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with Openings Using High-Performance
Concrete Mortars
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Abstract

Reinforced concrete (RC) deep beams often necessitate openings in their web to facilitate building utilities. These
openings compromise the shear resistance of the beams and, therefore, should be strengthened in their critical shear
zone. This study proposes externally bonded high-performance concrete (HPC) mortars layers strengthened with steel
wire mesh to strengthen the shear capacity of high-strength RC deep beams with openings within their shear span.
To facilitate this, an experimental program consisting of testing ten high-strength RC deep beams was carried out.
The test parameters include the effects of opening, types of HPC mortars, namely, engineered cementitious com-
posites (ECC) and ultra-high-performance fiber-reinforced concrete (UHFRC) mortars, the configuration of the open-
ing (circular, square), and the size of the openings. Two strengthened beams were fabricated without openings,

while the remaining incorporated various opening configurations. The results demonstrated the shear performance
of the beams increases using the proposed strengthening technique. The increases in ultimate load capacity ranged
from 5 to 68%, elastic stiffness improved between 8 and 97%, and energy absorption capacity enhanced from 7

to 127%. Increasing the opening size reduces the strength, stiffness, and energy absorption capacity of the beam.
Furthermore, beams with circular openings exhibited better performance than their square counterparts. The
specific design and strengthening strategies employed effectively improve their load-bearing capacity concern-

ing the opening size ratio. Application of the HPC mortars with higher compressive and tensile strength further results
in the improvement of their shear performance. In addition, a finite element model (FEM) was developed to simu-
late the performance of tested beams and compare the accuracy of the FEM against the test results. It was found
that the adaptation of the Concrete Damage Plasticity (CDP) model with the parameters adopted in this study can
accurately predict the behavior of the tested beams. An average error of only 4% was obtained for the experiment-
to-predicted load for cracking and ultimate load. Furthermore, based on the parametric study performed on beams
with circular openings strengthened with ECC layers, it is proposed that for practical design purposes the thickness
of the ECC layer to the thickness of the beam (tzrc/tpearm) ratio should not exceed 0.32.
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1 Introduction

High-strength reinforced concrete (RC) deep beams have
grown in popularity across various structural engineer-
ing applications including the construction of bridges,
and high-rise buildings, due to their superior shear
resistance (Choi et al., 2012). This enhanced resistance
can be attributed to the increased depth-to-span ratio.
Their deeper profile facilitates the transfer of shear forces
through an internal arching action within the beam itself
(Hamoda et al., 2024d, f; Nakamura et al., 2018; Shakir &
Alghazali, 2024).

Deep beams possess disturbed regions (D-region),
where significant disturbance of contour lines of the flex-
ural stresses exists which results in stress concentration
at D-regions (Shakir & Hannon, 2024; Shakir & Hanoon,
2023) . Furthermore, deep beams often require openings
to accommodate essential utilities like electrical lines,
communication systems, and mechanical installations.
However, these openings induced D-region, disrupt the
flow of stress within this region (Shakir & Hamad, 2023;
Shakir et al., 2023). This disruption can lead to a reduc-
tion in the overall shear capacity, potentially compro-
mising the structural integrity (Al-Mahbashi et al., 2023;
Ghali et al.,, 2021; Jasim et al., 2020; Kachouh et al., 2022;
Shyamala, 2022). Therefore, strengthening may be neces-
sitated to guarantee its structural integrity. Researchers
have explored various methods to enhance deep beam
performance, including the application of fiber-rein-
forced polymers (FRP) (Abadel et al., 2022; Akkaya et al.,
2022b, 2024; Ary & Kang, 2012; Osman et al., 2017; Xing
et al., 2024), high-performance concrete (HPC) (Abadel
et al., 2022; Al-Enezi et al., 2023), or steel plates (Chan-
drakanth & Kavitha, 2020; Farouk et al., 2023), and hybrid
U-jackets composites (Cakir et al., 2023). These strength-
ening materials can be attached externally using bonding
techniques or embedded near the concrete surface using
a near-surface mounted (NSM) approach (Akkaya et al.,
2022a; Al-khreisat et al., 2023; Elsayed et al., 2022; Fatehi
Makki et al.,, 2019; Heydari et al., 2023; Kumari & Nayak,
2021; Li et al., 2022; Rahim et al., 2020; Yousef et al., 2018,
2023). Although the application of an externally bonded
HPC layer to strengthen slender RC beams has been
investigated earlier (Emara et al., 2023; Hamoda et al,
2024b; Koutas et al., 2019; Wang et al.,, 2019), studies on
its use in strengthening deep beams are still limited.

