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Abstract: The deep beam is one of the essential members
of high-rise buildings structures, so the deep beams are
used as a transfer girder; in walls water structures, the
deep beam behavior is different from the slender beam
behavior; the deep beam plane section before does not re-
main plane after bending. In recent years, the use of FRP
as a composite material in reinforced concrete structures
has been growing up to cover problems by weight of struc-
ture buildings, corrosion, repairing, and construction cost.
This paper presents an experimental, analytical study to
assign the variation of mechanical properties of reinforced
concrete deep beams using vertical and horizontal GFRP
stirrups. This paper investigates the mechanical proper-
ties of test specimens for deep beams reinforced in shear
with GFRP or steel bars as web reinforcement. The deep
beams are reinforced with glass fiber reinforced polymer
(GFRP) in various ratios as a web reinforcement configura-
tion (0, 0.25%, and 0.40%) rather than traditional steel web
reinforcement. All tested specimens have the same span to
depth ratio of 0.40 (a/d); the primary and secondary rein-
forcement is steel bars. The web reinforcement ratio signifi-
cantly affected deep beams’ load capacity and mechanical
behavior. The GFRP enhancement the mechanical behavior
of the reinforced concrete deep. Increasing the GFRP web
reinforcement ratio enhances the deep beam load capacity.
The test results compared with the traditional ACI design
method strut-tie model to demonstrate the effect of web
reinforcement ratio on deep beam load capacity and strut
width. The test results have been verified by ABAQUS 6.13.
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1 Introduction

Reinforced concrete deep beams are used mainly for load
transfer, such as transfer girders, bent caps, and pile caps.
The reinforced concrete deep beams have an advantage
over slender beams due to their resistance of a large magni-
tude of shearing force and normal stresses [1]. The slender
beams and deep beams can transfer shear forces to sup-
ports through compressive stresses instead of the shear
stresses. The diagonal cracks in the reinforced deep beams
eliminate the inclined principal tensile stress required for
beam action, and these diagonal cracks make a distribu-
tion of internal stress so, the deep beams act as tied arch [2].
These structural elements deteriorate due to freeze-thaw cy-
cles and the corrosion of steel bars resulting from the large
number of deicing salts used during the winter months
in North America. Other circumstances, such as coastal
weather, aggravate this phenomenon and exaggerate the
hazard. Raw sewage is a source of causes corrosion of metal-
lic components.

The advantages of FRP paved the way to use it in con-
struction members such as columns, slabs, slender beams,
and deep beams [3-5]. The over-hanging length beyond
the support in the tested FRP-reinforced deep beams was
relatively long to have a sufficient anchorage length for FRP
longitudinal bars to prevent undesirable failure due to an-
chorage. However, the provided anchorage length used in
the experimental studies is too long to be used in practice
[1, 6,7].

In the deep beams, the web reinforcement is signif-
icantly closer to the surface of the beam; then, the web
reinforcement will be oversensitive to chemical exposure
and an aggressive environment. The primary, secondary
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reinforcement is not hypersensitive as web reinforcement
to chlorides and chemical exposure. In addition to that, the
FRP can control crack width to avoid chloride migration to
the inner reinforcement [8-10]. Thus, the present research
proposal investigates incorporating FRP bars as web rein-
forcement mats in deep beams while maintaining the main
reinforcement bars. This technique reduced maintenance
costs because only the maintenance will be for primary
reinforcement, facilitating repairing processes.

As previous research indicates, the steel web reinforce-
ment in reinforced concrete deep is considered essential
for crack control [11]. Nevertheless, there are odds between
codes prevision and researchers about the effect of steel
web reinforcement on the strength of reinforced concrete
deep beams. For instance, other researchers reported that
the steel web reinforcement improved the strength of the in-
clined strut and the shear strength of concrete deep beams
[12]. Birrcher et al. 2013 [13] indicate that the strength of
reinforced concrete deep beams is not affected by the web
reinforcement. Moreover, providing the minimum steel web
reinforcement in a reinforced concrete deep beam designed
according to ACI 318 (2014) [14] would increase the capacity
by 1.67 over the load capacity of a deep beam without steel
web reinforcement.
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Figure 1: Details of a typical specimen
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2 Methodology

The methodology used in this study is experimental with
theoretical validation. The experimental program used
glass fiber reinforced polymer as web reinforcement rather
than steel web reinforcement. Experiments were conducted
on seven reinforced concrete beams to understand better
the behavior of deep concrete beams reinforced with glass
fiber reinforced polymer as web reinforcement and longi-
tudinal steel bars. Finally, the verification of experimental
results was varied using theoretical analyses based on ACI
318-19 [15], ACI 440.1R-03 [16], and ABAQUS.

3 Experimental program

3.1 Description of test specimens

Seven reinforced concrete beams were cast with rectangu-
lar cross-sections, sized 120 mm (width) x 800 mm (height)
x 1170 mm length; Figure 1 shows the details of tested spec-
imens. Figure 1 shows the reinforcement used in all spec-
imens: two bars of 16 mm diameter, four bars of 12 mm
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Table 1: Specimen’s reinforcement details
Group Specimen ID Web reinforcement Sh Sy Pn % pv %
BS1 0 0 0 0
A BS2 Steel 188 188 0.25 0.25
BS3 118 118 0.40 0.40
BG1 0 118 0.00 0.40
BG2 118 0 0.40 0.00
B GFRP
BG3 118 118 0.40 0.40
BG4 188 188 0.25 0.25

diameter in the bottom reinforcement, and two bars of 12
mm diameter in the top reinforcement. The laboratory saw
the casting of two groups of reinforced concrete deep beams.
The exception is the control beam, which has no web re-
inforcement. The first group consists of three beams with
varying steel web reinforcement ratios, except the control
beam. Second, this group has four beams, each with a dif-
ferent glass fiber-reinforced polymer web reinforcement.
Table 1 below contains information about the tested speci-
mens (1).

