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Abstract

Punching shear failure poses a critical risk in flat slab—column structures, potentially leading to catastrophic collapses.
Retrofitting methods typically involve flexural or shear strengthening. Recent studies, however, reveal that combin-
ing indirect flexural strengthening with direct shear strengthening augments the punching shear performance. This
research employed ultra-high-performance engineered cementitious composites (UHP-ECC) and ultra-high-perfor-
mance steel-fiber-reinforced concrete (UHP-SFRC) as a bonded layer on the slab’s compression zone confining col-
umn as indirect flexural strengthening and galvanized threaded steel bolts as direct shear strengthening through slab
thickness to augment the punching shear capacity. Six square flat slabs with central circular columns were con-
structed and then experimented to collapse to verify the effect of this proposed strengthening technique. The effects
of various mesh and concrete types are investigated. Results showed that combining the UHP-ECC or UHP-SFRC
bonded layer in the compression side with bonded galvanized threaded steel bolts significantly enhanced the punch-
ing shear strength of the slabs. The experimental findings demonstrated a remarkable increase of 62% and 111%

over the unstrengthened slab for the UHP-ECC and UHP-SFRC strengthened slabs with single-layer mesh, respec-
tively. Further enhancements were observed by adding a second steel reinforcement mesh to the UHP-bonded layer.
A numerical model was developed using the finite-element (FEM) method to predict the structural behavior of tested
slabs. Numerical results revealed that the FEM predicts well the performance of the slab-column connection, aligning
well with experimental findings.
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1 Introduction

Punching shear in reinforced concrete (RC) flat slabs is
a crucial structural engineering concern, especially in
high-rise buildings, because it can cause unexpected cat-
astrophic failures (Jang & Kang, 2019; Song et al., 2012).
Numerous researchers dealt with strengthening flat slab
structures to augment the punching shear capacity using
traditional and innovative techniques. A few authors
summarized the available strengthening techniques
for RC flat slab structures resisting punching shear col-
lapse (Lapi et al., 2018; Saleh et al., 2018a; Yagar et al.,
2024). These strengthening techniques include (i) direct
punching shear upgrading by enhancing shear strength
through implemented shear reinforcements through the
slab depth, (ii) indirect punching shear strengthening
by improving flexural strength through increasing slab
flexural reinforcement, (iii) combined shear and flex-
ural strengthening, and (iv) enlargement of the support-
ing columns. The enlargement of the supporting column
can be achieved by post-installing a steel capital, casting
a concrete column head, or widening the column. Mut-
toni (2008) showed that doubling the existing support-
ing column size increases the punching shear capacity
by 30% to 50% due to increasing the critical perimeter of
the punching shear failure plane after strengthening. This
approach is not affected by the quantity of flexural rein-
forcement present in the slab, unlike other strengthening
techniques (Muttoni, 2008).

Post-installed bolts can be used as a direct punch-
ing shear strengthening method. This can be achieved
by drilling holes through the slab depth around the col-
umn, then putting the bolts through the holes and secur-
ing them to the top and bottom concrete soffits using
steel nuts. Few authors investigated experimentally the
retrofitting of flat slab structures suffering punching
shear employing post-installed steel dowels (Bolesova &
Gajdosova, 2023; El-Sayed et al., 2016; Fernindez Ruiz
et al,, 2010; Said et al., 2020; Saleh et al., 2018b; Taresh
et al.,, 2021). Fiber-reinforced polymers (FRP) for retro-
fitting slab—column connections have recently observed
significant attention as direct FRP strengthening tech-
niques to overcome punching shear failure in flat slab
structures around columns. This technique involves drill-
ing holes through the slab thickness and inserting bonded
FRP reinforcement. This methodology incorporates the
post-installation of FRP studs, FRP dowels, FRP strips,
ERP fans, FRP grid, and FRP external stirrups as shear
reinforcement (da Silva Rodrigues et al., 2015; El-Kashif
et al, 2019; Erdogan et al., 2010; Jafarian et al., 2020;
Koppitz et al., 2014; Lawler & Polak, 2011; Li et al., 2007;
Meisami et al.,, 2013, 2014, 2015; Said et al., 2020; San-
tos et al., 2019; Smith et al,, 2011; Zhang & Smith, 2012).
Flexural strengthening of flat slab structures around
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columns includes near-surface mounted reinforcement
(NSMR) (Abdel-Kareem, 2020), externally bonded rein-
forcement on Grooves (Amiri & Talaeitaba, 2020; Azizi
& Talaeitaba, 2019), and externally bonded FRP strips
(Abdulrahman et al., 2017; Al-Mawed & Hamad, 2023;
Chen & Chen, 2019; Dat & Hieu, 2023; Durucan & Anil,
2015; El-Enein et al., 2014; Halabi et al., 2013; Polies et al.,
2010; Qian & Li, 2013). Research showed that premature
debonding failure may occur in the case of externally
bonded ERP strip strengthening. Anchorage regimes
like anchoring studs beside FRP end anchors eliminate
debonding together with improve the flexural amplitude
of the slab—column connection (Akhundzada et al., 2019;
Silva et al,, 2019, 2021). Abdullah et al. (Abdullah & Bai-
ley, 2018; Abdullah et al., 2013) investigated the punch-
ing shear resistance of a column-slab region strengthened
with prestressed or non-prestressed FRP strips. They
concluded that external prestressed FRP strengthening
often causes debonding due to attaining the FRP strips’
higher strain level. Lapi et al. (2019) investigated sce-
narios that were mostly delivered to enhance punching
shear failure. It was concluded that flexural strengthen-
ing using FRP contributes to increasing the punching
shear resistance. The post-strengthening load—rotation
curve exhibits increased stiffness due to the augmented
flexural reinforcement. Strengthening the flat slab in flex-
ure indirectly improves its punching shear resistance by
improving the strengthened slab’s post-cracking stiffness.
In another study, Harajli and Soudki (2003) showed that
the punching shear capacity increased by 45% compared
to the control slab when using orthogonally arranged
carbon fiber-reinforced polymer (CFRP) strips in each
direction.