Lee et al. (2011) studied the impact of carbon fiber-
reinforced polymer (CEFRP) sheet strengthening on the
structural behavior of T-shaped RC deep beams lacking
stirrups. The investigation revealed that several factors
significantly influence the performance of such strength-
ened beams including the length of CFRP, fiber direction
in CFRP sheets, and anchorage of CFRP sheets. Overall,
horizontal fiber orientation by covering the full shear
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span was found to be the most beneficial. The increase
of the ultimate load, elastic stiffness, and energy absorp-
tion for this particular configuration compared to the
control beam was measured as about 66%, 41%, and
152%. Moreover, proper anchorage of the CFRP sheets
is essential to ensure their effectiveness in strengthening
the beam. El Maaddawy and Sherif (2009) also reported
that FRP composites significantly improve the maxi-
mum capacity of deep beams with an increase ranging
from 35 to 70%. Interestingly, the location of the open-
ings within the beam also influenced the outcome. Beams
with openings closer to the top benefitted the most
in terms of shear resistance, while FRP strengthening
proved more effective for improving stiffness when the
openings were positioned in the middle of the web. These
findings suggest that the placement of openings and the
specific goal (increased shear capacity or stiffness) can
influence the optimal location for FRP strengthening.
Dutta et al. (2022) explored the effectiveness of exter-
nally bonded glass fiber-reinforced polymer (GERP)
fabrics in strengthening the structural behavior of RC
deep beams subjected to shear stress. The maximum
load of the beams increased by 108%. In addition, it was
reported that with more than 3 layers of GFRP sheets, the
shear strength, absorb energy, and stiffness of the beams
decreased. Arabzadeh and Karimizadeh (2019) explored
the use of externally bonded FRP composites to improve
the shear performance of deep beams with circular open-
ings. It was reported that using FRP improved the ulti-
mate load of the tested beams by 68%.

Chandrakanth and Kavitha (2020) explored an innova-
tive approach to strengthen RC deep beams by substitut-
ing traditional stirrups with steel plates. Interestingly,
their findings revealed that solid steel plates decreased
the load capacity. However, perforated plates with stra-
tegically placed holes offered a promising alternative.
These perforations enhanced the bonding between the
steel and concrete, ultimately leading to a significant
increase in load capacity. Their study identified a config-
uration with eight circular holes, each 50 mm in diam-
eter, as the most effective design. A study by Farouk et al.
(2023) demonstrated that externally bonded steel plates
significantly enhance the performance of concrete deep
beams with openings. These plates promote a more uni-
form distribution of cracks across the beam, delaying
failure and extending its lifespan. The benefits were even
more pronounced when the steel plates were combined
with external anchors. The combined effect resulted
in a substantial improvement in the shear capacity of
the beams. Recently, Hamoda et al. (2024d) examined
the effectiveness of using glass fiber mesh with strain-
hardening cementitious materials in strengthening deep
beams without openings. It was found that the proposed
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method increased the ultimate load of the deep beams
by up to 82%, cracking load by up to 73%, elastic stift-
ness by up to 457%, and energy absorption by up to 380%
compared to the unstrengthened control beam. Recently,
T-deep beams with deficient shear reinforcement having
a large opening within the shear spans were strengthened
using the stitching method employing the near-surface
mounted steel bars and externally bonded carbon fibers
reinforced polymers technique (Shakir & Yahya, 2024).
It was found that stitching by externally bonded carbon
sheets resulted in the improvement of the capacity of 96%
at the top location compared to the control beam.

While prior research has investigated strengthening
deep beams with or without openings using FRP com-
posites, the poor performance of FRP composites on
fire hinders their wider adaptation in real life. This study
proposes externally bonded HPC layers strengthened
with steel wire mesh to strengthen the shear-deficient
high-strength RC deep beams with or without open-
ings within their shear span. However, there has been no
study carried out to explore the structural performance
of RC deep beams strengthened with bonded HPC lay-
ers, namely, engineered cementitious composites (ECC)
and ultra-high-performance fiber-reinforced concrete
(UHFRC) reinforced with steel wire mesh. The effects of
the presence of opening, shape, and size of openings on
the structural performance of deep beams strengthened
using ECC or UHFRC layer. Finite element models (FEM)
were also developed to analyze the performance of such
beams.

2 Testing Program

2.1 Details of the Test Specimen

Ten rectangular high-strength RC deep beams were cast
and tested under a three-point loading configuration
for this study. All beams shared identical dimensions of
120 x400x 750 mm (width X depth X overall length), with
a 600 mm distance between supports, as illustrated in
Fig. 1. For main reinforcement, all beams included two
16 mm diameter U-shaped steel bars at the bottom and
two 12 mm diameter steel bars at the top. The provided
longitudinal reinforcement was selected to prevent flex-
ural cracking. In addition, each beam incorporated four
8 mm diameter side steel bars, two on each side. To pro-
vide shear resistance, stirrups made from 8 mm diame-
ter steel were spaced at 100 mm intervals along half the
length of each beam. To assess the effectiveness of the
proposed strengthening configuration in improving shear
resistance, stirrups were strategically omitted from half
of each beam. This approach allows for a clear evaluation
of how the strengthening elements enhance the beams’
ability to resist shear forces.
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Fig. 1 Dimensions and reinforcement of tested deep beams. (Units:

mm)

Table 1 Details of the test specimens

Group Specimen’s Concretetype Openingtype Opening size

ID
G1 BO Unstrengthened - -
G2 B-ECC - -
B-E-C1 ECC Circular D=85mm
B-E-S1 Square L=85mm
B-E-S2 Square L=110mm
G3 B-UHFRC - -
B-U-C1 UHFRC Circular D=85mm
B-U-C2 Circular D=110mm
B-U-S1 Square L=85mm
B-U-S2 Square L=110mm