3.2 Material properties and mix preparations

For all tested R.C beams, concrete compressive strength
was equal to 25 Mpa consisting of Portland cement, equiva-
lent to ASTM C150/C150M-15, natural aggregates, and natu-
ral water. The mixing of the concrete component, such as
dolomite, sand, and cement, was performed using a drum
mixer with a capacity of 0.125 m® in a dray mix; then, the
water was added gradually to the mix; while mixing stayed
with concrete became homogeneous. The cast of speci-
mens were in slabs formworks. All specimens were cured
for seven days and then removed from the formwork and
stored until testing. For each mix, three cubes with dimen-
sions 150x150x150 mm and three cylinders with 150x300
mm dimensions were taken during the cast of deep beams
to specify the concrete strength. The cubes and cylinders
were tested after 7 and 28 days to specify the concrete com-
pressive strength. Table 2 illustrates the mixed proportions
of the concrete. The yielding and ultimate stress for the
steel was 360, 520 Mpa, respectively; Table 3 illustrates the
properties of the GFRP.

Table 2: Concrete mix proportions (unit: kg/m?3)

Component Concrete mix
Cement 350
Sand 630
Dolomite 1260
Water 175

Table 3: GFRP reinforcement bar properties

Bar diameter Area  Tensile strength Elastic
(mm) (mm?) (Mpa) modulus
(GPa)
6 28.26 510 45

4 Instrumentation and testing
procedure

4.1 Experimental setup and testing

The strain in the longitudinal reinforcing bar of 16 mm
diameter was measurement by using electrical resistance
strain gauge with a width of 5mm and length of 60mm. Two
strain gauges were attached to each deep beam’s longitu-
dinal reinforcement bar and the web reinforcement. One
strain gauge was attached to the length of the bar, and the
other was attached to the web. The tested concrete deep
beams were instrumented with linear variable differential
transducers (LVDTs) to monitor deflection. The deflection
of the deep beam during testing was measured using LVDTs,
two of LVDTs located between the point of loading, support
from left and right side of the deep beam, and one of LVDTs
located at mid-span of the deep beam. All LVDTs were at
the bottom of the reinforced concrete deep beam, as shown
in Figure 3. The crack widths were measured manually with
a 50xhandheld microscope, and the crack formed between
the load points and the supports identified these cracks.
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Figure 2 depicts a typical test setup for tested specimens.

The LVDT, load cell, and strain gauge readings are acquired
automatically and displayed on a digital display unit. The
crack formations were marked and recorded on the deep

beam surface during the test until the failure. Mataria Fac-

ulty of Engineering, Helwan University, built a special 3D
steel frame setup to test the beams. It consisted of I-beams
connected with steel columns to support the beams during
loading. There is a solid concrete floor beneath the steel
columns. All tested specimens have the same dimension
and spacing of 0.90 m between the supports center.

Figure 2: Test Setup
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Figure 3: Details of the experimental setup
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5 Test results and discussion

In this experimental and analytical study, all tested rein-
forced concrete deep beams have the same span to depth
ratio of 0.40 (a/d). Analysis of all specimens presented us-
ing ABAQUS 6.13 and comparison with the experimental
result

The structural analysis was applied using static analy-
sis.

5.1 Crack pattern and mode of failure of
tested specimens

Figure 4 depicts experimental specimens’ crack patterns
and failure modes after failure. The crack propagation for
all experimental specimens is similar on the front and back
sides of the concrete deep beam. The first crack for the
concrete deep beams reinforced with steel web reinforce-
ment was flexure, except BS2 was shear and flexural crack;
the first crack appears within the range of 45-65% of the
ultimate load. The first crack for the concrete deep beam
with GFRP web reinforcement was flexural, except BG1 was
a shear crack; the first crack appears within the range of
44-68% of the ultimate load. The flexural cracks formed
between loading points are propagated vertically within an
approximate range of 35-81% of the deep beam depth. Other
flexural cracks propagated between the loading points as
the load increased. The flexural crack width for the deep
beam without web reinforcement is more comprehensive
than web reinforcement. The first shear crack appeared
for deep beam reinforcement with steel web reinforcement
within 65-86% of ultimate load and within the range of 50-
75% for deep beam reinforced GFRP as web reinforcement.
The width and the number of shear cracks increased by
load increasing. The main diagonal cracks through the ex-
pected diagonal strut at 95-100%, 87-100% of the ultimate
load for groups A and B, respectively. The type of web re-
inforcement did not affect the number of bending cracks
but affected shear cracks. The number of bending cracks
for the deep beam with web reinforcement is less than that
without web reinforcement. The ratio of web reinforcement
did not affect the number of bending cracks.

The main diagonal shear crack extended with load in-
crement toward the inner edge of the support plate and
the outer edge of the loading point until specimens failed
during the test. The other shear cracks stopped widening
and propagating when the primary diagonal shear crack
widened with the load increase. The specimens with steel
web reinforcement had parallel cracks adjacent to the first
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Figure 4: Crack development and mode of failure

main diagonal crack. Still, the concrete beam with a GFRP
web reinforcement ratio of 0.40% only had parallel cracks
adjacent to the first main diagonal crack. The main diago-
nal cracks and adjacent cracks are defined direction of the
concrete diagonal strut, the concrete strut’s width, and the
concrete strut’s shape. All experimental specimens were
free of horizontal cracks. No premature failure occurred
during the test. According to the results, crushing in the
concrete diagonal strut was determined to be the failure
mode of the experiment. The shape of the strut for the ex-
perimental specimens is prismatic shape except for BS2,
BG3 is bottled shape.

