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Abstract

In practice, in high-rise buildings, especially in reinforced concrete deep beams bearing
high axial loads, openings may be located in the zone of maximum shear force and zero bending
moment (shear control), and this may be a serious problem if the shear strength of these beams is
not predicted. Therefore, this study aimed to investigate the ultimate shear strength in this case
(shear control) experimentally and compare the results with analytical equations to make it easier
for those working in this field to use these equations when needed. In this research, the
experimental deep beam specimens were divided into two groups. The first group consists of
three reinforced concrete deep beams as normal concrete beams; the first is solid, and the second
and third have square openings of 200 mm and 300 mm, respectively. The second group has the
same arrangement as the first group, with the addition of 0.75% steel fibers to the concrete mix
as fibrous concrete deep beams. The experimental results indicated that the presence of square
openings with sharp corners leads to a reduction in the ultimate shear strength of the beams due
to the interruption of the load transfer path. Steel fibers improved the performance of the beams,
increased the cracking load, and delayed the failure load. The Kong and Sharp equation was used
for reinforced concrete deep beams (solid and with opening), the ratio of experimental to
analytical ultimate shear strength for the fibrous reinforced concrete deep beams was 0.998 for
the solid beam, 1.162 and 1.585 for beams with 200 mm and 300 mm square openings,
respectively. For the normal reinforced concrete deep beams, the ratios were 0.871 for the solid
beam, 1.167 and 1.245 for beams with 200 mm and 300 mm square openings, respectively. In
general, the analytical results were close agreement with the experimental results. Therefore,
these equations can be reliably used to predict the ultimate shear strength of normal and fibrous
reinforced concrete deep beams with openings located in the region of maximum shear forces
and zero bending moments (shear control).

Keywords : Deep beam , Web opening , Shear control , Fibrous concrete.
1. Introduction

Reinforced concrete deep beams are of great importance in structural engineering. They
are used in bridges, tanks, pile caps, and high-rise buildings. Their importance is especially
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significant in high-rise buildings because they transfer high axial loads from the upper floors to
the foundations and soil [1,2]. According to ACI Code 318-19, deep beams are "members loaded
on one face and supported on the opposite face such that strut-like compression elements can be
developed between the loads and supports” and the clear-span-to-total-depth ratio is less than
four, and concentrated loads are located at a distance of 2h from the support face [3].

In practice, openings in reinforced concrete deep beams are used for the passage of some
services such as electrical, mechanical, internet networks, etc. The problem with these openings
is that they lead to significant weakness in these beams and a decrease in stiffness and strength,
especially if the location of these openings intersects with the natural load transfer path [4,5].
Therefore, in recent years, researchers have developed various technologies to enhance the
efficiency and performance of structural members, such as carbon fibers, glass fibers, steel
fibers, etc. Steel fibers play an effective role in enhancing mechanical properties, such as
compressive and tensile strength. They also play an effective role in delaying the appearance of
cracks, increasing stiffness and maximum load, etc. [6,7].

Many previous studies have investigated the effect of adding steel fibers in reinforced
concrete deep beams with openings, as well as the effect of the shape, size, and location of the
openings and the effect of the shear span-to-the depth ratio (a/d) on the behavior and
performance of reinforced concrete deep beams.

Waleed A. Jasim et al. (2019) [8] conducted an experimental and numerical investigation
of five simply supported reinforced concrete deep beams with square openings in shear span.
The result showed that moving the openings from the mid-span of the shear region to the inner
boundaries results in stiffer behavior and reduced deflection. Zeinab Reda et al. (2021) [9]
conducted a numerical study on the performance of reinforced concrete continuous deep beams
with openings using different sizes of square openings (250 x 250) mm and (350 x 350) mm.
Moreover, three types of steel fibers were used (end-hooked fibers, end corrugated rounded
fibers, and end corrugated segmented fibers). The researchers concluded that the end-hooked
steel fibers gave better results compared to the other types. In addition, it is preferable that the
openings be located along the center line of the beam.