The specimens were divided into three groups of as
shown in Table 1. Group G1 consisted of the control
beam BO which was un-strengthened. The second (G2)
and third group (G3) focused on the influence of differ-
ent concrete tpes on the beams with and without opening
shape. For the beams with openings, the shapes (circular
or square) and size of the openings are examined (see
Fig. 2). In groups G2, and G3, one solid beam, namely,
B-ECC, and B-UHFRC, were also examined. Both groups
used welded steel mesh (WSM) to reinforce the strength-
ening layers, which were anchored to the beam surface
using steel bolts, as shown in Fig. 2. In naming the speci-
mens, BO refers to control sample, B-ECC and B-UHFRC
representing solid beams with ECC and UHFRC, respec-
tively. For samples with openings, the letters (E and U)
followed by ‘B’ represent ECC and UHFRC. The letter ‘C’
or ‘S’ stands for circular or square openings. The num-
ber ‘1’ or ‘2’ represents different opening sizes. The loca-
tions of the openings are shown in Fig. 2. Reinforcement
around the openings were cut to facilititate formwork.
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Fig. 2 Schematic of strengthening configurations: a beams with circular opening and b beams with square opening. (Units in mm)

2.2 Material Properties and Mix Proportion

All beams were cast from ready-mix high-strength
concrete (HSC) before strengthening prior to strength-
ening in the specific zone. Upon casting, all the sam-
ples were cured in an identical condition. During the
curing before and after the strengthening process,
plastic sheeting prevents moisture loss and facilitates
proper curing. The concrete compressive strength
was measured using 150X 300 mm cylinders recom-
mended by ACI 318-19 (2019) and tested using the
recommendation given by ASTM C469 (2022). The
uniaxial tensile performance of concrete was meas-
ured by testing dog-bone-shaped specimens according
to ASTM C1583 (2020). To characterize the material
properties, cylindrical specimens with a dimension of
150 mm X300 mm, and dogbone-shaped specimens
were tested in determining compressive and tensile

Table 2 Mix proportions and properties of ECC and UHFRC mortars

strengths for all concretes. The compressive and ten-
sile strength of HSC was 93 and 4.35 MPa, respec-
tively. ECC and UHFRC were used for strengthening
purposes. Table 2 details the mix proportions of ECC
and UHFRC used in the experiment. The Polypropyl-
ene fiber (PP) fibers used in this study had a density
of 0.91 (g/cm?), diameter of 32 pm, length of 12 mm,
tensile strength of 467-584 MPa, and a modulus of
elasticity of 3.5-6 GPa according to the supplier (“Sika
Egypt Group 2021”7). The mechanical properties of
ECC and UHEFRC are presented in Table 2, along with
the experimental and idealized stress—strain responses
illustrated in Fig. 3. In addition, tensile coupon tests
on reinforcing steels, WSM, and steel bolts were car-
ried out to determine their mechanical characteristics,
tested according to A370-10 (2006). The WSM had an
opening size of (40x40) mm? with a bar diameter of

Concrete Cement Fine Fly ash (kg/m3) Silica Water to Polypropylene High-range Compressive Tensile
(kg/m?) aggregate fume (kg/ bender fiber (%) water reducer strength strength
(kg/m3) m3) ratio (kg/m3) f.(N/mm?) £, (N/
mm?)
HSC (premix) - - - - - - - 93 435
UHFRC 850 1030 - 200 0.20 2 28 127 6.7
ECC 558 436 665 - 0.23 2 15 52 443
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Table 3 Material properties of steel elements
700
Steel element Yield strength (MPa) Tensile
600 strength
2500 (MPa)
§4oo 8mm 267 441
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Fig. 4 Measured and idealized stress—strain curves for steel elements

3 mm, as shown in Fig. 5c. Steel bolts with a diameter
of 12 mm and length of 150 mm across the beam width
to cover both strengthening layers, as shown in Fig. 5b.
The tensile results presented in Fig. 4 were averaged
from the tests of three coupons. The observed experi-
mental and idealized stress—strain responses for the
steel are given in Fig. 4. Table 3 presents the yield and
tensile strength of all steel elements.

2.3 Specimens’Preparation

Initially, tested beams were cast prior to the strength-
ening process taking place after 28 days of their cur-
ing. To strengthen the beam, a multi-step process was
implemented (see Fig. 5). The strengthening process of
the tested specimens includes roughening of the beam
surface to improve the adhesion between the beam
and the strengthening layer. Anchor bolts were used to
avoid premature interface failure. The WSM was then
positioned on the designated shear zones on both sides
of the beams followed by the application of the ECC/



Hamoda et al. Int J Concr Struct Mater (2025) 19:70

. E————
Fitting the welded | A
steel mesh on the | Al
probosed shear zone |_}

HAES A
s W]

Page 6 of 19

Perforating
until the other I

Fig. 5 Strengthening process: a surface roughening, b perforation, ¢ welded steel mesh used herein, d installation of WSM, e casting HPC

UHFRC layer with a thickness of 10 mm. The beams
were left for 28 days to cure before the testing.