5.2 Ultimate capacity

Figure 5 summarizes the test results obtained from testing
specimens. It lists the load at ultimate, first flexure crack,
first shear crack, main diagonal crack load for all spec-
imens. The first flexure crack load is the first crack that
occurred in the bending zone between loads; the main di-
agonal crack is the main shear crack formed and widened
until the failure of the deep beam, the first shear crack
load is the first shear crack occurred between loads and
supports. The web reinforcement ratio does not affect the
flexure crack loading during the test compared with the
control deep beam without web reinforcement. Increasing
the web reinforcement ratio in deep beams reinforced with
steel web reinforcement increased the ultimate capacity
of deep beams with steel web reinforcement, and for deep
beam reinforced with GFRP as web reinforcement, a slightly
enhancing in ultimate load was recorded, except for beam
with web reinforcement ratio of 0.40%, comparing with
control deep beam without web reinforcement. The first
shear crack for a deep beam without web reinforcement

700

Al

Load (kN)
=1 =1

0
BS1 BS2 BS3 BGl BG2 BG3 BG4

m First flexure crack load 280 340 396 300 320 360 325

First shear crack Load 320 396 450 352 375 400 346
® Main diagonal crack load 480 466 485 470 500 485 500
m Ultimate Load 554 665 690 571 585 630 580

Figure 5: Load for the experimental deep beam test result

was later than the first shear crack for other specimens.
The deep beam with a web reinforcement ratio of 0.40%
showed an enhancement in the shear crack load and main
diagonal crack load than the other specimens. The steel
web reinforcement increases the ultimate load within the
range of 20-24.5% and 3-13.7% for the deep beam with GFRP
web reinforcement, compared with the deep beam without
web reinforcement.

5.3 Reinforced concrete deep beam
load-deflection response

The deflection of the deep beam during testing was mea-
sured using three LVDTs, two of LVDTs located between
the point of loading, support from the left and right side of
the deep beam, and one of LVDTs located at the mid-span
of the deep beam. All the LVDTs are at the bottom of the
deep beam, and all specimens have the same deflection
value at 20 kN. Mid-span deflection at maximum load of
the reinforced concrete deep beam without web reinforce-
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Table 4: Deflection of deep beams
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Group Specimen ID Pn % pv % Aat max. Agt faiture
BS1 0 0 3.609 7.640
A BS2 0.25 0.25 3.398 3.982
BS3 0.40 0.40 2.284 3.027
BG1 0.00 0.40 2.826 7.707
B BG2 0.40 0.00 3.451 5.606
BG3 0.40 0.40 3.000 3.339
BG4 0.25 0.25 3.108 5.297
800 x 5.4 Deformability factor and ductility energy
700 " index
/ l\\
I " %
600 S NG Previous research mentioned many expressions to put a for-
500 ] /’ / /T A VNG TT——— mula to measure the ductility from the energy absorption of
—~ P R X —
4 ,' ) s /\ -’-._\\ the hybrid reinforced concrete deep beam. The area under
% 400 / ”-7’ = %5 the load-deflection curve is the energy absorption. The duc-
3 ' ,,';’," g / E R . tility energy ratio p of hybrid GFRP reinforced concrete
300 IR a4 \ i i
',1” / deep can be calculated from the following equation:
200 4Lk E
W BG1 [ R BG?2 Ug = total )
100 .2 memee - BG3...=.= = =BG4 E@0.75p max
BS1 -=-+-=-=-BS2
0 = == ~BS3 ., Where g, Eqotal, E@o.75p max: are the ductility index, total
0 1 2 3 4 5 6 7 g8 9 energyabsorption up to the failure load, and up to 75% of

Deflection at mid-span (mm)

Figure 6: Load-deflection curve for deep beams

ment was 3.60 mm, while it was 2.39, 2.28 mm for the deep
beam with steel web reinforcement ratio of 0.25, 0.40%;
respectively, with the difference of 50% about the deflec-
tion for control deep beam without web reinforcement as
shown in Figure 6. By increasing the steel web reinforce-
ment ratio by 0.15%, the mid-span deflection was reduced
by 17%. The deflection for deep beam reinforced with verti-
cal, horizontal GFRP web reinforcement only decreased by
33, 10%; respectively, and 45, 50% for GFRP web reinforce-
ment ratio 0.25, 0.40%; respectively, compared with control
deep beam. With the increase of GFRP web reinforcement
ratio of 0.15%, the total deflection at mid-span decreases
by 21.5%, at maximum load. The increasing deflection for
the deep beam with GFRP web reinforcement 0.25, 0.40%
about 48, 58%; respectively, compared with the same deep
beam reinforced with steel web reinforcement at the same
ratio and load. All specimens exhibited a nearly bilinear
up to failure.

the maximum load, respectively. The displacement ratio
from ultimate to maximum load defines the deformability
factor (7). In this paper, the ultimate load will equal 85%
of the maximum load on the decreasing part of the load-
deflection curve. The formula for the equation is as follows:

Af

Amax

A @)}
In a concrete component, the transfer from mechanical en-
ergy to the inherent possible energy is referred to by the
absorbed energy. The absorbed energy of concrete parts
involves various composite processes, comprising plastic
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Figure 7: Energy absorption and ultimate load of tested specimens
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Specimen ID Etotal EO.75p max HE Af Amax A
BS1 3528 255 13.85 8.490 4.011 2.12
BS2 1708 352.7 4.84 3.982 2.398 1.66
BS3 1348 359.9 3.75 3.028 2.284 1.33
BG1 2788 324.2 8.60 7.107 2.826 2.51
BG2 1943 354.8 5.48 5.606 3.452 1.62
BG3 1420 359.3 3.95 3.340 3.001 1.11
BG4 2067 294.9 7.01 5.298 3.109 1.70
16.00 400,0
350,0
14.00 2 3000
12.00 ‘\E 250,0
b Z 2000
S 10.00 = 1500
-= g 1000
£ 8,00 & 50,0
£ A 00
2 6.00 BSI BS2 BS3 BGlI BG2 BG3 BG4
— 4.00 ® Initial Stiffness 159,0 270,8 363,1 202,0 169,4 255,6 236,3
- . m Stiffness at max. Load 138 277 302 202 169 210 187
= = = - GFRP web reinforcemnt - -
2.00 . Stiffness at failure 56,6 106,5 149,8 58,1 55,0 89,8 97,9
Steel web reinforcement
0,00

0 0,05 01 015 02 025 03 035 0.4 045

Web reinforcement ratio %o

Figure 8: Relation between ductility index and web reinforcement
ratio
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Figure 9: Relation between deformability factor and web reinforce-
ment ratio

and elastic deformation and the rupture mechanics of crack
propagation and initiation. The relation between web rein-
forcement ratio, deformability factor, and ductility index is
illustrated in Figures 7-9 and Table 5.

