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RC Deep Beams under an

Eccentric Load
ABSTRACT

This study investigates the effect of the load eccentricity on the
deep beams, in terms of failure load and failure mode, using
ANSYS nonlinear finite element program. Three RC deep
beams with shear span to depth ratios, varying from 0.91 to
1.67 are modeled. A comparison between the experimental and
numerical results, under central load, showed approximately
full matching between them. This had been done in order to
ensure that the model was represented properly. The used
model for investigating the behavior of the RC deep beams
under an eccentric load with various heights of beams showed
that under eccentric load there was a significant reduction in the
failure load. Increasing the beams height cause of an increase
(gradually) of the failure load with the incremental increases of
the height, also there was a clear reduction in the failure load
due to eccentricity. For the load eccentricity value 50 mm all
the beams of different heights possess the same failure load and
all of them failed due to concrete crushing at the beam
compression face.
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1. INTRODUCTION

RC deep beam are widely used elements in
buildings, bridges, infrastructures, high-rise buildings as
load-distributing structural parts of transfer girders, in
multistory buildings to provide column offsets, wall
footing, foundation pile caps, walls of rectangular tanks
and bins, floor diaphragms, and shear walls [1]. The
behavior of the reinforced concrete deep beams are
influenced by many factors, such as clear span/ depth
ratio, shear span / depth ratio, type of loading, position
of the load, amount and type of web reinforcement,
concrete strength [2]. It was characterized by a relatively
large depth compared to the span of the beams. by
(American Institute of Concrete) [3]. Deep beams, are
those beams that possess clear span does not exceed
more than four times the overall member depth h, or
concentrated load exist within a distance 2h from the
support face. Till now, there is no specific definition for
deep beams.

A series of studies on deep beams have been
carried out. Tan [4] studied the influence of the effective
span-depth ratio with different web reinforcements, their
effect on the behavior of the high strength concrete deep
beams. Siao [5] investigated the shear strengths of short
reinforced concrete walls, corbel, and deep beams. Most
of these studies were based on the analysis of an
experimental results under a centric load. Patil et al. [6]
worked on analyzed a deep beams subjected to two
loading points with three different L/D ratios (1.5, 1.6,
1.71) using a Non-linear finite element method (ANSYS
9.0 software). This had been done in order to investigate
the stress and strain distribution pattern at mid-section of
the beam. It was found that as the span/depth ratio is
smaller, as more pronounced deviation of strain pattern
at mid-section of the beam. Flexural stress and strain
variation graphs are indicated that when L/D ratio is less
than or equal to 2.0 then the results are reasonably
accurate. From the flexural strain and stress graphs it
was observed that as L/D ratio of the beam decreases the
neutral axis would be shifted towards the soffit region in
the beam.