2.4 Testing Setup and Instrumentation

Fig. 6 depicts the experimental setup employing a three-
point bending test. The proposed shear-strengthened
zone of the beams strengthened with ECC and UHFRC
was painted in green and blue, respectively, for bet-
ter visualization. The tested beams were rested on two
hinged supports spaced 600 mm apart. The steel plates
were 100X 150 mm with a thickness of 20 mm. To ensure
consistent loading, a displacement-controlled regime
applies the load at a rate of 6 mm/min. The load was
transferred by steel I-column. A Linear Variable Differ-
ential Transformer (LVDT) positioned at the beam’s bot-
tom surface, as shown in Fig. 6, measured the mid-span
deflection throughout the test. Two Pl-shape displace-
ment transducers were used to measure the width of the
shear cracks. Cracks were marked as appearing during
the applied load until the failure.

3 Test Observations

3.1 Failure Patterns

The control beam (B0) displayed a classic shear failure
(see Fig. 7) in the zone without shear reinforcement.
Cracks formed diagonally along the weakened shear span
near the support, accompanied by crushing concrete.
The first crack appeared at 36% of the ultimate load (see
Table 4) and was initiated near the support within the
weakened zone. As the load increased, this initial crack
propagated diagonally toward the loading point, with
additional cracks forming and growing. At the failure,
the beam suffered a brittle sudden failure in the concrete
compressive strut, specifically in the diagonal area link-
ing the loading and support points. This type of failure
underscored the absence of shear stirrups, which are gen-
erally employed to prevent such diagonal cracking.

Both ECC and UHEFRC layers effectively delayed
crack initiation in the strengthened beams (B-ECC and
B-UHERC, respectively). ECC delayed the initial cracking
load by 6%, while UHFRC provided a more substantial
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Fig. 6 Testing setup of the beams: a schematic drawing and b actual settings. (Units in mm)

Fig. 7 Failure pattern of the beam BO

Diagonal shear crack
in defected zone

Table 4 Summary of results of the tested beams

delay of 32% according to Table 4. The crack patterns dif-
fered between the two beams. For beam B-ECC, initial
cracks started near the support and progressed diago-
nally before the beam ultimately failed due to rupture of
the ECC layer itself (see Fig. 8a). In contrast, B-UHFRC
exhibited initial cracks at the support similar to B-ECC,
but these cracks then propagated vertically before tran-
sitioning diagonally. Importantly, for both beams, cracks
were primarily confined to the strengthened zone at
lower loads. However, at higher loads, some limited
cracking appeared in the non-strengthened zone of the
UHERC beam (see Fig. 8b). The enhanced performance
of both ECC and UHFRC can be attributed to their
exceptional elastic properties, which enable high tensile

Specimen’s ID Cracking stage Ultimate Stage Elastic Kg/Kg, Absorbed Eg/Eg, *Failure mode
Stiffness, K Energy, E (kN.

Pcr (kN) Pch/P(rBO Acr (mm) Pu (kN) PuB/PUBO APu (mm) (kN/mm) mm)
BO 160 1.00 0.94 28035 1.00 4.45 108.67 1.00 1055.93 100 S
B-ECC 10875 068 0.74 40023 143 5.00 146.96 135 1812.50 172 (S+B)atStmn
B-E-C1 10330 0.65 0.88 35397 1.26 4.50 117.39 1.08 1754.64 1.66 SatStrn
B-E-S1 10220 064 079 336.77 1.20 4.25 12937 1.19 1302.71 123 SatStn
B-E-S2 10005 063 0.84 29531  1.05 393 119.11 1.10 1164.97 1.10 SatStrn
B-UHFRC 13467 084 0.63 47012 168 6.06 213.76 1.97 2396.53 227 SatStmn
B-U-C1 13055 082 073 42501 152 4.70 178.84 1.65 1765.36 167  SatUn
B-U-C2 12143 0.76 0.81 38625 138 4.75 149.91 1.38 1458.85 1.38 SatStrn
B-U-S1 11433 071 0.96 34101 122 4.26 119.09 1.10 1132.37 107 SatStn
B-U-S2 10420  0.65 0.97 32516 1.16 437 107.42 0.99 933.93 088  Satstmn

P, Load corresponding to the first crack appeared; A , Vertical deflection corresponding to P,; P,, Ultimate load; A, Vertical deflection corresponding to P,; E,
Absorbed energy; K, elastic index

" Failure mode: S: Shear failure mode, B: bearing at the loading zone, Strn.: Strengthened zone, and Un.: unstrengthened zone
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ductility and precise crack width control. In addition, the
fibers within these materials effectively bridge cracks and
distribute stress uniformly, preventing the development
of large cracks and ensuring consistent performance
under load.