Mohammed R. Khalaf et al. (2021) [10], Al-Mahbashi et al. (2023) [11] conducted an
experimental investigation on reinforced concrete continuous deep beams with openings located
in (external shear span, internal shear span, and mid-span under load). The experimental results
indicated that creating large openings in the external or internal shear span leads to a significant
decrease in the ultimate load and stiffness. Therefore, it is preferable for these openings to be
located in the mid-span region.

Mona Saleh et al. (2023) [12] conducted a numerical study using the Abaqus program.
Several parameters were tested, including the shear span to the depth ratio (a/d), the opening size
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and location, concrete compressive strength, the main and web reinforcement ratio, researches
concluded the ultimate load increased with a decreasing shear span to the depth ratio (a/d), and
that an opening located in the shear zone significantly reduces ultimate load due to high
concentration of shear cracks at the corners of the opening.

Mazura et al. (2025) [13] conducted an experimental study on fibrous reinforced concrete
deep beams with mid-span opening, the results indicate that steel fiber reinforced concrete
exhibits superior compressive and flexural strength compared to normal concrete, incorporating
just 1% steel fiber by volume can increase the load at which first crack appears in a deep beam
with web opening by at least 50%.

However, there are many studies on the behavior and performance of reinforced concrete
deep beams with openings and the effect of many parameters such as the presence of steel fibers,
shear span to the depth ratio (a/d), the shape, size, and location of the openings, and the concrete
compressive strength. Researchers have not studied the reinforced concrete deep beams when the
openings are located in a region with maximum shear force and zero bending moment (shear
control), this condition may be in reinforced concrete continuous deep beams, where in a region
with maximum shear force and zero bending moment, as shown in Fig.(1).

This research paper aims:

e Conduct an investigation of the ultimate shear strength of fibrous reinforced concrete deep
beams with various sizes of square openings located in the region of maximum shear force
and zero bending moment (shear control), as shown in Fig (2).

e To estimate the ultimate shear strength of fibrous reinforced concrete deep beams with
various sizes of square openings located in the region of maximum shear strength and zero
bending moment (shear control) using the equations developed by previous researchers and
comparing the analytical with experimental results.

2. Research Methodology
The plan of this research paper, as shown in Fig (3), is:

o Experimental testing of fiber-reinforced concrete deep beams with different sizes of square openings lo
cated in the region of maximum shear force and zero bending moment (shear control), finding the ultim
ate load for these beams, and then determining the ultimate shear strength.

¢ Testing the mechanical properties of fibrous concrete and normal concrete (compressive strength and sp
litting tensile strength).

o Estimating the ultimate shear strength of fibrous reinforced concrete deep beams tested experimentally
using some equations from previous researchers, and compare the experimental with analytical results.
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3. Speciemn Details

In this study, six reinforced concrete deep beams with and without square web openings
were prepared and tested. The beams were divided into two groups: the first group contained
three beams of normal concrete, and the other group had three beams containing steel fibers with
0.75% of the mix volume.

In each group, there was a solid deep beam as a reference, and the other beams had a
square opening 200 x 200 mm and 300 x 300 mm, respectively. The dimensions of each beam
are (2000 mm) in length, (600 mm) in depth, (150 mm) in width. Table (1) shows the details of
the beams in this study. The beams are named as follows: (FC) for fibrous concrete and (NC) for
normal concrete, (WO) for solid beam (without opening), (W200) and (W300) for the beams
with openings (200 x 200 mm) and (300 x 300 mm), respectively

