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Abstract

Wide beams are one of the widely used structural elements in RC buildings due to the many special features that
characterize them. The main objective of this research is to investigate the behavior of wide shallow beams under the
effect of eccentric loading acting along their cross sections. To achieve that, an experimental program that consisted of
seven wide beams was conducted. All beams were loaded using two concentrated loads at their middle third where the
main parameters considered were: the magnitude of the load eccentricity, the longitudinal spacing between shear
reinforcement, and the arrangement of the longitudinal reinforcement. Following that, a finite element analysis was
performed where the analytical model used was first verified using the data from the experimental program. The results
from both the experimental and analytical programs were in good agreement. Then, the finite element analysis was
extended through a parametric study where other variables were studies such as the compressive strength of concrete, the
transverse spacing between stirrups and the longitudinal reinforcement ratio. The results showed that the value of the
load eccentricity, spacing between shear reinforcement, the arrangement of the main reinforcement along the beam cross
section, and the compressive strength of concrete significantly affected the torsional resistance of shallow wide beams.
Conclusions and recommendations are presented which can be useful for future researchers.
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1. Introduction

Using wide shallow beams presents a good solution for many architectural obstructions as it provides a better
height clearance and more simplicity for internal partitioning, this is in addition to removing the potential obstacles in
the way of electromechanical ductworks. Also, wide beams save construction time due to the simplicity of formwork
and reinforcement detailing [1]. Generally, shear stresses are produced in any reinforced concrete cross section
through shear forces or/and torsion moments. Shear failure in concrete structures is catastrophic and happens
suddenly, so it is a main concern for the design engineers. Once the tensile cracks occur in a beam, the shear capacity
is reduced, so the designers control this issue by using conventional stirrups. On the other hand, the torsion stresses are
always related to shear stresses which can be introduced to concrete structure by eccentric loading or eccentric
support. It can clearly be seen in curved beams, spandrel beams and irregularly shaped sections. Practical situations
where torsion in beams occurs are quite numerous, for example, when partitions or walls do not coincide with the
centroidal longitudinal axis of the beam. This can occur in narrow beams but can be even more pronounced in wide
beams due to their large width. Additionally, floor slabs cast monolithically with beams can cause torsional moments
when they deflect under load. Torsion stresses lead to spiral or oblique cracks that extend all over the element which
also can be improved or overcome by using well distributed vertical stirrups and main reinforcement steel bars that
decrease the deflection and hair cracks, increase the ultimate load of failure, tensile strength, and ductility [2].
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Recently, most of the experimental and analytical investigators focused on studying the wide shallow beams in
terms of their shear behavior. One of the most widely investigated topic is the effect of shear reinforcement on the
shear strength of the wide beams. Kamal [3] studied the effect of shear reinforcement through three different
parameters which are the volumetric ratio of vertical stirrups, concrete compressive strength, and beam width. He
concluded that the vertical stirrups contribute greatly to the shear strength of wide beams. Said & Elrakib [4] tested
nine wide beams with varying spacing and diameter of vertical stirrups as well as having different yield stresses. They
showed that using shear reinforcement considerably enhances the shear capacity and ductility of wide beams, and that
using high grade steel is more effective than mild steel. Mohammadyan-Yasouj et al. [5] conducted an experimental
program on six wide beams to study the use of different types of shear reinforcement. Vertical stirrups, independent
bent bars, independent mid-depth horizontal bars, and a combination between bent up bars and vertical stirrups were
used in this study. Ehab [6] carried out an experimental program to study the effect of shear reinforcement on the shear
behavior and modes of failure of wide shallow beams. Four different parameters including shear reinforcement ratio,
shear span to depth ratio, spacing between vertical stirrups, and number of vertical branches were investigated. The
results showed that the vertical stirrups have a great contribution to the shear strength, ductility, and width of shear
cracks. Transverse spacing between stirrups was proven to have a considerable effect on the shear strength of wide
beams as shown by Lubell et al. [7]. While Shuraim [8] conducted a vast study on 16 two span continuous wide beams
with various arrangement of stirrups in the transverse direction. He concluded that using four branch stirrups was more
effective than two legged ones for the same amount of stirrups. Elanasry et al. [9] suggested an innovative system of
shear reinforcement for wide beams using confined spiral stirrups. They studied variable parameters of the stirrups
such as spacing and ratio of stirrups. They also studied the effect of changing the longitudinal reinforcing bars on the
behavior of the beams.

Concerns regarding design code formulation for shear in wide beams have been extensively studied. Angelakos et
al. [10] investigated shear provisions provided by the ACI code [11] and showed that they can be quite un-
conservative in the case of large beams or thick slabs. Sherwood et al. [12] conducted an experimental program to
study the validity of the ACI-05 [13] recommendations. They stated that “the width of a member does not significantly
affect the shear stress at failure and that the ACI 318-05 [13] provisions requiring different shear capacities for slabs,
wide beams, and narrow beams are not appropriate.” Kim et al. [14] proposed an equation to calculate the shear
strength of slabs depending on the spacing and support conditions. Collins et al. [15] studied the shear behavior of
thick slabs without shear reinforcement. They found that the ACI code [16] provisions are highly underestimated in
this case and that using minimum shear reinforcement improves the behavior of such thick slabs.