Figure 10: Stiffness of the deep beam specimens
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Figure 11: Relation between initial stiffness and web reinforcement
ratio

5.5 Stiffness of the deep beam

The ability of a structural element to resist deformation
or deflection as a result of an applied force is known as
stiffness. Numerous parameters, including ductility, energy
absorption, young modulus, and displacement, are influ-
enced by stiffness. The increase of steel web reinforcement
ratio had a significant effect on the stiffness of the deep
beam. For a deep beam with steel web reinforcement, the
initial stiffness and stiffness at the maximum load of deep
beam increased by 70 to 128%, and for deep beam was re-
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Figure 14: Wexham microscope and cracks width measurement

inforced by GFRP from 6 to 60% compared with a deep
beam without web reinforcement. The stiffness at failure
increased from 88 to 164% for the deep beam with steel
web reinforcement and from 2.65 to 73% for deep beam
reinforced with GFRP as web reinforcement, except BG2,
no enhancement occurred in stiffness at failure, compared
with deep beam without web reinforcement.
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Figure 15: Crack width of tested specimens

5.6 Crack width

The crack width in the concrete deep beams was measured
using the Wexham microscope; the microscope has a range
of 4 mm measurement, divided into 0.2 mm divisions, subdi-
vided into 0.02 mm divisions. The Wexham is a high-quality
product designed to measure crack width in concrete; it
consists of a high-definition microscope linked to an ad-
justable light source to provide a well-illuminated picture
under good and bad working conditions, focusing the im-
age is accomplished by turning the knurled knob on the
microscope’s side. The eyepiece graticule can be rotated
through 3600 to align with the direction of the crack under
examination.

The crack width was studied to explain the behavior of
the concrete deep reinforced with hybrid GFRP/steel bars.
The crack width was observed and recorded for main diag-
onal crack under load increasing for all tested specimens.
In the numerical modeling, there was no record of crack
width. The flexure cracks propagated at first and widened
with a small range from 0.005 to 0.06 mm until the main
diagonal crack formed, then the flexure cracks stopped
widening, and the width of the main cracks increased with
the load increasing until failure. The crack width for the
beam with web reinforcement is less than wide from that
without web reinforcement. At the same loading level, the
concrete deep beam with a vertical reinforcement only gives
less than the crack width of that reinforced with horizontal
web reinforcement. The deep beam reinforced with GFRP
as a vertical web reinforcement reduced the crack width
by 27.8%, compared with the deep beam without web rein-
forcement, the deep beam reinforced with GFRP web rein-
forcement reduced the crack width by 45.8% from the total
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Figure 16: Crack development and mode of failure for the deep beam with steel web reinforcement
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Figure 17: Crack development and mode of failure for the deep beam with GFRP web reinforcement
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crack width of the deep beam without web reinforcement.

The deep with horizontal and vertical steel web reinforce-
ment, reduce the crack width within 30.7%, 78.9% for web
reinforcement ratio 0.25%, 0.40%; respectively, reduction
within 27.71%, 63.9% for deep beam reinforced with GFRP
web reinforcement with ratio 0.25%, 0.40%; respectively.
The GFRP web reinforcement plays a significant role in con-
trolling the crack width, almost as steel web reinforcement
is significant. Figures 16 and 17 illustrate the location of the
measurement crack width.

5.7 Strains in longitudinal main
reinforcement (tie)

Figure 18 shows the relation between strain and load in the
main reinforcement bar with a diameter of 16 mm. The main
bar has a strain gauge in the middle of it. For experimental
deep beams, the relation was linear until the first flexure
crack. The relation transformed to bilinear; no anchorage
sign occurred during the specimens test. The specimens
with GFRP web reinforcement take the same strain behav-
ior for deep beams with steel web reinforcement until the
maximum load point. The main reinforcement bars did not
reach the point of yielding for all specimens. For a web
reinforcement ratio of 0.40%, the main reinforcement bar
has almost the same strain.
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Flexural steel strain (pe)

Figure 18: Strain curve for the main bar (Tie) of deep beams
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5.8 Effect of hybrid bars on the strain of web
reinforcement

Figure 19 illustrates the load-strain relationship for experi-
mental deep beams. The deep beams with vertical web rein-
forcement only exhibited almost similar or slightly higher
stiffness than the deep beam without web reinforcement;
this is similar in stiffness, causing the experimental and
numerical modeling to fail at nearly similar ultimate loads.
In most cases, due to compression force in the concrete
strut area, the stain in vertical web reinforcement exposed
to be compression strain, and no degradation occurred in
the concrete strut. In most cases, the higher strain in verti-
cal web reinforcement was in the concrete diagonal. The
vertical web reinforcement due to low strain compared with
the deep beams that have horizontal web reinforcement

800

r

700

600 Lt

(9]
o
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N
o
o
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\
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Figure 19: Strain curve of vertical web reinforcement for deep beams
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Figure 20: Strain curve of horizontal web reinforcement for deep
beams
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Table 6: Strain of deep beams
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Specimen ID Maximum strain in main steel Maximum strain in main Maximum strain in main
at failure (pe) horizontal web reinforcement vertical web reinforcement at
at failure (pe) failure (pe)

BS1 580 —- —-

BS2 917 1294 1874
BS3 811 1559 515
BG1 1219 —- 249
BG2 1049 3426 —-

BG3 855 3241 922
BG4 1156 1307 1689

only, the strength in the diagonal strut area did not increase,
causing the same failure load of the concrete deep beam
without web reinforcement. The increase of GFRP web re-
inforcement by 0.15% decreased the strain in deep beams
reinforced with only vertical web reinforcement by 91%, by
45% for deep beam reinforced with vertical and horizontal
web reinforcement, 72% for deep beams with deep beams
steel web reinforcement. The vertical web reinforcement
did not reach the point of yielding for all specimens.
Figure 20 shows the relation between load and strain
for the experimental and numerical deep beam reinforced
with horizontal web reinforcement to study the effect on
concrete deep beam behavior. In tested specimens, the total
strain in horizontal web reinforcement reaches twice the
total strain in vertical web reinforcement. The increase of
web reinforcement ratio by 0.15% decrease of strain within
the range 23-34% for deep beams reinforced with GFRP web
reinforcement, within the range 10-43% for deep beams
reinforced with steel web reinforcement. The horizontal
steel web reinforcement did not reach the point of yielding
but occurred for GFRP web reinforcement, except BG4.