Table .1 Specimens details

----------- NC-WO
Normmal 200 X 200 NC-W200
Concrete

300 x 300 NC-W300

T FC-WO

Fibrous 200 x 200 FC-W200
Concrete

300 x 300 FC-W300
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All beams were designed based on ACI-Code 318-19 [3]. Deformed steel bars with
diameters @12 mm and @10 mm were used, the yield stress and ultimate strength for @10 mm
are 522 MPa and 760 MPa, and for @12 mm are 610 MPa and 803 MPa respectively, 3312 mm
are used for flexural reinforcement, and 2 @10 are used for top reinforcement; the horizontal and
vertical shear reinforcement are @10@275 mm and @10@300 mm, respectively. Vertical shear
reinforcement was intensified at a distance of 50 mm at load application point and supports to
avoid crushing of the deep beam during testing. In addition, 210 mm with (L=70 cm) is added
at top and bottom of openings as additional reinforcement. Fig. (4) shows the reinforcement

details of specimens.
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Fig. 4 Reinforcement layout for tested beams
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4. Material Properties

Crimped steel fibers with properties shown in Fig. (5) were used in this study. The fiber
tensile strength is up to 1100 MPa, ordinary Portland cement was used in this study. The physical
and chemical properties were tested according to Iraqgi specification (IQS NO.45/1984) [14], fine
aggregate and coarse aggregate with a maximum size of 12.5 mm were used and tested according
to Iraqgi specification (I1QS.N0O.45/1984) [15].

The concrete mix was designed according to ACI 211 [16] with a compressive strength of
up to 30 MPa, and the mix proportion is (1 : 2.1 : 2.76) for cement, sand and gravel and the
water/cement ratio is (0.48). Table (2) shows the weights of materials used in the casting process.

The wooden formworks for casting reinforced concrete deep beams were made of
plywood with dimensions of (2000 x 600 x 150 mm). Six cubes (150 x 150 x 150 mm) and six
cylinders (150 x 300) of fibrous concrete and normal concrete were cast. The compressive
strength and splitting tensile strength were tested at the age of 28 days and also during the testing
of reinforced concrete deep beams.

E

=

(a) crimped steel fiber (b) fiber diameter (1.03mm) (c) fiber length (5cm)

Fig. 5 Properties of crimped steel fibers
5. Casting and Testing Deep Beam

A central mixer was used for casting the reinforced concrete deep beams. A vibrator was
used for the compacting process. The specimens were also leveled using a leveling tool, as
shown in Fig. (6-a). After one day of casting, the wooden formwork was opened, and the
specimens were covered with burlap to maintain moisture in the specimens as shown in Fig. (6-
b). After that, the beams were painted and prepared for testing in the Construction Materials
Testing Laboratory at the University of Mosul at the age of 28 days as shown in Fig. (6-c). The
beams were tested with a device that can withstand 1000 kN as shown in Fig. (6-d).
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(a) Casting (b) Curing
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(c) Panting (d) Testing
Fig. 6 Casting, Curing, painting and Testing
6. Results and Discussions
6.1 Mechanical Properties
6.1.1 Compressive Strength

Compressive strength cubes were tested according to BS-1881-116 [17]. Six cubes of
fibrous concrete (FC) and other six of normal concrete (NC) were tested. For each normal and
fibrous concrete, three cubes were tested at 28 days, and other three testing during the testing of
reinforced concrete deep beams. Table (2) shows the results of the compression cubes test. The
average compressive strength of normal and fibrous concrete at 28 days was 31.75 MPa and
33.35, respectively. The results indicate that the inclusion of fibers led to an approximate 5%
increase in compressive strength. This improvement can be attributed to the role of fibers in
restricting the propagation of micro-cracks within the concrete under compressive loading,
improving stress distribution capacity, and delaying failure. The results further demonstrate that,
at advanced ages, the steel fiber enhances the ductility and load-carrying capacity of concrete,
even after prolonged curing periods.