Torsion of reinforced concrete beams has been the topic of study for many years [17, 18]. Fang et al. [19] studied
the size effect with regards to torsion in beams with and without stirrups. The properties of concrete as well as
reinforcement generally affect the capacity of beams in torsion. Fang et al. [19] studied beams subjected to pure
torsion using both normal and high strength concrete. They concluded that using high strength concrete improved the
capacity and the cracked stiffness of the beams in torsion. On the other hand, Kim et al. [20] studied the effect of using
stirrups with high strength reinforcement to resist torsional stresses in beams. They concluded that using high strength
reinforcement in this case leads to lower capacity than the design values. Also, Lee et al. [21] studied the maximum
torsion reinforcement with comparison between the different design codes regarding their accuracy. Different beam
shapes were also studied, for example, Jeng et al. [22] studied large size hollow sectioned beams. Ju & Lee [23]
studied the combined effect of torsion and bending. They tried to simulate the behavior of the beams under these
stresses through an analytical model and comparison with previous experimental data.

2. Significance and Layout of the Research Program

Based on the above, considerable research was performed on either wide beams or the torsion behavior of narrow
beams. However, scarce work can be found on the study of wide beams subjected to torsional effects. The main
objective of this research is to study the effect of applying eccentric loading on shallow wide beams thus exerting
torsional moments that lead to shear stresses and how the behavior is affected by changing different parameters
through experimental as well as analytical analysis. The parameters under study were decided as those mostly
affecting the wide beams or the torsion behavior of beams as reported in the literature; mainly the eccentricity of the
load, the vertical stirrups spacing in the longitudinal direction and in the transverse direction, the arrangement of main
longitudinal reinforcement, the compressive strength of concrete, and the ratio of the main longitudinal reinforcement.
Torsion does not usually occur without any other action and thus the beams were all subjected to the combined action
of torsion, shear, and bending through a two-point loading setup.

Figure 1 shows the layout of the research program. It is mainly divided into two parts namely the experimental
program and the analytical one. The experimental program consists of testing seven wide shallow beam specimens
under two-point loading and the numerical analysis was conducted through the finite element program ANSYS V.19
[24]. In the finite element analysis, first the seven specimens tested before were modeled for verification of the
soundness of the modeling procedure used and then a parametric study was conducted to further understand the
behavior of the wide beams in under eccentric loading.

1881



Civil Engineering Journal Vol. 7, No. 11, November, 2021

Literature Review

Behavior of wide shallow beams Behavior of narrow RC beams in torsion
I |
v
Objective: to study the behavior of wide shallow beams
in torsion

I
v v

Experimental

Numerical Analysis

Analysis
Two point loading .
Test conductedon7 [ L g Mo.dellng OT the test
. specimens using ANSYS
specimens to study:
Vv
> Eccentricity of the load Validation of the
numerical modeling
- Longitudinal spacing
- between stirrups Y
Parametric study
- Arrangement of the
- longitudinal reinforcement

Effect of Compressive
strength of concrete

Effect of Longitudinal spacing
between stirrups

WV

Effect of Ratio of flexure
reinforcement

h
-~ |

Figure 1. Layout of the research program

3. Experimental Program
3.1. Specimens

The experimental program consisted of seven wide shallow beam specimens. A summary of the details of all
beams is shown in Table 1. The loading setup was designed to introduce torsional moments on the specimens through
the application of two vertical concentrated loads with varying eccentricities (e) of zero, 100 mm and 200 mm. These
values correspond to e/B = zero, 0.167 and 0.333 where B is the width of the beam. The two-point loads were applied
at the two middle thirds of the longitudinal span. All beams were casted and tested at the Concrete Research
Laboratory, Faculty of Engineering, Cairo University. The seven specimens had the same cross section of 600x200
mm and the same span of 1700 mm with a clear span of 1500 mm. The clear concrete cover was 20 mm giving a beam
depth d=180 mm. The ratio of the main bottom longitudinal reinforcement was taken as 0.78% which satisfies the
minimum and maximum ratios set by ECP 203-2018 [25] and ACI 318-19 [26]. Figure 2a shows the details of all
beams in plan where “Front” herein refers to the longitudinal side of the beam closest to the point load and back refers
to the other side. Figure 2b shows the typical longitudinal cross section. Different arrangements were used for the
bottom reinforcement; uniform distribution with two different diameters and different number of bars namely 4 and 7
and then banded type where part of the reinforcing bars was concentrated at the same side as the loading as shown in
Figure 2c, 2d and 2e. The latter arrangement was chosen based on reports from previous research that banded
reinforcement arrangement showed improvement in the capacity of the wide beams [5]. The top reinforcement was 4
bars with the diameter 10 mm. Stirrups with four branches of diameter 6 mm were used. Design codes [25, 26] limit
the spacing between stirrups in the longitudinal direction to d/2. Based on this, the spacing in the longitudinal direction
was taken as 50, 75, 100 mm, thus covering a range less than and close to the maximum spacing stipulation.
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Table 1. Summary of the details of the beam specimens

