and material properties,
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researchers have to develop simplistic analytical methods
that lessen computational time while estimating the ultimate
loading capacity of structures.

Finite element (FE) analysis of RC elements of
structures is primarily conducted by using 1D and 2D
models. Discretization of such structures in 1D or 2D
models requires small effort but shows high numerical
stability during the computation especially for the case of
large structures with huge degrees of freedom [3]. Nonlinear
FE analysis of the RC beam was developed based on the
moment-curvature relationship of the RC section. Softening
part of concrete material in tension and the plastic hinge
length was included in FE modelling so that imprecision in
calculating the flexural capacity was avoided [2]. Moreover,
these efforts showed a good agreement with the behaviour of
RC beams that dominantly fail in flexure [2, 4, 5]. However,
the bond-slip effect adhered to over reinforced beams was
not applicable since modelling the over-RC structure with
the beam element imposes some constraints [2].
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Table 1 Relevant details of beams analysed in FE study [11

]

Width . Span Bottom rein- . .
Beam IDs (mm) Height (mm) (mm) forcement Top reinforcement Stirrup
Beam Al 305 552 3660 2M30 3M10 DS§-210
2M2S5
Beam A2 305 552 4570 2M30 3M10 DS-210
M30
2M25
Beam B1 229 552 3660 2M30 3M10 DS-190
2M2S
Beam C2 152 552 4570 2M30 3M10 DS-210
2M2S
Beam C3 152 552 6400 2M30 3M10 D4-168
2M2S
Current FE modelling approaches accurately 2.1 Reinforcement Details and Set Up for Toronto

predicted flexural response of RC elements of structure,
however, research to study the response under shear loading
is less common [6]. Dual-section analysis along with the
Modified Compression Field Theory (MCFT) was
developed to determine the shear response of RC beam
under shear loading [7]. In MCFT, crack in concrete
developed in its principal direction, namely principal
compressive and tensile strain. The MCFT has been
extended to be included in the simulation of RC panels and
shear walls subjected to cyclic loading [8, 9]. However, this
model was not capable of predicting the local effects that
occurred in the disturb zones, i.e support and loading zone.
These numerical instabilities were overcome by introducing
the longitudinal stiffness method [10]. Concrete in
compression followed the formulation of Popovic’s curve
while concrete in tension was linear up to cracking followed
by the tension stiffening behaviour. This approach was
capable of predicting the RC sections subjected to the
combination of axial, flexure and shear loading. However,
due to the restriction of the MCFT fibre constitutive law
used in the solution procedure, the response for RC
components without shear reinforcement was not satisfied.

2. METHODOLOGY

The modelling of RC beams with the three-
dimensional finite element (FE) analysis program ABAQUS
is presented in this study. For the representation of concrete,
the concrete damage plasticity (CDP) model was being
used. The modelling procedure was provided after a concise
theoretical background on the CDP model. The model was
verified by modelling the behaviour of beams previously
evaluated at the University of Toronto's structural lab [11].
The numerical findings, e.g crack propagation
load-displacement response were compared to the results of

and

the experimental tests as well as the 2D calculation using
disturb stress field model (DSTM) approach developed by
the author [11]. Furthermore, the sensitivity of the FE
model to various model parameters is addressed, and the
model's critical parameters are determined.

13

Beams

Figure 1 depicts details reinforcement of RC beam
analysed in this study and Table 1 provides relevant details
of the tested beams. Three series of beam with different cross
-sections, amount of tension reinforcement area, amount of
shear reinforcement and the length of span was constructed
and tested to study the behaviour of RC beams under shear
loading [11]. M30 and M2S5 steel bars were used for tension
reinforcement bars while M10 steel bar was used for
compression reinforcement bar. All beams used DS5
deformed bars D4 as shear reinforcement except Beam C3.
In this case, Beam C3 was reinforced with D4 deformed bars
for stirrup.

Figure 2 shows the experimental setup of beams
analysed in this study. The beams were placed on hinge and
roller supports to mimic a simply-supported structure
mechanism and the load was applied at the middle of the
beam span using a 2700 kN servo-controlled universal
testing machine. During the test, the beam was instrumented
with the load cell the LVDT to measure the load and
displacement at the midspan. At the beginning of the test,
the load were given in the form of load-control with the
increment of 40 kN and then, the load near the failure was
switched to the displacement control [11].