237



ARTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR

ENGINEERING SCIENCES (JUBES)
Lpuaigl) p gtall sdaal 2 dls 4

Vol. 34, No. 2.\ 2026 ISSN: 2616 - 9916

Table .2 Result of Compressive Strength Test

s | g | E s | 2| 2| E @
= 5 = feu & = < > fou &
3| €| £ |mMP| €& | 3| S| £ |(MPa)| &
o O 8 © o O 3 ©
. 1 At 31.92 — 1 At 33.51
O O
2 2 28 3047 | 31.75 | £ 2 28 34.02 | 33.35
e days o days
5 3 32.87 g 3 32.53
5 5
SHl A LB S | 4 A | 3500
o] >
g 5 testing | 34.66 | 33.61 g 5 testing | 35.29 | 35.29
pzd beam i beam

6 33.06 6 35.58

fou : Cube compressive strength

6.1.2 Splitting Tensile Strength

Splitting tensile strength of six cylinders of fibrous concrete (FC) and another six of
normal concrete (Nc) was tested according to ASTM C496-17 [18]. Table (3) shows the results
of the splitting tensile strength test of the cylinders. The average results at 28 days and during
deep beam testing were 1.86 MPa and 2.26 MPa for normal concrete, 2.41 MPa and 3.13 MPa
for fibrous concrete. The average increase in splitting tensile strength was 29.5% at 28 days and
38.4% during the testing of reinforced concrete deep beams. These results confirm the role of
steel fibers in improving the tensile strength and controlling diagonal cracks of these cylinders.

Table. 3 Result of Splitting strength test

o
2|2 E | . |a|2|2]| E - 2
g | 2 > ! S s | 3 =2 ! =
S | £ = (MPa) | = S = = (MPa) >
o o) 4 o B g

1 2.19 1 2.53
o At ) At
> 2 28 1.76 1.86 > 2 28 2.37 241
Py days Py days
o 3 1.62 o 3 2.34
& S
TL; 4 231 > 4 3.10

At =] At

e o
5 5 testing | 226 | 226 | & 5 testing 2.98 3.13
= beam - beam

6 221 6 3.32

F¢ : Splitting tensile strength
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6.2 Ultimate Shear Strength of Deep Beam

The results of the ultimate load values for all tested beams are summarized in Table (4).
The ultimate load values for the normal reinforced concrete deep beams NC-WO, NC-W200,
and NC-W300 were 462.7 kN, 287.0 kN, and 210.0 kN, respectively. As for the fibrous
reinforced concrete deep beams, the ultimate loads for beams FC-WO, FC-W200, and FC-W300
were 657.1 kN, 313.0 kN, and 272.0 kN, respectively. The steel fibers increased the ultimate
load by 42%, 9%, and 29%. This demonstrates the role of steel fibers in improving the
mechanical properties of deep beams, delaying the appearance of initial shear and flexural
cracks, and increasing the ultimate load.

The ultimate shear strength (Vu) for all the beams tested experimentally was calculated
from the shear force diagram as shown in Figure (2), where the value of the ultimate shear
strength is (Vu = 0.5 Pu). Table (4) shows the ultimate shear strength for all beams tested.

Creating openings in reinforced concrete beams leads to a significant decrease in the
ultimate load of these beams, especially if openings are located in the natural load transmission
path. For normal reinforced concrete deep beams, the presence of openings (200 x 200 mm) and
(300 x 300 mm) led to a decrease in the ultimate load by 38% and 55%, respectively, compared
to the solid beam. As for the fibrous reinforced concrete deep beams, the presence of openings
(200 x 200 mm) and (300 x 300 mm) led to a decrease in the ultimate load by 53% and 59%
respectively. Table (5) shows the percentage of decrease in the ultimate load of the deep beam
with openings compared to the solid beam.

Table. 4 ultimate shear strength of reinforced concrete deep

Beam (Normal) P, Vi (GXE))U_ 0.5 (FBIE?(;ES) Pu Vy (exp) — 0.5Py Pe/ Py
NC-WO 462.7 231.35 FC-WO 657.1 328.55 1.42
NC-W200 287.0 143.50 FC-W200 il 156.50 1.09
NC-W300 210.0 105.00 FC-W300 272.0 136.00 1.29

Py : ultimate load (kN)

Pe : ultimate load fibrous concrete deep beam (kN)
Pn : ultimate load Normal concrete deep beam (KN)
Vy exp) - Ultimate shear strength (KN)