Bottom Reinforcement Stirrups
. . . e
Specimen Dimensions (mm) e/B Area D No.of  Spacing between the No. of s
(mm?  (mm) bars bars (mm) branches  (mm)
B1 0 0 804.24 16 4 187 @ 75
<
Group (1) B2 E 200 0.333 804.24 16 4 187 § 75
B3 b= 100 0.167 804.24 16 4 187 f: 75
~ 1
B4 * 200 0.333 804.24 16 4 187 £ 100
Group (2) 8 S
B5 < 200 0.333 804.24 16 4 187 % 50
o —
B6 3 200 0.333  791.68 12 7 93.33 ® 75
Group (3) ©
B7 200 0.333  791.68 12 7 187 93.33 S 75

e: Load eccentricity along the cross section of the beams, B: width of the beam;

D: Diameter of reinforcement steel bars, s: Spacing between stirrups along the span of the beams.
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Figure 2. Specimen details for Beams B1 to B7 (All dimensions are in mm)

Figure 3. Loading test setup for all beams
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Figure 4. Location of Strain gauges for all specimens

The concrete mix was designed to give a characteristic compressive strength of 30 N/mm?2. Compressive strength
tests were conducted on standard cubes and gave an average strength of 30.6 N/mm?. The loading was performed by
means of a steel frame composed of groups of steel girders tied together by high strength steel bolts and nuts as shown
in Figure 3. The load cell used had a capacity of 1000 KN. Three LVDTs were used to measure the deflection of the
specimens. One LVVDT was placed at the mid span of the specimens and the other two one under each load. Electrical
strain gauges were used to measure the strain in the longitudinal reinforcement where they were placed at the
maximum flexure point at mid-span. Strain gauges were also used in the vertical leg of the stirrups at d/2 from the face
of support as shown in Figure 4. The position of strain gauges in this case were chosen at the location where the shear
cracks are most expected to occur.

The beams were divided into three groups to study three parameters as follows:

e Group (1): This group consists of three beams — B1, B2, B3 — designed to study the effect of the load
eccentricity along the cross section of the beams (e) varying from zero for B1, 200 mm for B2 and 100 mm for
B3.

e Group (2): This group consists of two beams — B4, B5 in addition to beam B2 — where the spacing between the
stirrups in the longitudinal direction (s) is studied with the beams subjected to a fixed eccentricity (e/B) of
0.333.

e Group (3): This group consists of two beams — B6, B7 in addition to beam B2 — to the study the effect of the
main longitudinal reinforcement arrangement as shown in Figure 2c through 2e.

3.2. Experimental Test Results

Table 2 shows the experimental output for all the beams in terms of the ultimate load, the first crack load, and the
corresponding deflections as well as the calculated values of stiffhess, ductility and toughness of each specimen and
the modes of failure.

Table 2. Summary of the experimental results

Specimen (EIC\]) (kPﬁ) (nﬁ?ﬁ) (rr?;ﬁ) W @ (Sktrlxlf/fr?qenisﬁ Dtar. T(iﬁgms Mode of failure
Bl 80 320 11 145 4828 142 29.4 217 3426.8 Flexure
Group (1) B2 110 260 52 19.8 2568 1179 15.5 1.56 3720.6 Flexure - Torsion
B3 85 330 42 21.2 4828 264 19.1 1.91 44419 Flexure - Torsion
B4 90 250 5.5 18.6 2158 493 134 N/A 2678.8 Torsion
Group ) B5 90 290 2.8 20.8 2481 333 18.6 1.88 4241.6 Flexure - Torsion
Group (3) B6 90 220 4.9 16.5 2033 693 15.2 N/A 2214.1 Tors?on
B7 90 250 4.2 141 2460 391 20.0 1.00 2015.0 Torsion

Pcr: Load at first crack, Pu: Ultimate Load;
Acr: Deflection at first cack load, Ay: Deflection at ultimate load;

€main: Strain in longitudinal reinforcement at failure, s: Strain in stirrups at failure.
Cracking Patterns

The behavior of all specimens was observed under loading increments until failure and the cracking patterns were
detected and marked. For ease of reference the notation front face was used for the beam side closer to the load as
mentioned before. Figure 5 shows the cracking pattern after failure for the control beam B1 where the applied load
was at the centerline of the specimen without any eccentricity. The first crack appeared at the center line of the
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specimen on both the front and the back sides at approximately the same time and it was a flexure vertical crack. At
higher loading levels, the number of cracks increased, their widths increased, and they extended from the front side
towards the back side through the bottom face until they were connected. There were no cracks observed on the upper
or left and right sides. The final cracks at the front and back sides of the beam followed a similar pattern as shown in
Figure 5a and 5c. This is in agreement with the beam having zero load eccentricity. Finally, the beam failed in flexure
due to the excessive increase in flexure cracks.