6 Prediction of the deep beam with
various web reinforcement ratios
based on equations

The capacity of the authors’ predicted concrete deep beams
was verified using available design equations, Kong et al.,
strut-tie-model according to ACI 318-19 [15] (CAST Software),
ACI traditional design method (ACI 318R-99) [17], and finite
element method (ABAQUS 6.13). The authors summarized
the equations used in each model in the following sections,
followed by a comparison of experimental results and pre-
dicted ultimate shear capacity of tested specimens.

6.1 Kong etal. (1978)

Kong et al. [18] conduct an experimental study to predict
the ultimate shear strength of a solid deep beam. The pro-
posed equations to calculate the ultimate shear strength
of a solid deep beam. This equation Eq. (3), calculates the
web reinforcement ratio of solid beams with varying web
reinforcement ratios.

Vi = Quie = C1 [1 - 0.35%} f:bD + C; ZA% sinfa (3)

Where C; is an empirical coefficient (C; = 1.40 for nor-
mal weight concrete); C, empirical coefficient (C, = 300
N//mm? for deformed bars, 130 N//mm? for plain round
bars, and 105 N//mm? for GFRP bars); D is the overall depth
of deep beam; f; is cylinder splitting tensile strength of con-
crete (0.6@ N/mmz); y depth at which a typical bar
intersects the potential critical diagonal crack; a angle of
intersection between a typical bar and potential critical
diagonal crack; b is the breadth of the deep beam; f.,, Cube
strength of concrete; A area of an individual web bar and
longitudinal bars. The authors used in this paper C, = 105
N//mm? for GFRP bars, and this value was predicted by
iteration in equation 3. Table 7 shows the prediction result
for ultimate shear capacity using Eq. (3).

The authors modified the equation produced by Kong
et al. to get the best estimation for tested specimens, and

|
|

Figure 21: Natural load paths joining the loading and reaction points

Vo =Q,, Vn = Q,,

S

Von=Q,, Vo =Q,,
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Table 7: Measured and computed ultimate load deep beams

Specimens ID  C; [1-0.35(x/D)] f¢b D C, ZA(y/D)sin’ a Vn Vi equ. Vi exp. Vyexp.[Vuequ.
(kN) (kN) (kN) (kN) (kN) %
BS1 377 106 482 964 554 0.57
BS2 377 126 503 1006 665 0.66
BS3 377 140 517 1034 690 0.67
BG1 377 91 467 935 571 0.61
BG2 377 127 503 1007 585 0.58
BG3 377 113 490 980 630 0.64
BG4 377 102 479 957 580 0.61

Note: C, = 130 N//mm? for steel bars, C, = 105 N//mm? for GFRP bars

Table 8: Measured and computed ultimate load deep beams by using modified equation by authors

Specimens ID 1—10 [1 -0.35 %] fibD C, XA(y/D) sin? a Vn Vuequ. Vu exp. Vuexp. /Vu equ.
(kN) (kN) (kN) (kN) (kN) %
BS1 179 106 285 570 554 0.97
BS2 179 126 306 611 665 1.09
BS3 179 140 319 639 690 1.08
BG1 179 91 270 540 571 1.06
BG2 179 127 306 612 585 0.96
BG3 179 113 292 585 630 1.08
BG4 179 102 281 563 580 1.03

Note: C, = 130 N//mm? for steel bars, C, = 105 N//mm? for GFRP bars

Table 8 shows the predicted result for ultimate shear ca-
pacity. Furthermore, the modified equation is as follows:

1 X7 o y .
Vo= <5 [1—0.355} fibp+ ;Y A% sin*a () |
6.2 Strut-tie model w

Nodal zone W2}

The strut-tie model is used to design concrete structural re-

gions or members where geometric discontinuities or loads e secten
cause a nonlinear distribution of strain or stress within the Lane: S20 R23.8.2 tie reinfarcament
member cross-section, and the members or regions repre-
sent an idealized truss. D-region design and analysis us-
ing a hypothetical pin-jointed truss consisting of ties and Boundary strut,

struts connected at nodes in strut-tie-model theory. The — ‘# \§ }
secondary effect, such as moment, is not included in the

strut-tie-model. In an idealized truss, a strut serves as a
compression member, the tie assigned as tension member,
and the nodes as joints. Similarly, a set of discrete ties rep-
resents a collection of individual bars or wires. Concrete
surrounds the ties, reducing elongation and defining the
force anchoring zone [19-23]. Figure 22 shows the width
of the strut and tie. The angle between strut and tie axes  Figure 23: Description of strut-tie-model
should not be less than 25°, as recommended by ACI 318-19

in chapter 23.2.7.

Figure 22: Reinforcement distribution

Strut angle

Tie Nodal zone
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Note: Hanger reinforcement
is hooked around top bars of
member

'f
G 5 i
Angle > 25 degrees

Figure 24: Adjusted strut-tie-model to satisfy 23.2.7

6.2.1 ACI 318-19 recommendation for using
strut-tie-model

The nominal compressive strength of the strut Fys in ACI
318-19 is presented in the following formula:

Fns = fceAcs (5)

Where: Fps is calculated at the end of the strut and taken
as lesser value; Acs; is the cross-sectional area of the strut;

Figure 25: Crack pattern and mode of failure for a deep beam with-
out web reinforcement

Table 9: Design of deep beams with strut and tie method
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fee; is the effective compressive strength of the concrete.

fce = O-SSBCﬂsfé (6)

Where: B, B,; is per ACI 318-19 Table 23.4.3(a) and Ta-
ble 23.4.3(b), respectively. The coefficient 0.85 f/; represent
the effective concrete strength under compression force.