The ACI 318-19 (2019) specifies equations for the
punching shear strength of slab-beam connection that
ignore the effect of flexural reinforcement. Conserva-
tively, one may calculate the punching shear capacity of
flat slabs augmented with FRP strips bonded externally
according to both ACI 318-19 (2019) and ACI 440.2R-
17 (2017) by neglecting the contribution of the FRP
strips in augmenting the punching shear capacity. It was
reported the significant contribution of FRP in flexural
strengthening on punching performance by research-
ers previously (Chen & Li, 2005; Farghaly & Ueda, 2011;
Faria et al., 2014). Some researchers came up with modi-
fications to include the FRP flexural strengthening effect
on the punching shear capacity in the form of effec-
tive reinforcement ratio and equivalent effective depth.
Abdulrahman and Aziz (2021), and Yagar et al. (2024)
evaluated the accuracy of the ACI 318-19 code equation
for punching shear performance with the modified ver-
sions made by Chen and Li (2005), Farghaly and Ueda
(2011), and Faria et al. (2014) using experimental test
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results. They also developed a new formula for predicting
the punching shear capacity of flat slab—column connec-
tions in the absence of accurate design models. Hamoda
et al. (2024d) conducted an experimental and numerical
examination to enhance the punching shear performance
by strengthening the tension side surface with CFRP
strips and ultra-high performance ECC. The results indi-
cated that the bonded CFRP strips influenced the load—
deformation response without significantly altering the
failure criterion caused by punching shear.

In direct shear strengthening, shear anchors/bolts
would push the punching shear failure plane further away
from the perimeter of the column due to the increased
punching shear capacity provided by the shear reinforce-
ment. Consequently, external flexural strengthening can
be combined with additional vertical shear reinforce-
ment to increase the deformation and shear capacities
to a greater value. Binici and Bayrak (2003), and Sissakis
and Sheikh (2007) used external CFRP stirrups com-
bined with CFRP sheets bonded to the slab tension side
to enhance the punching shear capacity of the slab—col-
umn region. El-Salakawy et al. (2004), and Harajli et al.
(2006) investigated experimentally strengthening interior
slab—column connections using a combination of FRP
sheets bonded to the tension side of the slab and steel
bolts through the slab thickness. Torabian et al. (2020,
2021) investigated experimentally the performance of
slab—column connection that was strengthened with
post-installed bolts combined with externally bonded
reinforcement in grooves using CFRP sheets. Similar
research was conducted by Afefy and El-Tony (2019) but
using combined post-installed FRP rods in shear and
glass fiber-reinforced polymer (GFRP) sheets in flexure.
Lapi et al. (2018) used a bonded reinforced concrete
overlay when the flexural strengthening with FRP was
not enough to achieve the design punching capacity. This
technique augmented both the shear and flexural shear
strength of existing slab—column connections. While
flexural and punching shear strengths increase due to the
greater slab thickness, the former increases further with
the added tension reinforcement in the concrete overlay.
However, roughening the existing concrete surface and
using mechanical connectors are required to prevent pre-
mature debonding of the concrete overlay.

Engineered cementitious composites (ECC) are known
for their capacity to experience tensile strain hardening,
distribute cracks, and demonstrate excellent workability,
rendering them a valuable material for enhancing struc-
tural strength. There is a significant interest in hybrid sys-
tems that combine ECC with other materials to optimize
structural reinforcement and in advanced application
techniques that streamline the integration process with
existing structures. These studies are vital to maximizing
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the potential of ECC, mainly for strengthening flat slabs
against punching shear.

Ultra-high-performance concrete (UHPC) is known for
its very high compressive and tensile strengths compared
to normal concrete, with innovative application appli-
cations, especially for shear enhancement (Chen et al,
2022, 2023; Li et al., 2023; Su et al., 2020). This strength
is accompanied by a dense matrix and high fiber rein-
forcement, contributing to its exceptional durability and
longevity. Limited research was carried out to assess the
punching shear capacity of flat slabs constructed only
using ECC or UHPC. These studies concluded that the
fracture strength of ECC and UHPC has a significantly
greater effect on the punching shear strength of slabs
than the ultimate flexural strength (Joh et al., 2008; Lam-
propoulos et al., 2023; Zhou et al., 2020). Furthermore,
recent research (Hou et al.,, 2020; Kadhim et al., 2021;
Kim et al, 2021; Yehia et al., 2023; Zohrevand et al,,
2015) has demonstrated that the utilization of UHPC
and ECC for strengthening concrete enhances resistance
against cracking and punching shear, resulting in a shift
from brittle to ductile failure modes. This transformation
improves overall structural performance (Hamoda et al,,
2023b). Elsayed et al. (2022) employed ultra-high-perfor-
mance fiber concrete (UHPEC) overlay to improve the
punching shear strength of slab—column connections.
They concluded that the strengthened slabs had signifi-
cantly increased punching shear resistance and pre- and
post-cracking stiffness.