Plasencia et al. [7] studied the behavior of a
reinforced concrete deep beams by numerical simulation.
His results were calibrated and validated by a
comparison with a previous experimental results. In
modeling, it was assumed a bilinear model with Von
Mises failure criteria for steel and Concrete Plasticity
Damage for the concrete, achieving an appropriate
matching between the numerical and experimental
reference. This feature that allowed the parametric study
of the influence of the geometric factors and
reinforcement. The results showed that, increasing the
amount of main reinforcement in the beams, then shear
capacity increases, reaching a limit where the increasing
amount come to be not significant, because the failure is
determined by the behavior of the strut. Increasing the
amount of the vertical reinforcement would increases the
shear capacity. And increasing of the amount of the
horizontal web reinforcement has a moderate effect on
the shear capacity. Salamy et al. [8] studied the behavior
of RC deep beams by means of finite element analysis
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along with an experiments. The beams have a (shear
span / depth) ratio between 0.5 and 1.5 and effective
depth from 400 mm to 1400 mm. Lateral reinforcement
ratio varies as follow, 0.0%, 0.4% and 0.8% in the shear
span. The fracture type analysis was employed to
simulate RC members through smeared rotating crack
approach. The objective of this study is to investigate the
capabilities of the finite element simulation for further
study on deep beam behavior instead of conducting an
expensive time and experimental works. The results
showed the reliability degree of the analysis in predicting
the deep beams behavior in terms of failure load, failure
mode as well as crack propagation. Lafta and Kun YE
[9] used the ANSY'S finite element program to study the
behavior of indirectly loaded deep reinforced concrete
(RC) of T-beams, A total number of 21deep RC T-beams
were divided into three groups according to their (shear
span / effective depth) ratio. Beams without web
reinforcement were tested using indirect point loading
that applied via central intersecting members till shear
failure, Ultimate loads, deflection responses, and crack
patterns are recorded as well. the predicted ultimate
failure load value was close to that obtained by the
experimental test, the mid-span deflections of the
indirectly loaded, flanged deep beams were less than the
permissible deflections that specified by ACI Building
Code (318-11) and the crack pattern showed that the
webs of all beams were functioned as a simple struts
between loads and supports. Sabale [10] used the
ANSYS program to study the behavior of a deep beam
of various (span / depth ratio) under two loading points
of 50kN. The objectives of this study are to observe
deflection, cracking of deep beams that subjected to two
loading points of 50KN. To study the non- linear finite
element analysis of the deep beam using ANSYS, that
having different (L/D) ratios (1.5, 1.6, 1.71) and to study
stress distribution of deep beam. Deflection of beams
increases as ( span / depth) ratio decreases and as (span /
depth) ratio continue decreasing, then the failure load
continue decreasing. Kumar and Ramadass [11] worked
on an attempt to predict the shear strength for concrete
deep beams at ultimate state, using ANSYS software;
two test beams had been accounted to predict their shear
strength at ultimate state. The accuracy of the predicted
values of shear strength that based on ANSYS 12.1
software for the two test beams were compared with
their corresponding experimental results. For beam
specimen S0.3/0.5 the shear strength is found to be
9.93% higher in magnitude, compared with the
corresponding experimental results. For beam specimen
S0.3/1.0, the shear strength was found to be 9.65%
higher in magnitude compared with the corresponding
experimental results.

There are few theoretical researches in studying the
behavior of deep concrete under eccentric loads.

Experimentally, in the test procedure the loads
always applied on the central axis of the beam but
practically (in buildings) it is difficult to insure to do
that, whether the loads that coming from columns or
bridges. There are a few experimental researches in this
area. Chemrouk [12] worked on one and two span
slender deep beams under centric and eccentric load. The
main variables were the (height / thickness) ratio and the
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quantity and arrangement of web steel. The results
showed that the failure load depends mainly on the
slenderness ratio (h/b) under the centric and eccentric
load. Where failure mode transformed from shear to
bulking failure. Belhacene et. al [13] worked on a high
strength eccentrically loaded slender reinforced concrete
deep beams with a vertical edge restraints, buckling tests
were carried out on 6 reinforced concrete deep beams
having (height/thickness) ratios in the range 25 to 67.
Observations were made on the ultimate loads and
failure modes, the variables studies were included,
(height / thickness) and (eccentricity / thickness) ratios.
They concluded that when the vertical edges of the
slender deep beam are restrained, then an unintentional
eccentricity up to 0,2 times the beam thickness (b) will
not change the failure mode which usually shear when
loads are centrally applied and the failure mode is
strongly dependent of the load (eccentricity/thickness)
ratio (e/b). An increase in the (e/b) ratio would
significantly increase the likelihood of the failure mode
that changing from shear to buckling. Kim etal [14]
worked an empirical studies on a reinforced concrete
deep beam behaviors under mutual bending and the axial
loads in order to inspect the effect of the axial loads on
structural performance of the reinforced concrete deep
beams; samples of various (shear span/depth) ratios were
exposured to an axial loads of 235 kN or 470 kN. They
observed that the structural behaviors such as, load
deflection response, strain in concrete and steel bar. The
results showed that the deep beam with shear
(span/depth) ratio of (0.5) load failure of the deep beam
decreases as the applied axial loads increasing. For deep
beams with shear (span/depth) ratio of (1) and (1.5)
showed that the applied axial loads make a delay the
beam failure. When the shear (span/depth) ratio
decreased, the failure mode of the deep beam
transformed from shear failure to a concrete crushing
compressive stress at the top corners of the reinforced
concrete deep beams as shear (span/depth) ratio reduces.
It is necessary to note that the deep beam with relatively
small (span/depth) ratio under an axial load shows
premature failure due to concrete crushing.