2.2 Material Properties

Table 2 the properties  of
reinforcement steel bars for the respective beams analysed in
this study. There were two different properties for M25 bar
size, denoted with superscripts a and b at the end of the bar
size code. M25* was used as longitudinal reinforcement for

shows material

specimens Beam A2 and C2 whereas M25" was used as
longitudinal reinforcement for specimens Beam Al, Bl and
C3. Two types of deformed bars were used for shear
reinforcement. Deformed bar D4 was used as stirrup for
Beam D4 whereas deformed bar DS was used as stirrup for
Beam Al,A2,Bland C2 [11].
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Fig. 1. Details of reinforcement of Toronto beams [11], units in mm : (a) Beam A1, (b) Beam A2, (c) Beam B1, (d) Beam C2,

and (e) Beam C3
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Fig. 2. Experimental setup for beam analysed in FE study [11]

Table 2 Properties of reinforcement steel bars [11]

) Yield Ultimate ~ Modulus of
Bar  Diameter ..
size (mm) strength  strength elasticity
(MPa) (MPa) (MPa)
M10 11.3 318 460 200000
M252 25.2 440 615 210000
M25b 25.2 445 680 220000
M30 29.9 436 700 200000
D4 3.7 600 651 200000
DS 6.4 600 649 200000

Table 3 Properties of concrete at the date of test [11]

Concrete Tensile Modulus of

Beam IDs strength strength elasticity

(MPa) (MPa) (MPa)
Beam Al 22.6 2.37 36500
Beam A2 25.9 3.37 32900
Beam B1 22.6 2.37 36500
Beam C2 259 3.37 32900
Beam C3 43.5 3.13 34300

Table 3 shows the material properties of concrete at
the date of beam’s tests for the respective specimens
analysed in this FE study. The concrete strength varied since
the tests were conducted on beams at different concrete
ages. Beam Al and B1 were tested at the concrete age of 38
days, whereas Beam A2 and C2 were tested at the age of 51

14

days, and Beam C3 was tested at the age of 127 days. The
tensile strength of concrete shown in Table 3 was gained
through a cylinder split test [11].

2.3 Finite Element Modelling for RC Beams
2.3.1 Geometric Model for RC Beams

RC beams analysed in this FE study (see Figure 3)
were constructed as a discrete model using ABAQUS
software [12]. The concrete and the plate for loading as well
as for supports in Figure 3.a are modelled using 8-node solid
element combined with reduced integration, C3D8R, while
both longitudinal steel bars and stirrups in Figure 3.b is
element, T3D2. Several
attempts had been successfully done in the past in modelling
RC structure elements in ABAQUS using this type of
element [13, 14, 15, 16, 17]. On the other hand, there was
no slip between the concrete and the steel bars reported

modelled with 2-node truss

during the test [11] so the interaction between the steel bar
and the concrete in the FE model is assumed perfectly bond.

2.3.2 Model for Material Behaviour

In this FE study, the material behaviour of concrete is
modelled with the concrete damage plasticity (CDP) model.
The CDP model in ABAQUS is originally developed based
on the work of Lubliner et al. [18] and Lee and Fenves [19].
In the CDP model, the yield or failure of the material is
governed by the tensile cracking and the compressive
crushing of the by introducing the
hardening variables, z#/and ”'. The typical failure of concrete
in the deviatoric plane and in the plane-stress condition is
depicted in Figure 4.

concrete
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Fig. 3. Discrete model for analysed beam in FE (a) Concrete, support plate and loading plate, (b) reinforcement steel bars

Fig. 4. Failure of concrete in CDP model: (a) devi

K. in Figure 4a denotes the failure surface in the
deviatoric plane. The default value of K.in ABAQUS is 2/3,
but in general, the K_lies in the range between 0.5 and 1.0.

Uniaxial compression of concrete is defined with the
equation suggested by CEB-FIP Model Code 1990 [20].

15

o2
./
Uniaxial tensiog‘/
@(q—sawﬂéz):% 7
/_\\‘ \

O1

biaxial tension

(7-30p+p5)=0.,

(1-2)

(b)
atoric plane; (b) plane-stress condition [12]

with o, is the concrete stress under compression, £ is the
secant modulus of the concrete stress-strain curve, &, is the
concrete strain, £’is the concrete strength in MPa, and ¢, is
the strain at the peak of concrete strength. E, can be
calculated using the following equation.