The literature has shown a keen interest in using ECC
and UHPC to repair concrete structures in composition
with other strengthening materials against shear failure.
However, combining ultra-high-performance concrete
layers with shear dowels to augment the punching shear
performance is as yet unavailable. This study experimen-
tally and numerically addressed the efficiency of ultra-
high-performance engineered cementitious composites
(UHP-ECC) and Ultra-High-Performance Steel-Fiber-
Reinforced Concrete (UHP-SFRC) as a viable option for
retrofitting. UHP-ECC and UHP-SFRC were employed as
a bonded concrete layer on the compression side of the
slab around the column as indirect flexural strengthen-
ing and galvanized threaded steel bolts as direct shear
strengthening through slab thickness to augment the
punching shear strength. This technique allows for a sig-
nificant increase in both the punching and flexural shear
strength of existing slab—column connections. While
both punching and flexural strengths increase owing to
the larger thickness of the RC slab, the former expects to
upgrade further with the added compression reinforce-
ment in the UHP layer. A series of tests are carried out
and reported in this study. A numerical model is also
developed and verified using the test data.
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2 Experimental Program

2.1 Test Program and Specimen Details

The test matrix included six square flat slabs with cen-
tral circular columns that were constructed and tested
to collapse at the Kafrelsheikh University in Egypt. The
width and thickness of the slabs were 1000 mm and 100

100 70

1007
1% 4D12  pg @ 200 mm

}E - o [ = :

3 v v 4

D10@ 200mm)/

100
R

1000

(@)

Page 4 of 21

mm, respectively. The tension steel reinforcement was
taken as D10 at 200 mm spacing in each direction, while
the compression steel reinforcement was D8 at 200 mm
spacing in each direction, as depicted in Fig. la. A cir-
cular column of 100 mm diameter was cast at the slab
center, simulating an interior slab—column region in a

Bolt's washer

Double end threaded bolts|
with diameter of 10 mm

e e — N BT

Fig. 1 Description of the tested RC slabs: a reinforcement details of the slabs; b strengthening details; ¢ view of the bottom surface with steel
threaded bolt arrangement around the column; d view of the slab’s top surface showing bolt arrangement and the UHPC layer; e photos

of the formwork and reinforcement. (Units in mm)
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flat slab floor. The first slab, S, was considered as the
unstrengthened control specimen. The other five slabs
were strengthened in flexure by casting a UHPC layer of
10 mm thickness on the compression side of the slab, as
depicted in Fig. 1b and c. Steel bolts with washers and
nuts were installed per the arrangement in Fig. 1b and ¢
to provide the required bond between the UHPC layer
and the existing concrete and to enhance the punching
capacity. The width of the strengthening layer was esti-
mated according to the width of the drop panel recom-
mended by ACI 318-19 (2019) (i.e., [/3=300 mm).

The first slab group included the control specimen,
S which has been set from the previous study carried
out by Hamoda et al. (2024d). This group also consists
of two identical specimens, S-Wr-UE, and S-Wr-US,
strengthened with UHP-ECC and UHP-SFRC lay-
ers, respectively, along with galvanized welded wire
mesh (GWWM). The second slab group was similar
to the first group except that the GWWM mesh was
replaced with welded steel mesh (WSM). The second
group included a fourth specimen, S-Wd-Wr-UE, that
was strengthened with a UHP-ECC layer with two rein-
forcement meshes; the first reinforcement layer was
steel welded wire (SWM) mesh, while the second layer
was galvanized welded wire mesh (GWWM). This was

Table 1 Test matrix
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in addition to the threaded bolts as in other strength-
ened slabs. Table 1 summarizes the slab details.

2.2 Material Properties

This study employed three concrete mixtures: normal
concrete (NC), UHP-ECC, and UHP-SFRC. The conven-
tional concrete has been delivered with the mix propor-
tion tabulated in Table 2. The flowable UHP-ECC was
a mix of fine aggregate, polypropylene (PP) fiber, Port-
land cement, silica fume, high-range water reducer, and
admixtures. The respective water-to-binder ratio was
0.27, achieved through mixing in a mechanical horizontal
shear mixer. This UHP-ECC was prepared with respect to
the mix proportion shown in Table 2. The flowable UHP-
SERC incorporated fine aggregate, steel fiber, silica fume,
Portland cement, high-range water reducer, and admix-
tures. The water-to-binder ratio (w/b) of 0.2 was used.
The UHP-SFRC composition per cubic meter was 850 kg
cement, 1030 kg fine aggregates, 200 kg silica fume,
2% steel fibers by weight, and 28 kg high-range water
reducer.

These concrete cylinders were cast concurrently with
the slabs and underwent curing in identical room condi-
tions. The concrete compressive strength was calculated
by averaging the test outcomes of three 150X 300 mm
concrete cylinders. The average compressive strength

Group Slab’s ID Identical details Details of punching zone’s
strengthening
Slab’s type Reinforcement Reinforcement type Type of HPC
G1 S (Hamoda et al., 2024d) Conventional concrete with - Compression: 6 #8 - -
f'=32 N/mm? -flexural: 6 #10
S-Wr-UE GWWM UHP-ECC
S-Wr-US GWWM UHP-SFRC
G2 S (Hamoda et al., 2024d) - -
S-Wd-UE WSM UHP-ECC
S-Wd-US WSM UHP-SFRC
S-Wd-Wr-UE WSM+GWWM UHP-ECC
GWWM galvanized welded wire mesh, WSMwelded steel mesh
Table 2 Mix proportion
Concrete Cement with Fine aggregate Coarse Fly ash (kg/m°) Silica fume W/b PP or SF (%) HRWR
52.5R (kg/m3) (kg/m?) aggregate (kg/m3) (kg/m?)
(kg/m3)
NC 355 698 1143 - - 042 - -
UHP-ECC 800 500 - 750 150 0.27 2% 40 (S.P)
UHP-SFRC 850 1030 - - 200 02 2% 28