CIRIA guide [15] is the only document which gives
recommendations on the strength of the slender deep
beams except the new Euro-code2 [16] gives a very brief
recommendations in this area and another technical
document based on an elastic analysis but still in use is
that published by the PCA [17].

The objective of this paper is to develope a
numerical models for RC deep beams and to observe
their behaviors under an eccentric load using ANSYSS.

2. FINITE ELEMNET MODELING

Concrete is a quasi-brittle material that exhibits
different behavior in compression and tension. ANSYS
provides an element known as a SOLIDG65 that can be
used in concrete modeling. This solid can crack in
tension and crush in compression. The element consists
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of 8 nodes having three degrees of freedom at each node
[18].

The bearing plates and supports were modeled
using a SOLID45 element. This is similar to the
SOLID65 element with eight nodes and three degrees of
freedom. This element was specifically used to distribute
the load to prevent stress concentrations which would
effect the convergence [18].

Steel reinforcement was modeled using LINKS8.The
element is a uniaxial tension-compression element with
three degrees of freedom at each node, [18].

SOLID65 element requires linear isotropic and
multi-linear isotropic material properties to proper
concrete model. The multi-linear isotropic material uses
the Von Mises failure criterion along with the Willam
and Warnke [19] model to define the failure of the
concrete. The compressive uniaxial stress-strain
relationship for the concrete model was obtained using
the following equations to compute the multi-linear
isotropic stress-strain [20]. The modulus of elasticity was
based on Eqg. (3) [ACI-ASCE Committee 445-1998].
The elastic modulus of concrete was calculated for each
beam using the slope of the tangent to the stress—strain
curve through the zero stress and strain point.

Ect
1+ (5)

2 fc'
€o = Fo T e e e

(2)

Ec=4730 /fC oo iveieeee . (3)
Where
f = Stress at any strain (g), MPa
€ = Strain at stress (f)
€o = Strain at the
strength, f.
Ec = Modulus of elasticity, MPa

ultimate compressive

The simplified stress-strain curve for each beam is
constructed from several points that connected by a
straight lines. Poisson’s ratio equal to 0.2 is used. Shear
retention factor, was assumed to be 0.7 for the closed
cracks and 0.3 for the opened cracks. Tension stiffening
factor (TC) was assumed to be 0.6.

SOLID 45 was used to simulate the plate with an
elastic modulus equal to 200 GPa and Poisson’s ratio
equal to 0.3.

The steel reinforcement was assumed to be an
elastic-perfect plastic material and identical in tension
and compression. Elastic modulus and yield stress for
the steel reinforcement were used in tests which was
considered in the finite element modeling of the
reinforcement. Poisson's ratio of 0.3 is adopted.

RC deep beams that tested by Ismail [21] have been
chosen to be simulated by ANSYS. The author carried
out tests on three RC deep beams (G1, G2 and G3) with
(a/d) ratios equal to (1.67, 1.29, 0.91) respectively. These
Beams were tested experimentally with zero eccentricity
loads. Tables 1 and 2 show the properties of the G series.
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Typical details of the tested beam G2 is shown in Fig.
(1).

Typical finite element mesh, loading, and support
simulation are shown in Fig. (2). Mesh size was selected
as 50 mm in X-Y directions, and in Z direction ranging
from 15-20 mm to simulate the load eccentricity. Fig. (3)
shows the simulation of load eccentricity and supporting.
Fully bond between the bar element nodes and concrete
element nodes was assumed. The benefit of symmetry in
modeling was ignored in order to simulate the actual
boundary conditions of the experimental work.

Table 1
Properties of Tested Beams [21]
specimens Gl G2 G3
a/d 1.67 1.29 0.91
fo (MPa) 30.9 30.5 31.3
ft(MPa) 34 3.1 3.3
Ec (MPa) Eq.3 26293 26122 26462
Poisson ratio 0.3 0.3 0.3
V.Shear Reinf 56 0.59 0.67
ratio %
H.Shear
Reinf ratio% 0215  0.215  0.215
Table 2
Steel Properties [21]
Bar Diameter 6 8 12 16
(mm)
Area 28 50 113 199
mm
Young's Modulus
E (GPa) 200 200 200 200
Yield Stress
F, (MPa) 577 448 404 364
Poisson 02 02 02 02
ratio