BG1 ™
an \é\
/ aded
/ / \
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ﬁ” / H/ Il Il Il ) I 6
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Figure 26: Crack pattern and mode of failure for horizontal web
reinforcement only with ratio 0.40%
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Figure 27: Crack pattern and mode of failure for vertical web rein-
forcement only with ratio 0.40%

SpecimenID  Vyexp. 0 Fns Fnt Bn W, Lanc Fan Ws Ws¢
(kN) (kN) (kN) (mm) (mm) (kN) (mm) (mm)

BS1 554 66  303.2 123.3 0.8 83 164 252 171 149
BS2 665 71 351.7 114.5 0.8 77 159 244 167 145
BS3 690 68  372.1 139.4 0.8 94 162 248 174 160
BG1 571 65  315.0 133.1 0.8 90 166 254 174 155
BG2 585 80  297.0 51.6 0.8 35 152 234 154 107
BG3 630 66  344.8 140.2 0.8 95 164 252 175 160
BG4 580 68  312.8 117.2 0.8 79 162 248 169 146
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Figure 29: Crack pattern and mode of failure for web reinforcement ratio 0.40% (shaded area indicates crushed concrete)

The nominal tension strength of the tie F,,; is presented
in the following formula:

Fut = fyAss @

The effective width w; of the tie can be calculated as w; =
dpar + 2Cp (bar diameter + twice concrete cover). If the
reinforced bars are distributed uniformly in a single layer,
the width of the tie is the width corresponding to the width
in a hydrostatic nodal zone. The maximum width of the tie
W¢ max €an be taken from the following formula; where fce;
is taken from the formula calculated for the nodal zone (per
ACI 318-19 section 23.9.2).

Fnt
fcebs

Fnn is the nominal compressive strength of nodal zone and
shall be calculated by:

(8)

Wt,max =

Frm =fceAnz (9)
fCE = O'Ssﬂcﬂnfé (10)

Where: ., B Per ACI 318-19 Table 23.9.2 and Table 23.4.3(b),
respectively.

The strut and tie model theory assumes that a portion
of a reinforced concrete structure uses hypothetical pin-
jointed trusses consisting of struts and ties connected at
nodes. The deep beam without web reinforcement the com-
pression concrete strut formed between load point and sup-
port with inclination angle 8 = 66° and formed as prismatic
strut with average width 90 mm at mid-length of the strut,
another strut not formed until failure of the deep beam, an
only shear crack formed with inclination angle 6 = 64°, the
strut width at top decreased to half-width at mid of strut as
shown in Figure 25, the width of the strut was less than the
design with ACI-318-19 as shown in Table 9.

As shown in Figures 26 and 27, the deep beam that
reinforced with GFRP as web reinforcement as a vertical-
only with the ratio of 0.40%, only one strut formed as a
prismatic during the test with inclination angle 6 = 65°
And average width at mid of strut 55 mm. The beam with
only horizontal web reinforcement with a ratio of 0.40%,
no concrete strut was formed until failure of the beam, only
shear crack with formed with inclination angle 6 = 80°.

The reinforced concrete deep beam with steel web re-
inforcement ratio 0.25%, only on strut formed as a bottled
shape with inclination angle 6 = 71°, in another side of the
deep beam, a shear crack was formed with angle 6 = 67°.
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Furthermore, minor crashing in the bottom nodal zone,
the width of the strut was 140 mm at mid of strut, 66, 112
mm at top and bottom of the strut; respectively. The deep
beam with GFRP web reinforcement ratio 0.25%, a crashing
has occurred in the bottom nodal zone, only one strut as
prismatic strut with inclination angle 6 = 68°. The strut’s
average width was approximately 85 mm, and on another
side of the deep beam, a shear crack formed until it failed
during the test. The GFRP did not affect the crack angle of
the deep beam, as illustrated in Figure 28.

Figure 29 shows the deep beam reinforced with a steel
web reinforcement ratio of 0.40%, no crushing occurred
beneath the loading in the top nodal zone, but a crushing
occurred in both struts at the bottom nodal zone; the two

DE GRUYTER

struts as prismatic strut formed during the test with differ-
ent widths at the middle, top, and bottom of both struts. The
deep beam was reinforced with GFRP as web reinforcement
with a ratio of 0.40%, only one strut formed, the other side
of the deep beam was a shear crack, and crushing occurred
in the bottom nodal zone of the strut.

6.2.2 Strut-tie model according to ACI 318-19 (CAST
software)

CAST software developed a strut-tie model for a tested deep
beam. Many iterations were performed on CAST to get a
suitable strut tie model and a high ultimate load. All struts’

L'_Ag;'»_%

/7 EARY
/ N
/

v

(d) Strut-tie-model for BG1

(f) Strut-tie-model for BG3

(g) Strut-tie-model for BG4

Figure 30: Stress ratios in strut-tie-model accordance to ACI 318-19
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Table 10: Cast ultimate capacity according to ACI 318-19
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Specimen Maximum stress ratio Failure location Vipre. Vnexp. %
ID Tie Strut  Node  Horizontal Vertical kN kN
web web

BS1 0.36 1.00 0.93 — — Concrete Strut 560 554 0.98
BS2 0.29 0.75 0.92 0.16 1.00 Vertical Tie 445 665 1.49
BS3 0.32 0.80 1.00 0.15 0.66 Node-CTT 480 690 1.43
BG1 0.15 0.41 0.39 — 1.00 Vertical Tie 245 571 2.33
BG2 0.13 0.25 0.37 1.00 — Horizontal Tie 250 585 2.34
BG3 0.22 0.54 0.67 0.21 1.00 Vertical Tie 320 630 1.96
BG4 0.18 0.44 0.55 0.21 1.00 Vertical Tie 262 580 2.21

Vexp. = experimental ultimate shear strength, Vye. = predicted ultimate shear capacity.