Cement grade 52.50 N/mm? W/b: water-to-bender ratio (bender = cement, fly ash, and silica fume), PP: polypropylene fiber, SF: steel fiber, HRWR: high-range water

reducer, S.P.: superplasticizer



Hamoda et al. Int J Concr Struct Mater (2025) 19:59

was 32 N/mm? for normal concrete used to cast the slabs,
129 N/mm?* for UHP-ECC, and 141 N/mm?® for UHP-
SFRC. Table 3 shows the mechanical properties of NC,
UHP-ECC, and UHP-SERC obtained experimentally that
have been employed for numerical investigation. The ten-
sile stress—strain response of NC, UHP-ECC, and UHP-
SFRC was determined by subjecting dog-bone-shaped
test specimens to uniaxial tension.

Samples were tested under tensile force to collapse
to acquire the mechanical properties of the reinforcing
steel bars D8, D10, and D12. The D8 steel bars exhibited
yield and ultimate tensile strengths of 280 and 360 MPa,
respectively, while these values were 354 MPa and 410 for
the D10 bars. The D12 steel bars demonstrated measured
yield and ultimate tensile strengths of 352 and 415 MPa,
respectively. The galvanized welded wire (GWWM)
mesh had the yield and ultimate tensile strengths of 240
and 310 MPa, respectively. The GWWM had an open-
ing size of (10 x 10) mm? size with a diameter of 0.5 mm,
as shown in Fig. 2 (h). The welded steel (WSM) mesh
had the yield and ultimate tensile strengths of 275 and
355 MPa, respectively. The WSM had an opening size of
(40x40) mm? with a bar diameter of 3 mm, as shown in
Fig. 2 (h). Threaded bolts used to strengthen the slab in
shear were of 10 mm diameter with 382 and 423 MPa for
yield and tensile strength, respectively. Table 4 summa-
rizes the mechanical properties of the reinforcement that
has been employed in the numerical section.

2.3 Casting and Preparation for Strengthening

The steel reinforcement was placed in the bed of the
formworks prepared for casting the slabs, as depicted
in Fig. le, before normal concrete casting. After con-
crete hardening, strengthening was implemented in five
tested slabs. First, the existing concrete compression sur-
face was roughened over a 300 mm by 300 mm slab area
around the column to increase shear friction resistance
between the existing concrete and the UHPC layer. Sec-
ond, holes were drilled through the slab thickness per the
arrangement of post-installed bolts in Fig. 1c, as shown
in Fig. 2a. However, the bolts were slightly repositioned
from their locations to avoid interference with the steel
bars. Then, air pressure was used to remove dust from

Table 3 Concrete properties
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the holes and the concrete surface. Threaded bolts were
then assembled into the drilled holes employing chemical
adhesive epoxy to augment the bond between the bolts
and the existing slab. As depicted in Fig. 2c and d, the
WSM reinforcement layer was placed followed by casting
a portion of UHPC. In the last slab, two layers of rein-
forcement were placed in the form, before casting UHPC.
After UHPC hardening, washers, and nuts were used to
secure the steel bolts in position by tightening the nuts.
This would help prevent premature debonding of the
overlaid UHPC under load. Before testing commenced,
all beams were cleaned and whitely coated to improve
visibility and facilitate crack identification during testing.

2.4 Test Setup and Procedure

A high-capacity crane was employed to handle, move,
and level the slabs over the supports to prepare the test
setup. Figure 3a presents a schematic representation of
the test setup, while Fig. 3b shows a photo before test-
ing. Each slab was positioned over line supports at its
four sides. A single linear variable displacement trans-
ducer (LVDT) was used to record the vertical deflection
at the slab center, as illustrated in Fig. 3. Four PI gauges
were placed on the tension side of the slab at the edges of
UHPC, as illustrated in Fig. 3c and d to measure both the
first cracking width and tensile strains under load. The
slabs were gradually loaded in increments until failure,
with any visible cracks marked and deflection readings
logged using a data logger at each load step. Just before
the failure occurred, the LVDT was disengaged. However,
to better demonstrate the punching of the circular col-
umn beyond the ultimate load and failure, the jack was
lowered to clearly display the penetration.

3 Test Results and Discussion

3.1 Deformed Shape and Failure Mode

The crack pattern and failure mode of the unstrength-
ened control slab, S, is shown in Fig. 4. The first flexural
crack appeared at the slab center under the column at 38
kN load. With the increase in load, radial cracks result-
ing from tangential moments disperse from the perim-
eter of the load location, breaking the slab into a fan-like
fashion. As the load kept increasing, the crack widths

Concrete Compression Tension
f. Strain atf,, Maximum strain f, Strain atf, Maximum strain
(N/mm?) (N/mm?)