LJ L3

+ —
E, g 2

with £, is the initial modulus of elasticity of the concrete. In

this study, £, is defined with the following equation

1

E( @)

E

c

E, =3320,/f, +6900 MPa (3)
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On the other hand, the response of concrete in uniaxial
tension is defined with the equation suggested by Bazant and
Planas [21].

_ (s-¢)7
Gnsy _‘frrxe (4)
with o, is the concrete stress under tension, &, is the concrete
strain at the tensile strength of the concrete, £, is the
concrete strength in tension, and y, is the value that defines
the fracture energy. y,is calculated with equation

— G/ 71 frz
e l{:q.f;’l 2 E(’ (5)

The uniaxial stress-strain behaviour of reinforcement
bars under tension is modelled with a bilinear curve. In the
bilinear curve, the stress-strain of the steel curve is defined
with elastic and the strain hardening region is defined with
the straight line starting from the elastic limit to the rupture
of steel.

The properties of the material for concrete and
reinforcement bars used in the FE model is listed in Table 2
and Table 3. These properties include the yield strength,
ultimate strength and modulus of elasticity of steel as well as
the compressive strength, tensile strength and modulus of
elasticity of the concrete.

3. RESULTS

3.1 Crack Propagation

Figures 5(a), (c), (e), (g) and (i) indicate the crack
propagation in the experiment [11]. In general, flexural
cracks initiated followed by the appearance of the diagonal
cracks in the middle third of the beam depth in the shear
span. With the increased loading, diagonal cracks extended
in the upward and downward directions. Under the case of
the beam with intermediate loading span and web
reinforcement, the specimens failed in shear. The failure
occurred due to the splitting of the concrete in the
compression zone.

Beams Al, A2, Bl and C2 had shear span-to-depth
ratios of 4 and S. As reported in the test [11], Beams A1, A2,
Bl and C2 experienced shear compression failure. The
failure occurred at loads significantly larger than the load at
which the initial diagonal tension crack developed.
Increasing load resulted in further diagonal cracking without
obvious signs of distress. Failures formed in the middle of
the span without widespread propagation of flexural cracks,
suggesting that the failure cause was shear compression.
Final failure directly led to splitting in the compression zone
but without splitting along the tension reinforcement, which
is typical of beams lacking web reinforcement.

On the other hand, Beam C3 experienced a
flexural-compression failure which was typical for the beam
with a high span-to-depth ratio. The beam collapsed due to
the compression zone crushing around mid-span at the
region of the highest moment. However, the diagonal
tension cracking never progressed to become significant
critical cracks, whilst flexural cracks continued to grow
upward until a severe compression failure occurred, as is
common in over-reinforced concrete beams.

16

In all cases, crack propagation in the FE analysis
matched the cracks observed in the test. Since the geometric
and loading scheme of the specimens were symmetric, only
half of the crack pattern of the beam was indicated with the
addition of the number of crack occurrences. Figures 5(b),
(d), (f), (h) and (j) show the cracks propagation gained in
the FE analysis. Cracks propagation gained in the FE
analysis were depicted based on the events of failure
experienced by each specimen during the load, namely
elastic part (crack incident no 1), nonlinear part (crack
incident no 2) and ultimate loading (crack incident no 3).
The crack pattern gained in the FE analysis for Beam Al, A2,
B1 and C2 indicated that the specimens experienced flexure
and shear failure. Diagonal cracks (crack incident no 3)
propagated during later stages of loading and failure existed
in the compression zone near the support and loading point.

On the other hand, Beam C3 experienced less brittle
behaviour and the flexural cracks were present in several
locations. Diagonal cracks appeared (crack incident no 3)
during the final stage of loading in the compression zone and
caused the crushing of the concrete under the loading plate
and above the support plate.

3.2 Load-Displacement Response

Figure 6 compares the load-displacement relationship
for all beams obtained from the experiment and 2D analysis
with the load-displacement obtained from the 3D FE
analysis in this study. The 2D analysis was conducted by
Vecchio and Shim [11] by using the DSTM model. DSTM
employed a smeared rotating crack approach by considering
the compression softening effect in the concrete and
divergence of principal stress and principal strain directions.