3. NONLINEAR SOLUTION

In a nonlinear analysis of the total applied load
using a finite element model which was divided into a
series of load increments, thats called load steps. At the
completion of each incremental solution, the stiffness
matrix of the model is adjusted to reflect the nonlinear
changes in the structural stiffness before proceeding to
the next load increment. Newton—Raphson equilibrium
iterations for updating the model stiffness were used in
the nonlinear solutions. Prior to each solution, the
Newton—Raphson approach asses the out-of-balance load
vector, which is the difference between their storing
forces (the loads corresponding to the element stresses)
and the applied loads. Subsequently, the program carries
out a linear solution using the out-of-balance loads and
checks for convergence. If the convergence criteria are
not satisfied, the out-of-balance load vector is re-
evaluated, the stiffness matrix is updated, and a new
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solution is carried out. This iterative procedure continues
until the results converge [18].

In this study, displacement convergence criteria
were adopted and the maximum displacement
convergence tolerance was set to 5%.

4. RUSULTS AND DISCUSSIONS

A comparison between the experimental and
numerical analysis was performed. This comparison
included load-deflection response and failure load. The
parametric study included load eccentricity and height of
deep beam.

4.1. Load- Deflection Response

Fig. (4) show the points location of the measured
deflections. Fig.(5) show a typical load-deflection
response of beam G2 and represent a comparison
between the experimental and the numerical load-
deflection curves for the deflection at mid length of
beams (G2) under a centric load and the beam behavior
under the eccentric load. At central load with e = 0 mm,
the load-deflection response that predict from FE using
ANSYS are approximately fully match with
experimental load-deflection response.

Table 3 shows the percent of dropping in failure
load due to eccentricity (e) on the beams. At e=15 mm
for beams G1 and G2 the failure load owns the dropping
percent 19.6% and 21.2% respectively but for beam G3
has dropping in failure load equal to 33.6% that's mean
with shear span decreases under e = 15 mm the dropping
percent in the failure load increased, and the failure of
the three beams are strut crush failure at the same (e).
When e = 30 mm the dropping in the failure load
(27.4%, 32.2% and 47.8%) for (Gl, G2 and G3)
respectively and from Fig. 9 even though they have
different reduction ratios and they have different shear
span but approximately they have the same failure load.
For e = 50 mm and from Fig.9 these beams under this
value of eccentricity also they have the same failure load
with different shear spans. Figs. (6, 7 and 8) show the
load-lateral deflection response of beam G2 under the
eccentric load, When (e) increases, the ruling control for
failure convert from strut failure to a concrete crush at
the beam compression face.

4.2. The effect of the beam height on
its behavior

Beams (G1, G2, and G3) were studied where the
height was increased gradually from 500 mm to 800 mm
with an incremental of 100 mm. Beams G1, G2, G3 with
different heights were analyzed under an eccentric load
at eccentricity of (0, 15, 30, and 50) mm, using finite
element method only. Beam G2 was chosen as a typical
model for numerical results. The increase in the beam
height leads to an increase in the failure load at zero
eccentricity. But with applying eccentric load on the
beams a reduction in the failure loads is recorded with
increase load eccentricity.

Figs. (10, 12, 14 and 17) showed a typical load
deflection responses for beams G2 under centric and
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eccentric load, Figure 16 showed the load-deflection
comparison between the beam heights, G2. Dropping in
failure load due to the eccentric load is shown in Figs.
(11, 13, 15, and 18). Table 3 and Fig. (19) show the
change and the dropping percentage in the failure load
for each change in the height and eccentricity.

At eccentricity value of 15 mm, failure mode was
strut crushing. The combined strut crushing and crushing
of concrete in compressive face was indicated at e = 30
mm. But when the eccentricity of the load on the beams
reached 50 mm, then all beams with different heights

Table 3

possessed the same failure load and all of them are failed
due to concrete crush at the beam compressive face.

With increasing of eccentricity, the effect of the
shear span becomes negligible for all heights of beams.
(Figs. 11, 13, 15, and 18). Fig (20) shows the principal
stresses (S1) in concrete of beam G2 at the compressed
front face and at the tensile rear face before cracks. The
stresses in the steel reinforcement at failure of beam G2
are shown in Fig.21, which not reached the yield stress
in rear face due to concrete crush at the front face of the
beam.