The rest of the specimens B2 to B7 showed a different cracking pattern from B1. The six beams generally had
similar crack patterns behavior. The typical final cracking pattern is shown in Figure 6 with Beam B2 shown as an
example. The first crack observed was a vertical flexure crack that began to appear at the middle third of the specimen
at the front side followed by the same type of crack at the back side. After that, these cracks started to extend
horizontally at the bottom face of the specimens to be connected at the middle third region. At higher loading levels,
some cracks inclined at 45° began to appear on the front face that extended to the bottom face near the support, then
some inclined and horizontal cracks appeared on the top face near the supports that extended to both the left and right
sides forming again cracks inclined at 45°. It can be seen from Figure 2a and 2b that the front face showed clearly
inclined shear cracks while the back face had vertical widely uniformly spaced cracks. At the end of loading, a bundle
of cracks was formed at the support zone till failure. These cracking patterns well indicate the presence of torsional

moments.

a) Front face b) Bottom face

¢) Back face d) Top face and side
Figure 5. Cracking pattern for specimen B1

a) Front face b) Right face

c) Back face d) Left face

e) Bottom face f) Top face
Figure 6. Cracking pattern for specimen B2
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Figure 7 shows a comparison of the cracking pattern for the front face with the bottom one for Beams B2 to B7. As
previously mentioned, these six beams showed a behavior typical for beams subjected to torsion. However, the effect
of the parameters under study can be seen clearly in the variations between the beams. Comparing Beams B1, B2, and
B3, as the load eccentricity increased, the number of cracks occurring in the middle third of the specimens decreased
showing the least occurrence in Beam B2 with load eccentricity e/B=0.333. In addition, the diagonal cracks on the
front face reached almost the full depth of the beams indicating torsional shear stresses and they were more
pronounced in Beam B2. Beam B3 with eccentricity e/B=0.167 showed a crack pattern very similar to Beam B1 which
was loaded without any eccentricity.

Beam B4 with the largest longitudinal spacing between stirrups (100 mm) showed more horizontal cracks on the
bottom face than Beams B2 and B5 with spacing 75 and 50 mm, respectively. However, the inclined diagonal
cracking patterns seen on the front face of the beams were different. In Beam B4, a clear distinct diagonal crack was
seen on both sides of the span. While in Beam B2, a bundle of diagonal cracks was observed on both the left and right
sides. As for Beam B5, the same two bundles were present however, the bundle width and the number of cracks within
the bundle were higher than in case of Beam B2 and the cracks widths were lower. This larger number of cracks with
smaller width in Beam B5 agrees well with it having the highest ductility factor among the three beams as shown in
Table 2. Cracking pattern also showed dependency on the arrangement of the longitudinal reinforcement. Comparing
the beams in Group (3), Beam B2 showed the largest number of diagonal cracks with the smallest widths followed by
Beam B7 and then Beam B6 which showed two distinct diagonal cracks with larger width. This cracking pattern again
correlates with Beam B2 showing the highest ductility behavior among the three beams.

The cracks on the back face for Beams B2, B4, B5 and B6 were vertical and rather widely dispersed with a
uniform distribution along the length of the beam reaching only the mid depth of the beam. As for Beam B3 the cracks
were also vertical but more closely dispersed and reaching almost the full length of the beam. The cracks at the back
face for beam B7 were vertical in the middle third of the span and inclined towards the support at the two ends of the
beam. These differences in the cracking patterns behaviors for the front and back faces confirm the occurrence of
torsional stresses for beams B2 to B7.

a) Beam B2 b) Beam B3

c) Beam B4 d) Beam B5

e) Beam B6 d) Beam B7
Figure 7. Cracking pattern for beam specimens B2 to B7 — Front face with bottom side
Load-Deflection Relationship

The applied load versus the vertical deflection at mid span for all the beams is shown in Figures 8 through 10.
Figure 8 shows the results for Group (1). Beam B1 showed a bilinear curve shape while Beams B2 and B3 exhibited a
non-linear behavior until failure. The first crack load was almost similar for Beams B1 and B3 but slightly higher for
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Beam B2. Also, the results show that Beam B3 had the maximum ultimate load of 330 kN while Beam B2 showed the
minimum ultimate load of 260 kN while Beam B1 gave a value of 320 kN. However, these readings do not reflect the
actual behavior since the loading for Beam B1 was terminated due to safety issues before the beam reached its
ultimate capacity. The curve representing Beam B1 could progress as shown in Figure 8 by the dotted line extended
from point A, which is the final test reading, to point B, which can be considered the predicted ultimate failure load.
According to that, Beam B1 was supposed to show a higher load capacity which is supported by the FEM calculations
that will be shown later. The readings of Beams B2 and B3 show that the bigger the eccentricity of the load the lower
ultimate load capacity due to the higher torsional moments exerted on the specimen. Comparing the deflection at
ultimate load, Beam B2 showed a slightly lower value compared to Beam B3.

Group (2) was tested to show the effect of longitudinal spacing between stirrups on the behavior of each specimen.
The load-deflection curves for specimen B2, B4, and B5 are shown in Figure 9 where the three specimens showed
initial linear behavior followed by nonlinear load-deflection behavior up to failure. A slight increase of 4% occurred
when the spacing between stirrups was decreased from 100 to 75 mm. However, a noticeable increase of 16% was
obtained when the spacing was decreased from 100 to 50 mm. As for the deflection at ultimate load, Beam B2 (75 mm
spacing) showed a value of 19.8 mm, Beam B4 (100 mm spacing) shows minimum deflection of 18.6 mm while Beam
B5 (50 mm spacing) showed the maximum deflection of 21.2 mm.