NC 32 0.002 0.003 2.76 0.0002 0.015

UHP-ECC 129 0.001 0.012 11.85 0.003 0.06

UHP-SFRC 141 0.0064 0.045 12.15 0.0002 0.015
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Fig. 2 Strengthening arrangement: a arrangement and positioning of the double-end threaded bolts; b post-casting of the circular column; ¢
positioning of the WSM mesh; d WSM in addition to GWWM mesh; e steel fiber used for UHP-SFRC; f flowable UHP-SFRC; g casting of UHP-ECC; h
GWWM and WSM, and i installing bolts and painting of slabs before testing

Table 4 Reinforcement properties
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Steel element Presence Yield stage Ultimate stage E (GPa) Poisson’s ratio
o, (MPa) g, (%) o, (MPa) £, (%)
8 mm Compressive steel 280 0.141 360 11.98 200 0.30
10 mm Flexural steel 354 0.179 410 12.23 197 0.30
12mm Column steel 352 0172 415 14.01 206 0.30
GWWM Strengthening 240 0.141 310 12.25 170 0.30
WSM Strengthening 275 0.138 355 10.79 200 0.30
Threaded bolts Connector 382 0.189 423 11.45 203 0.30
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increased with a few new cracks, and then punching
shear failure occurred suddenly. Punching shear failure
appeared through the column perforating into the slab
top surface, and signs of concrete peeling or popping
out along a significant portion of the bottom perimeter
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(d)

Fig. 3 Test setup and sensor locations: a schematic details of the test setup; b photo of the test setup; ¢ schematic plan of the sensor locations; d
photo of the attached sensors

of the cone-shaped perforation, showing circumferential
cracks, as depicted in Fig. 4.

In the second slab, S-Wr-UE, with combined strength-
ening using GWWM-reinforced UHP-ECC in the com-
pression side and steel bolts through slab thickness, the



Hamoda et al. Int J Concr Struct Mater (2025) 19:59

Slab’s bottom surface

(@

Page 9 of 21

‘ Column penetration

y 4

Slab's top surface

(b)

Fig. 4 Punching shear failure mode of the unstrengthened slab: a bottom view; and b top view. (image source: Hamoda et al. (2024d))

first flexural crack appeared on the slab’s tension side at
the load location at 45 kN load. This crack propagated
outside the UHP-ECC region with increased applied
load. Additional radial flexural cracks appeared in the NC
slab outside the UHP-ECC overlay region. They extended
towards the support lines with increased applied load
until sudden punching shear failure outside the UHP-
ECC area, along with extensive flexural cracks at the col-
umn location, occurred, as depicted in Fig. 5a.

Failure modes and crack patterns are shown in Fig. 5b
for the third slab, S-Wr-US, with GWWM-reinforced
UHP-SFRC layer and steel bolt strengthening. The
first crack was observed at the tension side of the slab
under the column at 55 kN load. With the increase in
the applied load, this crack propagated toward the sup-
ports in a fan-shaped pattern. Then, sudden punching
shear occurred, as depicted in Fig. 5b. Concrete spalling
appeared on the tension side of the slab along a signifi-
cant portion of the punching shear perimeter.

Figure 6a shows the fourth slab’s crack pattern and fail-
ure mode, S-Wd-UE, with combined WSM-reinforced
UHP-ECC and steel bolts. The first flexural crack was
noticed under the column at 70 kN. The crack pattern
was observed to be leading to punching shear failure, as
depicted in Fig. 6a. The failure mode and crack pattern
of the fifth slab, S-Wd-US, with WSM-reinforced UHP-
SERC and steel bolts is shown in Fig. 6b. After the ini-
tiation of flexural crack at 75 kN, radial flexural cracks
appeared in an almost symmetrical fashion leading to
failure due to punching shear.

Figure 6¢ shows the sixth slab’s crack pattern and fail-
ure mode, S-Wd-Wr-UE, with UHP-ECC reinforced with
two layers of steel meshes and steel bolts through slab
thickness. The first flexural crack was observed under
the column at 80 kN. The crack pattern was observed to
be leading to punching shear failure, given the sudden
drop in the applied load and the appearance of concrete
spalling at the tension side of the slab along parts of the
punching shear perimeter. However, signs of major vis-
ible wide cracks originating from the column location
toward the support corners, as depicted in Fig. 6¢, make
the slab failure a combined flexural-punching type. At the
end of each of the five tests, no signs of debonding of the
UHPC layer were observed. In addition, no failure in the
steel bolts was noted.

3.2 Loads, Elastic Stiffness, and Absorbed Energy

Table 5 summarizes the experimental findings obtained.
The tested slabs exhibited punching shear failure except
for the last slab, which failed due to combined flexure
and punching shear. Comparing the second slab with the
UHP-ECC layer, and the third slab with the UHP-SFRC
layer, one may observe that the cracking load increased
by 18% and 45%, respectively, compared to the control
slab. In addition, comparing the second slab with the
UHP-ECC layer and the third slab with the UHP-SFRC
layer, one may observe that the peak load increased by
29% and 65%, respectively, over that of the control slab.
Given their mechanical properties, one may conclude
that the UHP-SFRC exhibited better performance than



(2025) 19:59

Hamoda et al. Int J Concr Struct Mater

Flexural punching cracks

Punching failure

(a)

Page 10 of 21

Dislocation of mid-area of the bottom surface

Punching failure

(b)

Fig.5 Crack patterns and failure modes of slabs of the first group: a S-Wr-UE slab; and b S-Wr-US slab

the UHP-ECC. However, the change in the type of UHPC
did not alter the failure mode, which was punching shear.

Similar behavior was observed in the case of the fourth
and fifth slabs of group 2 that were reinforced with WSM
mesh instead of GWWM mesh, except that the UHPC
layer has a more significant effect than the master slab.
Comparing the fourth and fifth slabs with UHP-ECC and
UHP-SERC layers increased the cracking load by 84% and
97%, respectively, larger than the ordinary slab. In addi-
tion, comparing the fourth slab with the UHP-ECC layer
and the fifth slab with the UHP-SFRC layer, the resistance
force was enhanced by 62% and 100%, respectively, over
that of the control slab.