Load-deflection responses show that the peak load in
the 2D analysis were overestimated but the displacements at
failure were overly underestimated. Reliable modelling using
2D analysis was challenging since the tensile strength of
concrete and out-of-plane confinement effects had a
significant role in the nonlinear behaviour of RC beams.
Load-displacement responses for all specimens gained with
the 2D analysis showed that the model failed to reach the
respective ultimate displacement. The strength and ductility
in the concrete were not considered in the 2D analysis
model so unexpected concrete crushing occurred under
support and loading plate [11].

Load-displacement responses gained in 3D FE analysis
using Abaqus matched the load-displacement response in
the experiment. In this study, the proposed approach
captured the experimental behaviour in terms of peak load
and displacement at failure. In terms of stiffness before
cracking, load-deflection responses for the 3D analysis were
in close agreement with the observed responses in the
experiment. The modulus of elasticity as suggested in
Equation 3 gave more accurate predictions. Furthermore,
the 3D analysis revealed a flat ultimate load plateau in the
latter phases of loading, demonstrating the same ductility
response to the experiments.

J.Appl.Mat and Tech. 2021, 3(1), 12-21
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Fig. 6. Comparison of load-displacement response of Experiment and 2D analysis [11] VS 3D FE analysis

Table 4 shows the difference of the ultimate load and
the displacement at ultimate load between 2D analysis and
3D analysis to the experiment results. Estimates of strength
and the load-deformation response of 3D analysis were
certainly achieved with reasonable accuracy compared to
that of 2D analysis. The difference of experiment-to-2D
strength (2,.,, - P,/ P,.,,) had a mean of 4.53 whereas the

difference of experiment-to-3D strength (2, ,,, - P, 3,/ P, ..,)

19

had a mean of 1.83. The displacements at ultimate load
gained in the 3D analysis were comparable to those of
experiments. Furthermore, compared to the 2D analysis, the
3D FE model proposed in this study performed better. The
difference of experiment-to-2D (J,,,, - &,.p / J,.,) and
experiment-to-3D (., - 8,35/ 8,.,,) midspan displacement
had a mean of 19.91 and 10.89, respectively.
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Table 4 Comparison of Experiment and 2D analysis [11] VS 3D FE analysis at failure

4,

Beam Difference Difference
IDs Experiment [11] Calculated [11]  Abagqus (this study) Experiment to Experiment to
Calculated Abaqus
(a) (b) (c) (d) () () (2) (h) (i) () (k)
P, (kN) d,(mm) P,(kN) d,(mm) P,(kN) d,(mm) P,(%) d,(%) P,(%) d.(%)
Al 459.0 18.8 476.0 14.3 457.6 23.2 3.70 23.94 0.30 23.56
A2 439.0 29.1 457.0 21.8 452.3 29.8 4.10 25.09 3.02 2.55
Bl 434.0 22.0 423.0 15.8 446.3 26.9 2.53 28.18 2.84 22.24
C2 290.0 25.7 306.0 20.6 291.9 26.0 5.52 19.84 0.64 1.17
C3 265.0 44.3 283.0 43.2 271.2 42.1 6.79 2.48 2.33 4.94
Mean  4.53 19.91 1.83 10.89
CONCLUSION considering  shear  deformation. Eng  Struct.

3D finite element analysis to determine the behaviour

of shear-dominant responses of RC beams had been
conducted in this study. Based on the results, the
conclusions were drawn:

1.

Crack propagation in the FE analysis matched the
cracks observed in the test. The crack pattern on Beam
Al, A2, Bl and C2 indicated that the specimens
experienced flexure and shear failure while Beam C3
experienced less brittle behaviour.

Estimates of strength and the load-deformation
response of 3D analysis were certainly achieved with
reasonable accuracy compared to that of 2D analysis.
The of experiment-to-2D  strength
(Pyesp - Pyop / P,.p) had a mean of 4.53 whereas the
difference of experiment-to-3D strength (2,.,,,- 2,/
P,.,) had amean of 1.83.

Furthermore, the displacements at ultimate load gained

difference

in the 3D analysis were comparable to those of
experiments. The difference of experiment-to-2D
(8yexp - Oyop / 8,0p) and experiment-to-3D (., -
8,50/ 8,.y) midspan displacement had a mean of 19.91

and 10.89, respectively.
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