Change in loads failure at eccentricity 0,15,30,50 mm and percentage dropping in failure load

e=0mm for G1 e=15mm for G1

e =30 mm for G1 e =50 mm for G1

h/b  Failure Drop in h/b  Failure Drop in h/b  Failure Drop in h/b  Failure Drop in
load failure load load failure load load failure load load failure load
(kN) (kN) (kN) (kN)

% % % %

4 304.46 0 4 244.8 19.59 4 221 27.4 4 158.4 47.97

5 404.25 0 5 291.9 27.7 5 262.5 35 5 172.2 57.4

6  454.65 0 6 327.6 27.9 6 297.15 34.6 6 163.2 64.08

7 528.15 0 7 414.75 21.7 7 320.25 39.3 7 168 68.1

8 565.4 0 8 416.73 26.2 8 337.56 40.2 8 163.56 70

e=0mm for G2 e =15 mm for G2

Failure I?;ﬁﬁrien Failure ?;ﬁﬁrien
h/b load h/b load

(kN) load (kN) load

% %
4 363.8 0 4 286.4 21.2
5 444.5 0 5 3306 25.6
6 572.25 0 6 405 29.13

7 572.2 0 7 383.25 33
8 620 0 8 416.32 329

e=0mm for G3 e =15mm for G3

h/b  Failure Drop in h/b  Failure Drop in
load failureload% load failureload%
(kN) (kN)
4  507.52 0 4 318 37.33
5 513.27 0 5 354.5 30.9
6 607 0 6 391.65 21.8
7 599.3 0 7 420.75 29.8
8 667 0 8 404.18 39.4

e =30 mm for G2 e =50 mm for G2

Failure I?rfip " Failure I'})r?p i
h/b load ailure h/b ailure
(kN) load load load
(kN)
% %
4 246.4 32.2 4 175 51.8
5 291.45 34.4 5 180 59.5
6 320.25 44 6 176.4 69.17
7 336 41.2 7 176.4 69.1
8 343.2 44.6 8 186.2 69.8

e =30 mm for G3 e =50 mm for G3

h/b  Failure Dropin h/b  Failure Drop in
load failureload% load failureload%
(kN) (kN)

4 249.9 50.57 4 196.5 61.27

5 303.18 40.9 5 171.15 66.6

6 313 37.3 6 172.8 65.6

7 330 44.9 7 1725 71.2

8 342.15 48.7 8 166.5 74.9
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at e= (0, 15, 30 and 50) mm the Beam G2
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Fig.17. Eccentric Load-Deflection response of Fig.18. Dropping in Failure load due to applying load
the Beam G2 at e= (0, 15, 30 and 50) mm
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Fig.19. Change in the failure load of the beams
G1, G2, G3 under eccentricity (0, 15, 30, 50) mm , N
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Fig.21. Typical stress in steel reinforcement S1
in beam G2, 800 mm height at failure
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Fig.20. Typical principle stress S1 in beam
G2. 800 mm heiaht at 140 kN
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5. Conclusions

According to the present outcomes, it can
be concluded that:

1-

2-

The general conclusion is that 3D ANSY'S modeling
is able to predict the load capacity failure for beams
under eccentric load.

When the loads are applied perfectly concentrically,
failure would happen due to shear , but when the
loads are applied eccentrically, beams with
eccentricity greater than 30 mm crushed at front the
face of the beams at loads below their ultimate shear
capacities.

The transition from shear to crush failure at the front
face of the beams is often accompanied by a
significant reduction in the ultimate load.
Eccentricity/thickness (e/b) ratio is an important
parameter in (out-of-plane) crushing.

The increases in the beams height lead to an increase
in the failure load. But also a small eccentricity cause
a clear drop in the failure load.

At e =50 mm, all beams with different heights have
the same failure load.

When eccentricity increases the shear span has no
effect on the failure load ( increasing or decreasing).
The failure mode of the beams is concrete crushing,
the compressive strength is the ruling control.

Deep beams offer an additional problem of excessive
eccentric load which could result in a premature
crushing collapse.
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