For beams, with openings, strengthened using an
ECC layer (Group G2), the failure modes are shown in
Fig. 9. For the beam with a circular opening, cracks ini-
tiated near the top and bottom of the opening’s diame-
ter and propagated towards the supporting and loading
points (see Fig. 9a). For the beams with square openings,
cracks started at the corners (see Fig. 9b, ¢) and spread
towards the bearing and loading regions. The first cracks
appeared at about 29%, 30%, and 34% of the ultimate load
for beams B-E-C1, B-E-S1, and B-E-S2, respectively. In
the case of the beams with square openings, additional
diagonal cracks formed due to stress concentrations at
the corners, propagating between the edges of the plates
and the opening. For the beams with a circular opening,
under increased loading, cracks initiated at the mid-
shear span and followed the curved contour of the open-
ing in the strut direction. Ultimately, all beams in Group
G2 exhibited cracks within the inner surface of the open-
ing and failed due to the splitting of the strut within the
strengthening layer, as illustrated in Fig. 9. However, this
may be attributed to the superior crack-controlling per-
formance of both ECC and UHFRC. The crack patterns
displayed by these materials showed several hairline
cracks, in contrast to the fewer, larger cracks typically
seen in ordinary concrete types.

The failure pattern of beams in group G3 is shown
in Fig. 10. Beam B-U-Cl1, featuring a circular open-
ing and a UHFRC layer in the compromised shear zone,
exhibited a improved failure pattern compared to other
groups. Due to the smaller openings, the stress distri-
bution of the strengthened region was higher than the
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Fig. 8 Failure patterns of beams: a B-ECC and b B-UHFRC. (Note: green and blue painted sections are strengthened)

non-strengthned side (white painted) which resulted in
the failure in the non-strengthned zone of the beam. No
cracks were detected in the strengthened zone, while a
single major shear crack appeared at the support in the
unstrengthened zone. This crack initiated around 30%
of the ultimate load and propagated diagonally towards
the loading point with increasing load, ultimately lead-
ing to a pure shear failure (see Fig. 10a) at the beam’s
full capacity. Beam B-U-C2, similar to B-U-C1 but with
a larger opening, displayed a different cracking pattern.
Cracks initiated around the lower half of the circular
opening’s perimeter and propagated towards the support
(see Fig. 10b). In addition, more cracks appeared along
the opening’s inner surface, and two diagonal cracks were
observed at the top of the strengthening layer. This may
indicate that a larger opening may diminish the effective-
ness of the UHFRC layer in preventing crack initiation.

For beams with square openings, strengthened with
a UHFRC layer (B-U-S1 and B-U-S2), the location and
direction of crack initiation depended on the open-
ing size. In beams with smaller square openings, cracks
started at the corner zone and propagated diagonally
towards the loading and supporting points (see Fig. 10c).
However, in beams with larger openings, cracks appeared
and grew only in the region directly above the opening
(see Fig. 10d). This indicates that the size of the opening
impacts the stress distribution within the UHFRC layer,
thereby influencing the initiation and propagation of
cracks.

3.2 Load-Deflection Relationships

Fig. 11 illustrates the load—deflection curves, while
the key results are presented in Table 4. As shown in
Fig. 11, the control beam exhibited a linear behavior up
to its first crack at a load of 102.15 kN, which is roughly
36% of its ultimate capacity. This mid-span deflection
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Fig. 9 Failure patterns of beams: a B-E-C1, b B-E-S1, and ¢ Bem B-E-S2

corresponding to the first cracking load was approxi-
mately 0.94 mm. Beyond this point, the beam’s stiffness
began to decrease with increasing load until reaching
around 250 kN. A more significant decline in stiffness
occurred after this point. Ultimately, the control beam
failed at a load of 280.35 kN, with a corresponding deflec-
tion of about 4.55 mm. Compared to the BO, both B-ECC
and B-UHFRC beams in Group GI1 exhibited similar
overall behavior but with significantly improved per-
formance (see Fig. 11a). They displayed higher cracking
loads (increases of 6% and 32%, respectively) and lower
mid-span deflections at these loads. Ultimately, these
strengthened beams demonstrated remarkable load-
carrying capacity, exceeding the control beam by 43%
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(B-ECC) and 68% (B-UHFRC) at failure. These findings
clearly illustrate the effectiveness of the strengthening
techniques, with UHFRC providing a more significant
enhancement compared to the ECC layer. The reason
can be attributed to the higher compressive and tensile
strength of the UHFRC concrete compared to ECC.
Beam B-E-C1 in group G2, featuring a circular open-
ing, exhibited a notable enhancement in overall per-
formance compared to the control beam (see Table 4,
Fig. 11b). While the initial cracking load only increased
by 1%, the benefits became more pronounced beyond
cracking point. Among beams with openings in the same
group, those with circular openings exhibited superior
performance compared to square openings (see Fig. 11b).