When comparing the sixth slab with two layers of rein-
forcement in the UHP-ECC layer with the fifth slab with
only one layer of reinforcement, one may notice that
the cracking and ultimate loads increased by 7.1% and
5.5%, respectively, compared to the control specimen.
Although the increase in the crack and ultimate loads
were insignificant, the failure mode shifted from punch-
ing shear to combined flexure and punching shear. They
may be attributed to increased flexural strength locally

around the column using the UHP-ECC strengthen-
ing layer, delaying the sudden punching shear failure to
a greater applied load level. Table 5 reports the deflec-
tion and crack width at the first crack stage, along with
the deflection at the failure load. While these parameters
are important, an insignificant change in these values was
observed with the change in the strengthening technique
compared to the control specimen.

As an indication of the elastic and plastic performance
of the tested slabs, elastic stiffness (K) and absorbed
energy (AE) were calculated, as shown in Table 5. The
K value was computed as the slope of linear response
up to the crack load, while the AE value was estimated
as the total area under load-deflection response up to
the peak load. Results in Table 5 showed that strength-
ening the slab with the UHP-ECC layer and UHP-SFRC
layer in the compression side of the slabs with post-
installed bolts increased the elastic stiffness by 1.65 and
1.41 times, respectively, compared to the unstrengthened
slab in slab group 1. Corresponding values of 1.2 and 1.6
times were observed for the fourth and fifth specimens
in slab group 2. A similar trend was noted in the case of
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Fig. 6 Crack patterns and failure modes of slabs of the second group: a S-Wd-UE slab; b S-Wd-US slab; and ¢ S-Wd-Wr-UE slab

the absorbed energy reaching ultimate capacity, as it was ~ These enhancements were 175% and 227% in the case
enhanced by 109% and 161% for both the second and of the fourth and fifth slab specimens, respectively. One
third slabs, respectively, compared to the control slab.  may observe that the slabs strengthened with WSM mesh
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Table 5 Experimental test results
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Group Name Cracking stage Ultimate stage Elastic Absorbed energy Failure mode
stiffness (K)  (AE)
P,  Pus/Paso W, A P, Pus/Puso Dpy K Ks/Kso AE AEs/AEsO
(kN) (mm) (mm) (kN) (mm)

GI1 S (Hamoda et al, 2024d) 38  1.00 0.2 950 110 1.00 258 402 100 1380 1.00 Punching
S-Wr-UE 45 118 020 425 14035 1.29 31.28 1059 265 2878.75 2.09 Punching
S-Wr-US 55 145 019 569 18140 165 3297 966 241 360094 261 Punching

G2 S (Hamoda et al.,, 2024d) 38 1.00 020 628 10842 1.00 29.01 527 1.00 1379 1.00 Punching
S-Wd-UE 70 1.84 020 797 17523 1.60 3478 878 220 3796.15 275 Punching
S-Wd-US 75 1.97 020 704 21737 200 4476 1059 2.66 4508.18 3.27 Punching
S-Wd-Wr-UE 80 2.1 018 885 22890 210 4292 9.04 226 6057.12 439 flexure + punching

outperformed those strengthened with GWWM mesh
due to the difference in their mechanical properties men-
tioned earlier.

3.3 Load-Deflection Relationships

The load—displacement curves for all experimented slabs
are presented in Fig. 7. Results in Fig. 7 show that all
slabs displayed a bilinear behavior through two phases up
to the ultimate load. The first phase is characterized by
the initial flexural stiffness of the uncracked concrete at
the early loading stage. In contrast, the second phase is
characterized by reduced flexural stiffness because of the
formation of flexural cracks. Beyond the peak stage, the
unstrengthened slab that experienced primary punch-
ing shear collapse had a sudden drop in the load while
maintaining an almost linear load—deflection relationship
before failure. The second and third slabs reinforced with
UHP-ECC and UHP-SERC experienced a similar failure
mode and sudden drop in load after experiencing a slight
reduction in flexural stiffness before failure, as depicted
in Fig. 7a. This means that the failure of these two slabs
was brittle. Corresponding fourth and third slabs with

240
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180 L
150 / C
Z A
=120 ~
2 9% Z
e / = S (Hampda et al. (2024)|
= 60
// et S-Wr-UE
30
=t S-Wr-US
0 &L
0 10 20 30 40 50 60
Deflection (mm)
(a)

different steel mesh types showed a similar trend, as
depicted in Fig. 7b.

4 Numerical Simulation

The finite-element method (FEM) is known as a valuable
tool for researchers to predict the structural behavior
of concrete elements in a cost-effective and time-saving
way. This study utilizes ABAQUS software to develop a
3D-FE model replicating the performance of tested slabs.
A thorough validation process was conducted to ensure
the FE model’s accuracy, comparing its results to the cor-
responding experimental data.

4.1 Details of the Finite-Element Modeling

To precisely replicate the experimental setup, a detailed
FEM model of the tested slabs was developed as depicted
in Fig. 8. The model employed a specific element type,
eight-node linear reduced integration solid elements
(C3D8R), to accurately represent normal concrete, UHP-
ECC, and UHP-SFRC. This model has been used herein
and can significantly cut down computational time and
resources. Moreover, full integration elements can suffer

240

210 /J’L

180 /I
§ 150 /,
= 120
=
g 90 /- S (Hamoda et al. (2024
- 60 1+— / S-Wd-UE

/ |
30 £~ =S-Wd-US
0 V —!—S-Wd-Wr-UE
0 10 20 30 40 50 60
Deflection (mm)
(b)

Fig. 7 Load-deflection curves for the tested slabs: a the first group and b the second group



Hamoda et al. Int J Concr Struct Mater (2025) 19:59

Supporting plates
(C3D8R) Concrete slab
(C3D8R)

1 Concrete slab !

|_ (C3D8R) |

-
|

.
Supporting plates 1
""" L _ _(c3DsR) !