The load-deflection curves for Group (3) are shown in Figure 10. The three beams B2, B6 and B7 were designed to
have the same bottom reinforcement ratio value of 0.78% but with different reinforcement arrangements as shown in
Figure 2c, 2d and 2e where Beams B2 and B7 had uniform bar distribution but with different diameters while for
Beam B7 the reinforced bars were concentrated on the side under the load. The values of the ultimate load obtained
from the loading test were different despite having the same reinforcement ratios where Beam B2 showed the highest
value of 260 kN followed by Beams B7 and then B6 gave the lowest value of 220 kN. To quantitatively explain this
behavior, the values of the cracked moments of inertia (1) for the half section under load around the center line of the
cross sections Y shown in Figure 2c, 2d and 2e, were calculated using equation 1. The values of the moment of inertia
calculated were the highest value for Beam B2 and the lowest value for Beam B6. Comparing the values of the
ultimate load for the corresponding beams, the values for the ultimate load follow the same pattern as shown in Figure
11. This means that behavior of the specimens is affected by the reinforcement distribution even if the reinforcement
ratio is kept constant with the ultimate load value increasing as the moment of inertia increases.

I=[y (mD?)/4]. (Xr) =KD2 (1) @)
Where K=y /4

I: Cracked moments of inertia y: density of steel, D: diameter of the reinforcing bar, r;: distance measured from the
center line of the steel bar to the center line of the cross section of the beam.

Strain in Stirrups

The values of the strain in the stirrups for the seven beams are shown in Table 2. Beam B2 had the maximum strain
value of approximately 1180 micro-strain while the other six beams gave strain values ranging between 132 to 694
micro-strain. The strain measured in stirrups shows some discrepancies. This can be explained since the local strain in
the leg of the stirrup is greatly affected by its location with respect to the cracks. For each beam, a strain gauge was
located at d/2 from the face of the support; however, this position relative to the cracks induced can be different from
one specimen to the other and could not be unified. In general, the web reinforcement did not reach its yield limit as
the yield strain for bars with diameter 6 mm steel is 1690 micro-strain.

Strain in Longitudinal Reinforcement and Modes of Failure

The load strain curves for the longitudinal reinforcement for all the tested beams are shown in Figures 12 through 14.
The yield strain for steel bars diameter 16 mm and 12 mm is 2330 micro-strain and 2475 micro-strain, respectively.
For Group (1) with different eccentricity ratios, the longitudinal reinforcement in the three beams B1, B2, and B3
reached the yield limit before concrete crushing at 250, 240, and 270 kN, respectively. It can be seen from Figure 12
that Beams B2 and B3 showed very similar load strain behavior, where the yielding of main reinforcement is very
clear through a bilinear curve. This shows that beams having low eccentricity values exhibit behavior close to that of
beams without any eccentricity. For Group (2), Beams B2 and B5 with lower spacing between stirrups reached the
yield limit at 240 and 280 kN while the longitudinal reinforcement of B4 with spacing of 100 mm did not reach the
yield limit. This shows that the lower spacing between stirrups leads to a better ductile behavior and mode of failure in
addition to higher ultimate load values. For Group (3), where the longitudinal reinforcement distribution was studied,
Beam B2 with uniform distribution and higher bar diameter giving higher cracked moment of inertia showed yielding
in the main reinforcement. While for Beams B6 and B7, changing the reinforcement distribution to non-uniform or
lowering the area of the individual bar diameter showed a rather non-ductile behavior with the bars in Beam B6 not
reaching the yield limit and those in B7 almost reaching the yield strain with a value of 2460 micro-strain.
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Beam B1 failed in flexure with the main reinforcement clearly reaching the yield strain as shown in Figure 12. As
for beam B3, flexural failure was considered based on the shape of the load strain curve despite the shear torsional
cracks observed. Beams B2, and B5 showed yielding in the main reinforcement just before failure leading to a
combined flexure torsion failure mode while reinforcement in Beam B6 almost reached the yield strain at failure. On
the other hand, the longitudinal reinforcement in Beams B4 and B6 did not reach the yield limit and failed due to
torsional stresses. Beam B4 showed the most pronounced torsional shear failure where it failed suddenly, and the
diagonal cracks was very dominant.

Structural Behavior

Stiffness is the ability of the specimens to resist the deformation in response to the applied force where the more
flexible the specimens are, the less stiff they are [18]. The stiffness can be calculated as the slope of the linear part of
the ascending branch of the load-deflection curve. While toughness is the ability of the material to absorb energy and
deform plastically without any fracture, where toughness can be determined as the area under load-deflection curve up
to specified level of failure [18].

Ductility is the ability of the material to undergo large deformation without rupture before failure, where ductility
can be measured using several measures as displacement ductility factor, drift index and curvature-ductility factor
[27]. Ductility of specimens was evaluated using the displacement ductility factor (ua) which is defined as the ratio of
the mid span deflection at the ultimate load to the mid span deflection at the yield load.