Hamoda et al. Int J Concr Struct Mater

(2025) 19:70

Disassembling
of opening
corners due to
shear cracks

(©

Page 10 of 19

More cracks
in inner
surface of
opening

Shear cracks

in corners of
square

opening

Fig. 10 Failure patterns of beams: a B-U-C1, b B-U-C2, ¢ Bam B-U-S1, and d B-U-S2

This is because their geometry fosters a more favora-
ble distribution of stress throughout the material than a
square opening. Furthermore, circular openings influ-
ence crack patterns in a way that enhances the overall
performance of the structure. Within the square opening
beams (B-E-S1 and B-E-S2), smaller openings resulted
in better behavior than larger ones. Notably, the beam
with the larger square opening displayed behavior simi-
lar to but slightly better than the control beam through-
out the loading stages. However, more improvement was
observed for beams with smaller square openings. These

findings suggest that the shape and size of openings sig-
nificantly impact the behavior of beams under load.
Similar trends were observed in the group G3 utiliz-
ing the UHFRC layer. Beams with circular openings
(B-U-C1 and B-U-C2) displayed significantly improved
performance compared to BO. The cracking load of B-U-
C1, and B-U-C2 increased by 28% and 19%, while their
ultimate loads were a remarkable 52% and 38% higher
than BO, respectively. However, beams with square open-
ings (B-U-S1 and B-U-S2) exhibited a less pronounced
improvement. Cracking load increased by 12% and 2%
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Fig. 11 Load-deflection curves of tested beams
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Fig. 12 Energy absorption of the beams (kN mm)

for B-U-S1 and B-U-S2, respectively, while ultimate load
increased by 22% and 16%, respectively.

3.3 Absorbed Energy

The flexural energy absorption of the beams was calcu-
lated as the area under the measured load—deflection
curves (Hamoda et al., 20244, e, 2025). Fig. 12 presents
the absorbed energy for all beams. Beams B-ECC and
B-UHFRC in Gorup G1 exhibited an absorbed energy
72% and 127% greater than B0, respectively. Beam B-E-
C1 in group G2, featuring a circular opening, demon-
strated a remarkable 66% increase in the absorbed energy
compared to the control beam. This increase was larger
than the other two beams in this group featuring a square
opening (B-E-S1, B-E-S2). As mentioned earlier, a cir-
cular opening fosters a more favorable distribution of
stress than a square opening resulting in a higher energy
absorption capacity. A similar pattern was observed for
beams in group G3, where beams B-U-C1 and B-U-C2
exhibited a higher energy absorption capacity than beams
B-U-S1 and B-U-S2. The increase of the absorbed energy
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was calculated as 67% and 38% for B-U-C1 and B-U-C2,
respectively, compared to BO, whereas the increase was
calculated as only 7% for beam B-U-S1. A reduction of
12% of the energy absorption was observed for beam
B-U-S2.

3.4 Elastic Stiffness

The elastic stiffness of the beams was calculated from
the linear part of the load—deflection curves. Fig. 13
illustrates the elastic stiftness of the tested beams. It is
observed that a substantial increase in the initial stiff-
ness for beams in group G1, calculated as 35% and 97%
for B-ECC and B-UHFRC compared to B0O. This may be
attributed to the superior characteristics of both ECC
and UHFRC in the elastic performance allowing to
exhibit high tensile ductility and tight crack width con-
trol. Moreover, the fibers help to bridge cracks and dis-
tribute stress more evenly, preventing the formation of
large cracks and maintaining performance under load.
For beams in group G2, Beam B-E-C1 in group G2, fea-
turing a circular opening, demonstrated an 8% increase
in stiffness compared to the control beam. The smaller
increase may be expected to be due to the lower strength
of the ECC. However, beams B-E-S1, and B-E-S2 exhib-
ited an increase of 19%, and 10% compared to BO which
may reflect the effect of the opening size mentioned in
Table 1. It is seen that increasing the opening size reduces
the stiffness of the beam. When investigating the stiffness
of the beams in group G3, it is seen that beams with cir-
cular openings (B-U-C1 and B-U-C2) had higher stiffness
than their square counterparts. It may be because the
stress distribution of stress in beams with circular open-
ings was better than their square counterparts thus for
the same strengthening technique, beams with circular
openings outperform their square counterparts.

& & &
< oQ‘ N <~' Q>’ ‘b’ %’ \*f Qa’

Fig. 13 Elastic stiffness for all beams. (Unit kN/mm)
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4 FEM Simulation

4.1 Model Built-Up

To simulate the behavior of the deep RC beams tested,
a finite element model (FEM) was developed using
ABAQUS software (ABAQUS, 2009). Fig. 14 shows the
model of a tested beam. In the modeling, the main beam,
ECC/UHERC layer, anchor bolts, and steel loading/sup-
port plates were modeled using solid elements (C3D8R)
with reduced integration. Reinforcing rebars, stirrups,
and WSM were represented by 3D truss elements (T3D2)
to simulate their role in resisting both tension and com-
pression forces.

The numerical study employed a detailed approach to
simulate the interactions between various components of
the strengthened beam. A surface-to-surface contact with
a friction coefficient of 0.25 was used to model the inter-
action between the main concrete beam and the strength-
ening layer based on the sensitivity analysis. Reinforcing
bars, stirrups were designed to be embedded in concrete
and WSM was designed to be embedded in ECC/UHFRC
layer. Finally, a perfect bond was assumed between the
main beam and both the loading and supporting plates,
signifying a rigid connection. The beam is hinged at the
two bottom supports (Ux=Uy=UZ=Ury=Urz=0),
preventing any movement, while only rotation is allowed
about x. The load is applied at the top middle point of the
beam as a controlled displacement to simulate the load-
ing process. The described boundary conditions were
applied to reference points, which were connected to the
loading and supporting plates using coupling constraints.
This approach ensures the accurate transfer of forces
and displacements between the reference points and the
respective plates. The three-point loading setup was uti-
lized for numerical study. This involved applying a dis-
placement load along with specific boundary conditions
to reference points associated with the steel plates using
coupling constraints.