Table. 5 Percentage decrease in ultimate load due to opening

Beam (Normal) Pl P 4/ [P Beam (Fibrous) P, P,/ P
NC-WO 462.7 1.00 FC-WO 657.1 1.00
NC-W200 287.0 0.62 FC-W200 313.0 0.47
NC-W300 210.0 045 FC-W300 272.0 0.41

Py : ultimate load (kN)
P, : ultimate load of beam with opening (kN)
Ps : ultimate load of solid beam (kN)
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6.3 Crack Pattern and Failure Mode

Fig (7) shows the crack pattern of the tested beams at ultimate load. Cracks started
to appear at the top and bottom corners of the openings and were mostly diagonal cracks (shear
cracks). These cracks continue to expand diagonally along the axis connecting the support and
the applied load points. Moreover, flexural cracks started to appear in the midspan of the deep
beams and gradually increased. With increasing loads, the width of shear cracks around the
openings started to increase significantly. The final failure of these beams was a shear failure due
to the formation of diagonal tensile stresses resulting from the combination of horizontal and
vertical flexural stresses and diagonal shear stresses. Square openings lead to a decrease in the
ultimate load. The increase in the size of square openings led to a reduction in the shear and
flexural cracking load for all beams compared to solid beams. On the other hand, the geometric
characteristics of square openings lead to a high concentration of stresses at sharp edges and
corners, thus creating a large weak area around the openings. Steel fibers play a role in reducing
the width of cracks through crack bridging, thus improving the performance of reinforced
concrete deep beams. Steel fibers also reduce the crack propagation, thus reducing the
concentration of stresses and improving mechanical properties. In general, steel fibers played a
role in delaying the appearance of cracks in the beams, whether shear or flexural cracks. Table
(6) shows the values of the first flexural and shear cracking loads and modes of failure for all
tested reinforced concrete deep beams.

(c) NC-W200 (d) FC-w200
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Table (6) Cracking load and Mode of Failure
Fcr Scr Failure
Beam Code F., Ser P, B B Mode
NC-WO 180 302 462.7 0.38 0.65 Shear
NC-W200 103 135 287.0 0.35 0.47 Shear
NC-W300 85 105 210.0 0.40 0.50 Shear
FC-WO 200 287 657.1 0.30 0.43 Shear
FC-W200 185 120 313.0 0.59 0.38 Shear
FC-W300 138 166 272.0 0.50 0.61 Shear

F.,. = First flexural cracking load (kN)
S = First Shear cracking load (kN)
P, = Ultimate load (kN)

6.3 Analytical equations

Kong and Sharp (1977) [19] conducted an experimental investigation on reinforced concrete deep
beams with web openings. They cast thirty-two reinforced concrete deep beam specimens. Based on the
experimental results, the researchers proposed an empirical equation to estimate the ultimate shear
strength of reinforced concrete deep beams. The researchers assumed that the load is transmitted in deep
beams with openings from the point of load application to the support point through paths ABC and AEC,
as shown in Fig (8). As for solid beams, the load is transmitted radially without any interruption. The
shear strength of solid and deep beams with openings was calculated using some definitions related to the
size and location of the opening and the shear-span-to-depth ratio.
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Fig. 8 Structural idealization of deep beam with web opening according to Kong and
Sharp [19]

The ultimate shear strength equations for selid reinforced concrete deep beams are:

X Y o
Vi, = C [1—0.35 (5)]/‘th + G, ZAB sin® a

and the ultimate shear strength equations for reinforced concrete deep beams with web opening

arc:

kqix

v, = C [1 —0.35 (kZD

)]ftbkzD + z ACZA% sin? a

where

V, : ultimate shear strength (kN)

f; : Splitting tensile strength (MPa)

X : Clear shear span (mm)

D : beam depth (mm)

b : beam width (mm)

y : depth at which a typical steel bar intersect the potential critical crack (mm)

y; : The depth of the intersection between the typical steel bar and the
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diagonal crack represented by the paths CB and EB, as shown in Figure (8)