It was noted that Beam B1 with zero eccentricity and 16 mm uniformly distributed longitudinal bars had the
maximum stiffness of 29.4 kN/mm, while B4 with longitudinal spacing between stirrups of 100 mm, 200 mm
eccentric load and 16 mm uniformly distributed longitudinal bars had the least stiffness of 13.4 kN/mm. As for
toughness, B3 and B5 had the maximum values of toughness of 4440 and 4240 kN.mm respectively while B7 had the
minimum value of toughness of 2010 kN.mm. B1 had the maximum ductility factor of 2.17. On the other hand, the
rest of specimens showed a ductility factor that ranges from 1.00 to 1.91.

From Table 2, it can be seen that decreasing the eccentricity of load from 200 mm (B2) to zero (B1) for Group (1)
improved the ductility by 39.1% and the stiffness by 89.6% while the toughness decreased by 7.9%. The decrease in
the longitudinal spacing between stirrups from 100 mm (B4) to 50 mm (B5) lead to an increase in the stiffness by
approximately 39%. The decrease in the spacing between stirrups also lead to a more ductile behavior and an increase
in the toughness by 58.3% where this can be explained by the ability of a member to resist fracture due to the presence
of stirrups with small spacing in the longitudinal direction. Finally, changing the distribution of longitudinal steel bars
from uniform distribution to non-uniform concentrated distribution under load for Beams B6 and B7 increased
stiffness by 31.5% and decreased the toughness approximately by 9%. Both beams showed a lower ductile behavior
compared to B2.

4. Finite Element Analysis

The finite element analysis was conducted in two consecutive stages as shown in Figure 1. First, the seven tested
specimens were modeled and analyzed using the finite element analysis program ANSYS V.19 [24]. Each element in
the model was defined using a specified element type from the ANSY'S library where concrete is defined using SOILD
65, steel reinforcement is defined using LINK 180 and steel plates are defined using SOILD 45 [24]. To ensure that
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the model is acting similar to the experimental specimens, the boundary conditions were applied to simulate the actual
conditions of the experiment where the supports were modeled in such a way that fixed supports were created by
defining the values of the displacement in X, Y, and Z directions equal to zero and the rotation in X, Y, and Z
directions also equal to zero. In this part, the model is assessed and compared with the data obtained from the
experimental program to assure the validity and soundness of the model used.

The second part consisted of an extended parametric study where the study of different parameters was conducted
to further understand the behavior of wide shallow beams under eccentric loading. Seven more beams were analyzed
with varying parameters such as the compressive strength of concrete, the main reinforcement ratio, the spacing
between the stirrups, and the number of branches of the stirrups used.

4.1. Comparison between Experimental Results and FEM analysis

The comparison between the experimental results and FEM analysis was conducted through cracking patterns,
modes of failure, cracking loads, ultimate loads, load deflection curves, and load strain curves for transverse and
longitudinal reinforcement. All numerical results obtained through the finite element analysis were compared with the
experimental data shown in section 3.2.

Table 3. Summary of the FEM results for beams B1 to B7

. P P A A €main  Pof P/ Nl Nyl Einl .
Specimen o Y °r Y or Y °r Y an Mode of Failure
P (kN)  (kN)  (mm)  (mm) (0 Per P, Acr Ay Eman
B1 145 364.8 2.75 11.33 4323 1.80 1.14 25 0.78 0.90 Flexure

Group (1) B2 115 243.2 3.19 16.90 2407 1.04 0.94 0.61 0.85 0.93 Flexure - Torsion
B3 115 298.6 2.10 16.42 3549 1.35 0.90 0.50 0.77 0.74 Flexure - Torsion
B4 91.3 204.5 3.26 18.15 2511 1.01 0.82 0.60 0.98 1.16 Flexure - Torsion

Group (2) .
B5 115 305.9 3.45 20.96 3493 1.27 1.05 1.23 1.01 1.41 Flexure - Torsion
G @) B6 95 194.9 3.46 13.60 1474 1.06 0.89 0.64 0.82 0.73 Torsion
rou
P B7 95 264.0 2.78 17.42 2204 1.06 1.06 0.66 1.24 0.90 Torsion
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Figure 15. Comparing cracking patterns for specimen B1 Figure 16. Comparing cracking patterns for specimen B2
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Table 3 shows the output data for the seven specimens using the ANSYS program [24]. The analytical results gave
good correlations with the experimental ones for Beams B2 to B7. However, Beam B1 shows higher values for the
cracking load and ultimate failure load compared to the experiment. This confirms what was mentioned before in
section 2.2 that the experimental results for Beam B1 are underestimated due to some issues with loading at the time
of the experiment. The variation between the ultimate load and deflection at ultimate load between both experiment
and analysis was within + 24%. It was observed in the FEM analysis results that the longitudinal reinforcement of
Beams B1, B2, B3, B4 and B5 reached the yield limit before the concrete crushing while the longitudinal
reinforcement of Beams B6 and B7 did not reach the yield limit. The transverse reinforcement in FEM results did not
reach their yield limit. These results follow the same trend as in the experimental output except for Beam B4.