___________ 1 Concrete slab !

' (C3D8R) |

(b)

240
210
180
_ 150
120 - S(Exp2)
% y/- I AP
5 == 10 mm
== 15 mm
=e= 20 mm

20 30 40 50 60
Deflection (mm)

(c)

Fig. 8 Views of the finite-element model: a slab reinforcement, b strengthened slab and, ¢ sensitivity analysis of mesh size
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from volumetric locking, especially with materials such
as UHP-ECC and UHP-SERC, and reduced integration
elements help mitigate this issue. In addition, previ-
ous studies carried out by Hamoda et al., (2024a, 2024c,
2024d, 2025) have shown that C3D8R elements can accu-
rately capture the behavior of concrete and similar mate-
rials with proper mesh refinement and calibration. This
same element type was also used to model the loading
and supporting plates, along with the steel bolts con-
necting the UHPC layer to the slab. For computational
efficiency, all steel bars were simulated with a different
element type: two-node linear 3D truss elements (T3D2),
as illustrated in Fig. 8. T3D2 elements kept the focus on
the axial load-bearing characteristics. It provides com-
putationally less demanding than three-node beam ele-
ments, allowing for faster simulations, especially for
large-scale models. Beam elements introduce complexi-
ties related to bending and shear deformations, which
were not the focus of this study. Previous studies con-
firmed the less computational cost for the T3D2 model
(Eltaly et al., 2024; Hamoda et al., 2024e, 2024f). Finally,
the GWWM and WSM reinforcement layers were simu-
lated using four-node, quadrilateral shell elements with
reduced integration (S4R). S4R elements exhibit less sen-
sitivity to element distortion compared to Q3 elements.
This characteristic is particularly crucial when addressing
complex geometries and meshing difficulties, commonly
found in reinforced concrete structures. In addition, S4R
elements are less susceptible to shear locking, a numeri-
cal issue that can result in inaccurate outcomes, espe-
cially for thin shell elements. The model meticulously
replicates the loading conditions to reflect the real-
world experiment accurately. A reference point, securely
attached to the column’s top surface, applies the load
through a coupling constraint. This approach mimics the
experimental setup, where a similar connection applied
the force. Furthermore, just as the supporting plates were
restrained in the experiment, the model restrained them
against vertical movement.

The finite-element model employed two key approaches
to realistically simulate the interactions between the
various components of the slab. A “bond behavior” was
simulated through an embedded region constraint to
represent the bond between the steel reinforcement (i.e.,
bars and mesh) interacting with the surrounding con-
crete. The steel bars were fully integrated into the slab
body using an embedded element condition, with the
steel bars acting as the host region within the slave NC
slab type. Such an approach treats the concrete as the pri-
mary structure with the embedded steel elements. This

Page 14 of 21

accurately reflects how well the steel adheres to the con-
crete, a crucial factor in the slab’s performance. The inter-
face interaction was simulated using a surface-to-surface
contact approach to model the interaction between the
slab-UHP-ECC and UHP-SFRC layers. A coefficient of
0.6 was applied in the tangential direction to account for
the sliding resistance between the two materials based on
the previous recommendations (Hamoda et al.,, 2023a,
2023c, 2024b). A “hard contact” behavior was assumed in
the normal direction, meaning the surfaces cannot inter-
penetrate. A perfect bond was also assumed between the
concrete slab and the loading and supporting plates.

4.2 Constitutive Modeling of Materials

To represent the complex behavior of NC, UHP-ECC,
and UHP-SERC under load, the concrete damage plas-
ticity (CDP) model was employed. This versatile model
effectively simulates these diverse concrete compressive
and tensile responses. For NC, a well-established stress—
strain relationship developed by Carreira and Chu (1985),
calculated using Egs. 1 to 3, was incorporated into the
simulations. For both UHP-ECC and UHP-SFRC, the
stress—strain relationships were developed based on the
work of Zhou et al. (2015) using Eqms. 4 and 5. For steel
elements, a linear elastic—plastic material model with
strain hardening was utilized to represent steel in the

modeling:
()

Je =1 13_1_{_(8%)/3

6
fou {1.2*” - 0.2(54) }o <& <&

€10 £t0

Je= (2)
&
Su % &0 = &t
T

where f, and ¢, represent the stress and strain of the
concrete material, respectively. The variables f°. and ¢,
correspond to the peak compressive strength and its
associated strain, respectively. Furthermore, the S fac-
tor can be determined using Eq. (3), which was derived
based on the stress—strain depiction:

_ (L
= (32.4) 155 (3
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Jee + %(5 — &) e S & < ey
where both E; and ecp represent Young’s modulus of
ECC, and maximum linear strain, respectively; f;, and ¢,,
denote the tensile strength of ECC, and strain at the ini-
tial crack, respectively; f,, and ¢,, refer to ultimate tensile
capacity with its strain, respectively.