4.2 Materials Constitutive Modeling

To accurately capture the behavior of HSC, ECC, and
UHERC, the versatile Concrete Damage Plasticity (CDP)
model was utilized (Hamoda et al., 2023a, 2024a, c).
Accurate material laws are crucial for the model’s validity.
For HSC, the stress—strain relationship proposed by Car-
reira and Chu (1985) was implemented and calculated
using Egs. 1 and 2.

£
o« (i)
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Fig. 14 Elements and contact of developed FEM
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For ECC and UHEFRC, previously established stress—
strain correlations from Zhou et al. (2015) were adopted
(Egs. 3 and 4). Finally, a bi-linear elastic—plastic behavior

model was utilized to represent the steel reinforcement
within the concrete structures.
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The experimental stress—strain curve in this work was
used to calculate the modulus of elasticity for each type
of concrete directly. By capturing the distinct behavior of
every type of concrete under stress, it guarantees a more
realistic representation of the actual material character-
istics used. The fitted/calibrated curves of concrete using
the aforementioned formuals are shown in Fig. 3.

Reference points
for supports
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Based on the sensitivity analysis and previous rec-
ommendations, the adopted CDP parameters, namely,
a ratio of second stress invariants of 0.66, a yield stress
ratio of 1.16, and material-specific dilation angles (35°
for ECC and UHFRC, maintaining the default 25° for
HSC), a non-viscous material assumption (#=0.0) and
the default eccentricity (e=0.1) (Hamoda et al., 2023b,
d, e). The stress—strain curves of steel bars were ideal-
ized in straight lines as shown in Fig. 4 to reduce com-
putational time. This is a common approach adopted by
authors in their previous studies (Hamoda et al., 2024a,
d, f). Furthermore, the research identified a mesh size of
10 mm as the optimal balance between computational
efficiency and accuracy, significantly reducing simulation
time. Modeling steel loading/support plates is important
for loading and as mentioned earlier, they were modeled
using solid elements (C3D8R) with reduced integration,
having a mesh size of 10 mm.

4.3 FEM Validation

The accuracy of the developed finite element model is
examined by comparing the predicted performance of
deep beams with the test data including load—deflec-
tion curves (Fig. 15), failure modes (Fig. 16), and the load
(see Table 5). The FEM effectively captured the entire
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Fig. 15 Experimental and numerical load-deflection relationships for beams

load—deflection response of the beams, from the initial
stages of cracking to the point of ultimate failure (see
Fig. 15). The predictions are also very close to the test
observation in terms of stiffness, ultimate load capac-
ity, and deflection. Furthermore, the model successfully
identified the different failure modes and crack patterns
observed in the actual experiments (see Fig. 16). As
shown in Fig. 16, the FEM predicted the pattern of the
crack and it propagation towards the support as seen in
the test for BO. When examining the failure modes of
B-UHERGC, it is seen that the cracks are dense in the criti-
cal weak zones as seen in the test for beam B-UHFRC
colored blue section. For beams B-E-C1 and B-U-S1, it
is seen that the failure was due to the major cracks pre-
dicted through the opening as observed in the tests. It
should be noted that, to assess the effectiveness of the
proposed strengthening configuration in improving shear

resistance, stirrups were strategically omitted from half
of each beam. Thus failure of beams was predominated
by the failure in one side of the beams.

In addition, the FEM results displayed excellent agree-
ment with the experimental data when compared to the
load (see Table 5). At the cracking and ultimate stage, the
FEM’s predictions for the loads were within 4% of the
experimental values, with minimal variations across the
test specimens. Similarly, when compared to the deflec-
tion at the cracking and ultimate stage, the model’s pre-
dictions for both load and deflection closely matched
the experimental results, with differences of 3% average
calculated.
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Fig. 16 Experimental and numerical crack patterns: a BO, b B-UHFRC, ¢ B-E-C1, and d B-U-S1

5 Parametric Study

5.1 Effects of Thickness of ECC Layer

The validated FEM is carried out to study the effects
of various thicknesses of the ECC layer on the ultimate
capacity of the beams strengthened with HPC. Beam
strengthened with circular opening, namely, specimen
B-E-C1 tested in this study, was adopted for investiga-
tion. The details of the cross section and geometry were
the same as the ones tested in this study. The thickness