Figures 15 and 16 show the comparison between the cracking patterns at failure for Beams B1 and B2 obtained
from the experiment and that obtained from the FEA for both the bottom and the front sides. The cracking patterns
follow a very similar pattern between the experiment and the analysis. Figures 17 and 18 show the deformation shape
for the two beams obtained from the analysis from two perspectives and the stress distribution across the whole
beams. The two figures clearly show the difference between Beam B1 where the eccentricity was taken as zero and
Beam B2 with eccentricity 200 mm (e/B = 0.333). The stresses in B1 are highest at the midspan of the beam and have
uniform values along the cross section. While for Beam B2 the stresses are highest at the side closer to the load with
the direction of stresses changing at the opposite side from the load. The load deflection curves showed good
correlations between experimental output and FEA. The load deflection curves for Group (1) are shown in Figure 19
while those for groups (2) and (3) are shown in Figures 20 and 21, respectively.

4.2. Parametric Study

To further understand the behavior of wide shallow beams under eccentric loading, a parametric study was
conducted using the Finite element analysis program ANSYS V.19 [24]. Seven more wide shallow beams having the
same dimensions as that tested experimentally (L=1700, b=600, t=200, and d=180 mm) were analyzed. The study of
the specimens was performed through four groups as shown in Table 4 with the FEM analysis of Beam B2 used as a
reference. Group (4) was designed to study the effect of using concrete with higher compressive strengths. It consisted
of two beams; B8 and B9, in addition to B2. Group (5) consisted of two beams to study the effect of the ratio of the
bottom reinforcement. In this group the reinforcement ratio was changed from 0.74% in Beam B2 to 0.42% for Beam
B10 and 0.29% for Beam B11. The value 0.29% was chosen as it is the minimum reinforcement ratio specified for
beams by the ECP 203-2018 [25].

As for Group (6), it also consisted of two beams to study the effect of the spacing between stirrups in the
longitudinal direction. It has been widely assumed in most of the design codes [25, 26, 29] that the concrete cross
section of wide beams is large enough to satisfactorily withstand the shear stresses without shear reinforcement.
Previous research [15] however proved that the use of shear reinforcement can be quite beneficial. In addition, recent
research, [12] and [28], pointed out that it will be quite difficult to accurately assess the shear capacity of large, lightly
reinforced wide members without web reinforcement. This part of the research aims to assess the use of the stirrups
and their spacing in case of wide beams subjected to eccentricity in the loading conditions. Maximum values for the
spacing between stirrups are set for narrow beams subjected to torsion as 200 mm. However, no reference data can be
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found for wide beams subjected to torsion. The values of 50, 75, 100 mm were previously used for the beams in Group
(2) and here two more beams with spacing 150 mm and 200 mm are added. Shear reinforcement spacing limitations
along the beam length are provided in the design codes as mentioned above, however, few limits exist for appropriate
spacing of stirrup legs across the transverse direction [7]. Group (7) — Beam B14 — is used to study the effect of the
stirrups spacing in the transverse direction or the number of legs of the stirrups where two legged stirrups having a
transverse spacing of 560 mm are used and compared to Beam B2 with four branches stirrups and a transverse spacing
of 187 mm. Figure 22 and Table 4 show the details of the Beams B8 through B14.
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Figure 22. Specimen details for Beams B8 to B14
Table 4. Details of the beam specimens for the parametric study and analysis results
Bottom Reinforcement Stirrups feu FEM analysis results
Specimen Dimensions )
Are:; o No.of  patio % No of branches S (MPa) Py A Emain
mm mm bars mm (kN) (mm) ()
ANSYS B2 804.24 16 4 0.74 75 30 2432  16.90 2407
B8 ™ 804.24 16 4 0.74 75 40 301.7 15.64 2922
Group (4) & £
B9 I=K=} 804.24 16 4 0.74 EQ 75 50 352.1 16.25 3225
o Il ~ =
B10 SE S 452.16 12 4 0.42 = 75 30 1912 1539 3918
Group (5) % - ® s
B11 =] E 314.00 10 4 0.29 8 < 75 30 171.0 11.43 3610
N
B12 58 804.24 16 4 0.74 200 30 139.1 8.89 2549
Group (6) 3
B13 o 804.24 16 4 0.74 150 30 172.0 14.29 3117
@6 @ 560 mm
Group (7) B14 804.24 16 4 0.74 2 branches 75 30 203.0 15.20 3202

fcu: compressive strength of concrete, Py: Ultimate load, Au: Deflection at ultimate load; €main: Strain in longitudinal reinforcement at failure.

Effect of the Compressive Strength of Concrete — Group (4)

The three beams in Group (4) were studied having concrete compressive strengths of 30, 40 and 50 MPa. These
values represent the common range used in practice for normal strength concrete in addition to one specimen with
high strength concrete through the 50 MPa mix. The load deflection curves for Group (4) are shown in Figure 23.
Increasing the compressive strength led to a notable increase in the ultimate load capacity where the ultimate load was
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increased by 24% when the compressive strength was increased from 30 MPa to 40 MPa and by 45% when the
compressive strength was increased to 50 MPa. The increase in the ultimate load of the beams can be linearly related
to the concrete compressive strength. However, further study is needed to support this output. No significant change
was noticed in the values of deflection where the deflection at ultimate load for B8 and B9 was 15.64 and 16.25 mm,
respectively as seen in Table 4.
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’ 200
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o
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0 5 10 15 20 0 5 10 15 20
Mid span deflection (mm) Mid span deflection (mm)

Figure 23. Load-Deflection curves for Group (4) Figure 24. Load-Deflection curves for Group (5)

Effect of the Main Reinforcement Ratio - Group (5)

Figure 24 gives the load deflection curves for Group (5). A reduction in the ultimate load capacity of 21% and 30%
was seen when the reinforcement ratio was reduced to 0.42% and 0.29%, respectively. In addition, ductility was
reduced with the decrease in the main reinforcement ratio as the values of the deflection at ultimate load decreased by
8% for Beam B10 and more notably for Beam B11 by 32%.