Table 11: Design of deep beams with traditional ACI design method (ACI 318R-99) [17]

Specimen  WebReinf.  p% pv% Vs Ve Vn max Vu Vapre.  Vnexp. Vn%

ID Type

BS1 0 0 0 67.7 262.46 262.46 524.9 554 1.06
BS2 Steel 0.25 0.25 80.028 67.7 262.46 342.488 685.0 665 0.97
BS3 0.40 0.40 128.04 67.7 262.46 390.5 781.0 690 0.88
BG1 0 0.40 5.67 67.7 262.46 268.13 536.3 571 1.06
BG2 GERP 0.40 0 26.66 67.7 262.46 289.12 578.2 585 1.01
BG3 0.40 0.40 31.95 67.7 262.46 294.41 588.8 630 1.07
BG4 0.25 0.25 20.06 67.7 262.46 282.52 565.0 580 1.03

Vexp. = experimental ultimate shear strength (kN), Ve, = predicted ultimate shear capacity (kN), Reinf.= reinforcement

angles are more than 25°, some members in the strut-tie-

model used as stabilizer members. GFRP web reinforcement

design calculations have been performed per ACI 440.1R-

03 using the equations shown below. Figure 30 shows the
stress ratio in strut-tie-model members, and Table 10 shows
the ultimate shear capacity result.

f = (0.05% . 0.3) fru < fr (1)

Where fg,; is the design tensile strength of the bend of GFRP
bar, Mpa; r, is the radius of the bend, mm.; d;, the diameter
of reinforcing bar, mm.; and fp, the design tensile strength
of GFRP, considering reductions for service environment,
Mpay; ff, the design stress for GFRP web reinforcement and
it used equal 90 Mpa; Ey; is the guaranteed modulus of
elasticity of GFRP.

6.3 ACl traditional design method (ACI
318R-99)

The deep beam’s sectional shear strength was determined
using Section 11.8 of the ACI 318R-99 [17] Code by summing
the contributions of the concrete and the distributed ver-
tical and horizontal reinforcement. Both the concrete and
steel contributions have various expressions and limits.
Eq. (13) and Eq. (14) calculate the maximum shear and
shear strength, respectively. In this paper, Eq. (13) was used
to calculate the maximum capacity of the deep beam to
compare it with tested specimens at the maximum point of
loading. When the factored shear force V), at the critical sec-
tion exceeds the shear strength @V, shear reinforcement
is required (Section 11.8.8, ACI 318R-99), Eq. (15) calculate
the contribution of shear reinforcement. Eq. (16) calculates
the ultimate shear capacity for the deep beam, and Table 11
shows the results of ultimate shear capacity. The design
stress ff, for GFRP web reinforcement was calculated using
Eg. (11) and Eq. (12).

Vn max = ®0.66\/Ebwd (13)
@Ve = 20.17+/flbwd (14)
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[Ay (1+1/d\ Ay (11-1a/d
-5 (M) s () [pe

Vu="Vn max + Vs (16)

Where: V; max; maximum nominal concrete shear strength
(Mpa), f¢; specified concrete compressive strength (Mpa),
bw; cross-section width of deep beam (mm), d; cross-
section depth of deep beam (mm), @ V; factored nominal
concrete shear strength (Mpa), Vs; nominal shear strength
provided by shear reinforcement Mpa, Ay; area of vertical
shear reinforcement (mm?) with a distance S, (mm), Ay;
area of horizontal shear reinforcement (mm?) with a dis-
tance Sy (mm), I,; clear span between supports (mm), Vy;
ultimate shear capacity (Mpa). &; reduction factor.

6.4 Numerical model

The nonlinear finite element technique (F.E) was utilized
in this work to predict the behavior of simply supported re-
inforced concrete deep structures using the ABAQUS 6.13.1
software, the deep beam was reinforcement with glass fiber
reinforced polymer (GFRP) as web reinforcement with dif-
ferent ratios, and the main reinforcement were steel bars.
The load was applied as a concentrated load in the middle
of the steel plate as P/2. One support prevents the move-
ment in X, Z direction and prevents the translation in the Y
direction to act as pin support; the second support prevents
the movement in the X direction and prevents translation
in the Y direction to act as roller support.

6.4.1 Concrete damaged plasticity (CDP) model and
utilized material properties

In this study concrete damaged plasticity (CDP) model will
be used to represent concrete behavior in finite element
analysis using the ABAQUS program. CDP model was used
in compression and tension to replicate concrete’s inelas-
tic behavior with damaged characteristics. The total strain
tensor comprised of the elastic part € and the plastic part
€°!. The concrete behavior explained by e?!assuming that
the concrete damage plasticity utilized the yield function
f (epl’h, (7) ; which represented the yield surface in effec-
tive stress space to determine the states of damage or fail-
ure.

oc=(1-dc)Ey (ec - eé’l’h) (17)
The tensile response of concrete concerning the concrete
plasticity model subjected to tension load was given by:

Ot = (1 - dt) Ey (Et - €It’l’h) (18)
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Where: d. and d;, two scalar damage variables, ranging
from 0 (undamaged) to 1 (fully damaged), Ey, €., €, e’é’l’h,
ef LR The initial elasticity modulus, the concrete compres-
sive strain, the concrete tensile strain, the concrete plastic
compressive strain, and the concrete plastic tensile strain,

respectively.
pLh _ _inh _ Oc dc
et = - (1 - dc) (19)
dc=1 Gou (20)

In uniaxial concrete tensile behavior, the plastic hardening
in tension €? LM wwas derived as follows:

Table 12: Concrete parameters in ABAQUS

Opo/0co Kc
1.16 0.667

Ec v
22500 0.2

Y €
40 0.10

pLh _ _ck,h _ Ot de
el €; By (1 - dt) (21)
Ot
di=1- — 22)
! Oto

Where: Ec, v, Y, €, 00/0¢0, Kc Concrete elastic modulus
(MPa), Poisson’s ratio, Dilation angle, Flow potential ec-
centricity, the ratio of initial equibiaxial compressive yield
stress to initial uniaxial compressive yield stress, and the
coefficient determining the shape of the deviatoric concrete
cross-section; respectively. Figure 37 illustrates the crack
pattern. Figure 33 shows the load-deflection curve produced
by the Finite element method (AAQUS 6.13), and Figures 34
to 36 illustrate the strain for bars.