C;: Emperical Cofficent ( 1.4 for Normal strength concrete

and 1.35 for light weight concrete )
C,: Emperical Cofficent ( 300 N/mm? for deformed steel bar

and 130 N/mm? for plain steel bars )
A : Emperical Cofficent ( 1.5 for web bars

and 1 for main bars )
kix & k;D : Coefficients to define the coordinates of the opening location
in the beam as shown in the Figure (8)

A : Area of reinforcement bars (mm?)
a aq: angle between the intersection of the reinforcing steel and the diagonal crack.as shown in the Figure (8)

This equation will be applied to all experimental deep beam specimens as shown in Figures (9),
(10), and (11) and compare the analytical with the experimental results. Table (7) shows the ratio between
experimental and analytical results.

300 300 300 300 300 300
| | —
275
w 600
e Natural Load Path
T 500 Z ;
00 1800 100~

(a) Natural load path of beams (NC-WO, FC-WO)
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Fig. 9 Structural idealization of deep beams (NC-WO, FC-WO) according to Kong and
Sharp
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(b) Distance of each bar to the top of beams (NC-W200,FC-W200)

Fig. 10 Structural idealization of deep beams (NC-W200,FC-W200) according to Kong
and Sharp
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Fig. 11 Structural idealization of deep beams (NC-W300,FC-W300) according to Kong
and Sharp
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Table. 7 Comparing between experimental and analytical results
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f. = average value of six tested cylinders: (2.06 MPa) for normal concrete and (2.77 MPa) for
fibrous concrete.
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7. Conclusion

Based on the experimental and analytical results, the following can be concluded:

The addition of steel fibers improved the mechanical properties of the concrete (compressive st
rength, splitting tensile strength). The steel fibers enhanced and increased the results and delaye
d the failure of cubes and cylinders even after long curing periods.

The average increase in splitting tensile strength due to steel fibers was 29.5% at 28 days and 3
8.4% during the deep reinforced concrete beam testing; these results confirm the role of steel fi
bers in improving the tensile strength and reducing diagonal cracking of these cylinders.
Creating square openings within the shear span of reinforced concrete deep beams, intended for
the passage of electrical, mechanical, and other services, led to the weakening of the load-carry
ing capacity of these beams and interrupted the natural load transfer path from the top of the be
am to its supports.

When it is necessary to create openings within reinforced concrete deep beams, circular openin
gs are preferable to square or rectangular ones, as the latter have sharp edges and corners that si
gnificantly weaken the shear strength of the beams.

The addition of steel fibers resulted in a 42% increase in shear strength in the solid beam compa
red to beams with square openings (200 mm and 300 mm), where the increase in shear strength
was 9% and 29%, respectively. The significant increase (42%) in the solid beam is due to the a
bsence of the influence of square openings, which allows for normal load transfer and optimal
performance of the steel fibers.

An increase in the size of square openings led to a reduction in the shear and flexural cracking |
oad for all beams compared to solid beams. On the other hand, the geometric characteristics of
square openings lead to a high concentration of stresses at sharp edges and corners, thus creatin
g a large weak area around the openings. Steel fibers play a role in reducing the width of cracks
through crack bridging, thus improving the performance of reinforced concrete deep beams. St
eel fibers also reduce crack propagation, thus reducing the concentration of stresses around ope
nings.

The ratio between the experimental and analytical results for beams (NC-WO, FC-WO) was 0.
871 and 0.998 respectively. As for beams with the square opening (NC-W200, FC-W200), the
ratio was 1.167 and 1.162. The analytical results show a good agreement with the experimental
results. Therefore, these equations can be reliably used to predict the ultimate shear strength of
normal and fibrous reinforced concrete deep beams with openings located in the region of maxi
mum shear forces and zero bending moments (shear control).

The ratios of experimental to analytical results for beams NC-W300 and FC-W300 were 1.245
and 1.585, respectively. Due to the presence of the large square opening (300 mm), the analytic
al equation underestimates the beam's actual load-bearing capacity. This conservative predictio
nis a highly desirable attribute for ensuring safe structural design.
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