Effect of the Longitudinal Spacing between Stirrups - Group (6)

Group (6) is an extension of Group (2) where more values for the spacing between stirrups were studied.
Previously spacing values of 50, 75, 100 mm were used. Here, two more values were added; 150 mm for B13 and 200
mm for B12. The load deflection curves can be seen in Figure 25. The curves for the beams in this group are plotted
with the analysis output for Beam B4 and Beam B5 as well as Beam B2 for reference. As the longitudinal spacing
between stirrups decreased, the ductility and the ultimate capacity of the beam increased. Figure 26 shows the values
of the ultimate load against the ratio of s/d for the five beams where s denotes the longitudinal spacing between the
stirrups and d is the depth of the beam. The ultimate load decreases sharply up to s/d = 0.5 while for values large than
that the slope of the curve is reduced. It should be noted here that s/d = 0.5 is the limit set by most codes [25, 26] for
the maximum spacing between stirrups. The curve plotted in Figure 26 supports this stipulation as the ultimate load
capacity is largely reduced up to s/d = 0.5. Increasing s more than 0.5d could lead to excessive loss in the ultimate
capacity of the beam.
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Figure 25. Load-Deflection curves for Group (6)
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Effect of the Stirrups Leg Spacing (Transverse Spacing) - Group (7)

Group (7) aims to study the effect of the transverse spacing of the stirrups. Design codes have different guidelines
for the limits for the transverse spacing. Eurocode 2 [29] puts a limit of 0.75 d or 600 mm which is the same as that for
the longitudinal spacing while ECP 203-2018 [25] has a maximum limit of 250 mm. On the other hand, the ACI 318-
19 [26] gives no limit for the value of the transverse spacing. The load deflection curves for Group (7) are shown in
Figure 27. Beam B14 is compared with Beam B2 where the number of branches of stirrups was changed from 4 to 2
corresponding to a change of leg spacing from 187 mm to 560 mm. A reduction in the ultimate load capacity of 16.5%
was seen and the mid span deflection was reduced by 10%.
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Figure 27. Load-Deflection curves for Group (7)

5. Conclusions

A combined bending torsion experiment on wide shallow RC beam specimens was conducted. This paper presents
the details of the experiment and the experimental results for seven beam specimens under eccentric loading. In
addition, the experimental results were compared with the analytical results obtained using the finite element program
ANSYS 19 followed by an extended analytical study to investigate the effect of various parameters on the behavior of
wide shallow beams under eccentric loading.

Based on the results obtained in this research, the following points can be concluded:

o Applying vertical load with varying eccentricities to RC wide beams exerts torsional moments in addition to
the bending and shear stresses which can be clearly seen in the cracking patterns and failure modes.

e Increasing the load eccentricity from 100 to 200 mm (Approx. 17 to 33% of the beam width) leads to a
decrease in ultimate load capacity. Based on the results of the experimental program a decrease of 21% was
obtained. In addition, a decrease in the stiffness and toughness of 19 and 16% was obtained due to an increase
in the torsional stresses along the beam cross section.

e Beams with small load eccentricity (0.167) behave in a way similar to beams without any load eccentricity.

o Decreasing the spacing between stirrups helps in controlling the cracks width and increasing the ultimate load.
The ultimate load capacity was almost doubled when the spacing to depth ratio (s/d) was decreased from 1 to
0.28. Ductility is also improved with the lower longitudinal spacing between stirrups.

e The arrangement and distribution of longitudinal steel reinforcement affects the behavior of the wide beams
even when having the same reinforcement ratio. It can be rationalized that the cracking moment of inertia is
the main factor governing the effect of the reinforcement distribution.

o Using uniform distribution of longitudinal bars with a large diameter leads to an improved behavior compared
to using a small diameter keeping the same reinforcement ratio of steel. However, concentration of
longitudinal reinforcement under the applied load increases the ultimate load capacity but decreases the
ductility of the specimen.

e The modeling of the wide RC beams under eccentric loading using the finite element program ANSYS proved
to be effective where good agreement was found between the output of the analytical program and the
experimental results.
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e Using high strength concrete increases the torsional capacity of wide beams and increases the ultimate load
capacity. An increase of approximately 25% was obtained when compressive strength was increase to 40
N/mm? from the original 30 N/mm? and of approximately 46% for compressive strength of 50 N/mm?.

o Decreasing the ratio of the main longitudinal reinforcement leads to a noticeable decrease in ultimate load
capacity and the ultimate deflection.

e The transverse spacing between stirrups legs across the width of the wide beam affects the beam behavior.
This was noticed when changing the shape of transverse reinforcement from four branches to two branches
thus leading to a decrease in the torsional resistance and the ultimate load capacity by approximately 16.5%.
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