of the layer of ECC was varied from 10 to 25 mm in
1 mm increments resulting in the ratio of the thickness
of the ECC layer to the thickness of the beam (tgccc
[tyeam)>» Which varied from 0.17 to 0.42. Fig. 17 illustrates
the improvement of the ultimate strength due to the
increase of the tpccc/tpeam ratio. It is seen that the ulti-
mate strength of the beam increases as the fp-cc/feam
ratio increases. The increase of the ultimate strength of
the beam was calculated as 22.6% when the fpccc/feam
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Table 5 Comparisons of the test and FEM predictions
Specimen ID P, (kN) A, (mm) P, (kN) Ap, (mm)
EXP FE EXP/FE EXP FE EXP/FE  EXP FE EXP/FE EXP FE EXP/FE
BO 160 162 0.99 094 09 098 28035 29723 094 442 452 098
B-ECC 108.75 11387 096 074 075 099 40023 41773 096 500 521 0.96
B-E-S1 10220 106.11 0.96 079 082 096 336.77 34853 097 425 448 095
B-E-S2 100.05 10436 096 084 086 098 29531 30828 096 393 405 097
B-UHFRC 13467 13912 097 063 068 093 47012 47698 099 6.06 622 097
B-U-C2 12143 12683 096 0.81 084 096 386.25 39935 097 475 484 098
B-U-S1 11433 12023 095 09 099 097 341.11 35585 096 426 443 096
B-U-S2 10420 11041 0.94 097 101 0.96 32516 33505 097 437 440 099
Average (Avg) 0.96 0.97 0.96 0.97
Standard deviation (SD) 0.01 0.02 0.01 0.02
Coefficient of variation (COV) 0.001 0.002 0.001 0.002
FE Numerical prediction, EXP Test observation
500 ratio increased from 0.17 to 0.42. However, one can see
450 --.-JIIIIII that the improvement of the ultimate strength becomes
:gg 1 " insignificant when the the tp-cc/tpeam ratio exceeds 0.32.
Thus, for practical design purposes, it is recommended
o hat the th io should d
> 250 | that the the tpccc/feam ratio should not exceed 0.32 to
< 500 | achieve economic benefits.
o 150 | Optimu'm rat‘ilobcal(; g;
100 | estimated by 0. 5.2 Effects of Opening Ratio
50 To examine the effects of the size of the opening ratio, a
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Fig. 17 Effects of the thickness of the ECC layer on the ultimate
strength of the beam with circular openings strengthened using HPC
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beam strengthened with a square opening, namely, speci-
men B-U-S1 tested in this study was adopted for investi-
gation. The size of the square opening varied from 85X 85
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Fig. 18 Effects of the effects of the size of the opening ratio on the ultimate strength of the beam with square openings strengthened using HPC
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(L/a) ratio varying from 28 to 67%, respectively. From the
FEM results given in Fig. 18, it is seen that as the opening
size increases, the ultimate load of the beams decreases
significantly. However, initially, the rate of reduction
is less significant as can be observed from Fig. 18. For
instance, the reduction is only 7% for the increase of the
L/a ratio from 28 to 38%. However, the reduction of the
ultimate load is found to be significantly increased as the
L/a ratio exceeds 38%. The ultimate load of the beams
is found to be reduced by 78.5% when the L/a ratio var-
ies from 28 to 67%. Increasing the L/a ratio significantly
changes the failure modes of the beams as can be seen
from Fig. 18.

6 Conclusions

This paper carries out experimental and numerical
investigations on the performance of RC deep beams
strengthened using externally bonded ECC/UHFRC lay-
ers reinforced with steel wire mesh. The key outcomes of
this study can be listed as follows:

1. Strengthening of deep beams using ECC/UHFRC
layers is found to improve the failure mode to a duc-
tile mode compared to the control beam which failed
due to brittle shear failure. The ultimate load of the
tested strengthened beams was found to be increased
in the range of 5-68% compared to the control beam.

2. The presence and size of openings in beams sig-
nificantly influenced the performance of the beams.
Bemas with circular openings outperformed the
performance of beams with square openings. The
increase of the load, energy absorption, and stiffness
of the beams with circular openings for any kind of
concrete was significantly higher than the beams
with square openings.

3. Beams strengthened with UHFRC layers exhibited
higher improvement in load, and stiffness compared
to other beams cast with different concrete with or
without an opening. For the identical beams with
identical shapes and sizes of the opening, the applica-
tion of UHFRC resulted in a significant improvement
in their performance.

4. The parametric study shows that for the beams with
circular openings strengthened with ECC layers, the
improvement of the shear strength is negligible when
teccc/theam Tatio exceeds 0.32. Furthermore, beams
with square openings, the reduction of the ultimate
load is found to be significantly increased as the
opening-to-shear span (L/a) ratio exceeds 38%.
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Abbreviations

a Shear span

CcDP Concrete damage plasticity

ECC Engineered CEMENTITIOUS COmposites

E Absorbed energy

Eo Stiffness of the concrete

e Eccentricity

f! Compressive strength

fy Tensile strength

f. Concrete’s peak stress

fo Concrete’s tensile strength

fu Tensile strength of the concrete

K Elastic index

P Load corresponding to the first crack appeared

P, Ultimate load

UHFRC  Ultra-high-performance fiber-reinforced concrete

A Vertical deflection corresponding to P,

Ap, Vertical deflection corresponding to P,

o, Concrete longitudinal stress

& Strain corresponding to o,

£o Strain at f.

& The strain of concrete at peak stress

a Factor defined the specific shape of the concrete’s stress—strain
curve assumed to be 2.5 in this study

e Strain at the first crack

&y Strain corresponding tensile strength

u Non-viscous material assumption for CDP model
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