30 x
25 [
20

15 \

10

5

Concrete compressive yield stress
(Mpa)

0 >
0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008
Inelastic concrete strain

Figure 31: The relation between concrete compressive stress and
inelastic concrete strain used in ABAQUS for tested specimens
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Table 13: Summary of experimental and numerical results loads (ABAQUS 6.13)

Specimen Ultimate load First flexural crack First Shear crack Main diagonal crack V—“;
ID (kN) (kN) (kN) (kN) "
PuE. PuN. PfE. PfN. PsE. PsN. PcrE. PcrN.

BS1 554 534 360 335 480 516 530 534 1.04
BS2 665 633 396 391 396 466 665 630 1.05
BS3 690 712 310 438 450 485 670 680 0.97
BG1 571 544 352 350 352 470 571 495 1.05
BG2 585 549 330 386 375 500 585 520 1.07
BG3 630 600 360 360 400 485 465 530 1.05
BG4 580 570 312 365 346 500 537 510 1.02

Note: Letter E for experimental specimens and letter N for numerical modeling

Table 14: Summary of experimental and numerical results

Specimen ID Flexural crack depth (mm) Strut shape

DrE. Dr w. Experimental Numerical
BS1 650 140 Prismatic Diagonal crack
BS2 520 175 Bottled Prismatic
BS3 520 245 Prismatic Prismatic
BG1 400 175 Prismatic Prismatic
BG2 420 140 Diagonal crack Prismatic
BG3 380 245 Bottled Prismatic
BG4 500 175 Prismatic Prismatic

Table 15: Prediction of ultimate shear strength

Beam  Vexp. Kong et al. Kong et al. ACI319-19 ACl traditional Finite element
ID (Modified by (CAST Software) method (ACI method
authors) 318R-99) (ABAQUS 6.13)
Vpre. Vexp. / Vpre. Vexp. / Vpre. Vexp. Vpre. Vexp. / Vpre. Vexp./
Vpre. Vpre. /Vpre. Vpre. Vpre.

BS1 554 964 0.57 570 0.97 560 0.98 524.9 1.06 534 1.04
BS2 665 1006 0.66 611 1.09 445 1.49 685.0 0.97 633 1.05
BS3 690 1034 0.67 639 1.08 480 1.43 781.0 0.88 712 0.97
BG1 571 935 0.61 540 1.06 245 2.33 536.3 1.06 544 1.05
BG2 585 1007 0.58 612 0.96 250 2.34 578.2 1.01 549 1.07
BG3 630 980 0.64 585 1.08 320 1.96 588.8 1.07 600 1.05
BG4 580 957 0.61 563 1.03 262 2.21 565.0 1.03 570 1.02

Vexp. = experimental ultimate shear strength (kN), Ve, = predicted ultimate shear strength (kN)

. . ratios plotted for the beams. There are overestimations in
7 Com parlson Of experl mental and the predictions produced by Kong et al. has shown the ulti-

predicted results mate strength for the deep beams. The ultimate strength of
deep beams predicted using the ACI 318-19 gives a high con-

Table 15 shows the calculated ultimate shear strengths for servative prediction, and the ACI 318-19 appears to be more
the tested beams with various web reinforcement ratios conservative for deep beams reinforced with GFRP shear
based on the above models and equations. In Figure 38, the  reinforcement. As a result, required new expressions to tem-
experimental and predicted ultimate shear strengths % per the excessive conservatism. The modified equation by
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Figure 32: The relation between concrete tensile stress and con-
crete cracking strain used in ABAQUS for tested specimens
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Figure 33: Load-deflection curve for deep beams
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Figure 34: Strain curve for deep beams’ main bar (Tie)
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Figure 35: Strain curve of vertical web reinforcement for deep
beams
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Figure 36: Strain curve of horizontal web reinforcement for deep
beams

authors that produced by Kong et al., ACI traditional design
method (ACI 318-99) and finite element method (ABAQUS
6.13) based shear strength prediction produced the best
estimation of ultimate shear capacity for deep beams with
various web reinforcement ratios; the mean value of %
was 1.04 for modified equation produced by Kong et al., 1.01
for ACI ACI traditional design method (ACI 318-99), and 1.03
for Finite element method (ABAQUS 6.13).
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Figure 37: Crack development and mode of failure
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Figure 38: Ratios between Experimental to predicted ultimate shear strength of tested specimens
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8 Conclusion

The purpose of this study was to examine the behavior of
deep beams reinforced with hybrid glass fiber reinforced
polymer (GFRP) as web reinforcement and with steel bars
as primary deep beam reinforcement, with an emphasis on
the effect of web reinforcement on such structural elements.
The experimental program consisted of seven specimens=,
and seven deep beams were studied using the numerical
software ABAQUS. All deep beams had a span to depth
ratio (a/d) of 0.40, and various web reinforcement config-
urations were tested and investigated to accomplish this
goal. The following conclusion can be reached based on
the test results and analysis:

¢ All experimental specimens exhibited almost bilin-
ear deflection response up to failure.

¢ The deep beams with a web reinforcement ratio of
0.40% had almost similar stiffness up to the initial
crack.

¢ The failure mode for all experimental and numerical
modeling was a shear failure.

¢ No effect on cracking load, flexure load, and shear
load; the reinforcement ratio affects only the ultimate
load capacity of the deep beams.

¢ The type of web reinforcement did not affect the num-
ber of bending cracks but affected shear cracks.

¢ The energy absorption decreased for the tested deep
beam when the web reinforcement increased.

e The ductility index and deformability factor de-
creased by web reinforcement increased.

¢ The deep beam stiffness at initial and maximum load
increased by web reinforcement but decreased at fail-
ure.

¢ The Finite element method predicted The experimen-
tal response of the tested beams. However, more work
in the used Finite element software is required to pre-
dict the failure point load directly.

¢ When the experimental shear strengths were com-
pared to the predicted values using the available
equations and models in the literature, the modi-
fied equation for Kong et al., ACI traditional design
method (ACI 318R-99), and Finite element method
(ABAQUS 6.13)-based shear strength methods pro-
duced the most accurate results. Other models and
equations produced either unsafe estimation (Kong
et al.) or excessive underestimation of the ultimate
strength for deep beams with various web reinforce-
ment ratios (The ACI 318-19).
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