A sensitivity study calibrated its key parameters to
ensure that the concrete damaged plasticity (CDP) model
accurately reflects concrete exhibition. This analysis
revealed that the angle of dilatation (y) played a criti-
cal role in distinguishing between NC, UHP-ECC, and
UHP-SERC. NC exhibited a ¢ value of 25 degrees, while
UHP-ECC and UHP-SFRC required a slightly higher
value of 30 degrees for proper behavior representation.
Following ABAQUS software guidelines, other CDP
model parameters were assigned specific values: eccen-
tricity flow potential (e)=0.1, biaxial to uniaxial com-
pressive strength ratio (f,,/f,,)=1.16, ratio (K,)=0.667,
and viscosity parameter (¢)=0.0001. Beyond calibrating
the model’s parameters, achieving an optimal balance

Table 6 Number of meshes and nodes
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between accuracy and computational efficiency was criti-
cal. This involved optimizing the mesh size used in finite-
element modeling. Figure 8(a) presents a parametric
sensitivity analysis of the mesh size, which varies from 5
to 20 mm. Smaller mesh sizes resulted in higher compu-
tational costs, while larger mesh sizes produced unaccep-
table results. Consequently, the study identified a mesh
size of 15 mm as providing an economical solution with
acceptable results. The number of mesh nodes, together
with mesh numbers, are provided in Table 6. These data
are crucial for understanding the structural analysis and
computational modeling of the components. Table 6 pro-
vides detailed information on various components of a
structure, including a concrete slab, a strengthening layer,
steel bars, GWWM/WSM, and bolts. It lists the number
of nodes and elements for each component, with the con-
crete slab having the highest number of nodes (19,771)
and elements (15,980). The bolts have the highest num-
ber of nodes (42,384) and elements (26,144), indicating a
complex and detailed mesh for these components.

4.3 FEM Verification

To ensure the accuracy of the FEM, rigorous validation
was conducted by comparing them against experimental
findings, as depicted in Fig. 9. This comparison focused
on the load—deflection relationship, a key indicator of
slab behavior under stress. The FEM reasonably captured
the overall behavior at all loading stages, demonstrating
their ability to represent the true structural response of
the slabs accurately.

Component Concrete slab Strengthening layer Steel bars GWWM/WSM Bolts
No. of nodes 19,771 968 1359 896 42,384
No. of elements 15,980 441 1331 392 26,144
240 240
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Fig. 9 Load-deflection curves obtained from the FE modeling and experiments for the tested slabs: a the first group; and b the second group
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Table 7 Experimental versus FE results
Name Cracking stage Ultimate stage
P(r,FE Pcr,EXP Pcr,FE/Pcr,EXP Acr,FE Acr,EXP Acr,FE/A4:r,EXP Pu,FE Pu,EXP Pu,FE/Pu,EXP Au,FE Au,EXP Au,FE/Au,EXP
(kN)  (kN) (mm)  (mm) (kN)  (kN) (mm) (mm)
S (Hamoda et al, 2024d) 40 38 1.05 9.1 9.5 0.99 114.5 110 1.04 263 258 1.02
S-Wr-UE 48 45 1.07 683 425 1.61 15029 14035 1.07 3255 3128 104
S-Wr-UsS 57 55 1.04 892 569 157 186.93 18140 1.03 3361 3297 1.02
S-Wd-UE 72 70 1.03 9.14 797 1.15 181.06 17523 1.03 36.04 3478 1.04
S-Wd-Us 78 75 1.04 987 704 1.40 22303 21737 103 4530 4476 101
S-Wd-Wr-UE 84 80 1.05 1022 885 1.15 23057 22890 1.01 4382 4292 102
Mean 1.05 1.31 1.03 1.02
SD 0.01 0.25 0.02 0.01
COV (%) 1.30 19.90 202 1.08

Table 7 bolsters the model’s validity by comparing
numerical results with experimental data. This compari-
son focuses on critical parameters such as P, P, and
their A, and A, respectively. The average ratio of (FE/
EXP.) at cracking and ultimate load of 1.04. and 1.03 was
observed. Furthermore, Fig. 10 shows good accuracy of
the prediction between the FE modeling and experimen-
tal data in the form of crack patterns. The FEMs success-
fully capture the behavior observed in the experiments,
including accurately simulating various failure modes and
crack propagation patterns. This ability to replicate com-
plex phenomena strengthens the credibility of the models
as reliable tools for analysis. In conclusion, the validation
process convincingly demonstrates the high accuracy and
reliability of the FEMs. This success establishes their suit-
ability for analyzing and predicting the structural behav-
ior of similar specimens in future applications.

5 Parametric Study

A parametric study has been conducted to investigate the
effect of strengthening thickness on the RC slab under
punching force employing different HPCs and mesh rein-
forcement. The study has been applied to the three vali-
dated models: S-Wd-UE, S-Wd-US, and S-Wd-Wr-UE,
which were strengthened with the mentioned UHP-ECC
reinforced with Wd, UHP-SFRC reinforced with Wd and
UHP-ECC reinforced with Wr, respectively. The chart
shown in Fig. 11 illustrates the relationship between the
ratio of strengthening layer thickness to slab depth (i.e.,
t/d) and the ultimate punching shear load capacity for
three distinct validated models.

Generally, the ultimate punching capacity increased for
all models as the ts/d ratio of strengthening increased,
indicating the significant influence of strengthening
thickness on the structural performance. However, both
techniques use UHP-SFRC reinforced with Wd and

UHP-ECC reinforced with Wd and Wr, which exhibit
superior performance with similar ultimate capacities for
most ratios. An optimal ratio is identified at 0.22, 0.28,
and 0.32 for the three regimes used: UHP-ECC reinforced
with Wd, UHP-SFRC reinforced with Wd, and UHP-ECC
reinforced with Wd combined with Wr, respectively.
Beyond this threshold, the increase in ultimate capacity
plateaus for all models may be attributed to the transfor-
mation of flexural failure. Therefore, the use of UHP-ECC
reinforced with Wd and Wr strengthening layer with a
thickness ratio of 0.22 achieved near-maximal punching
shear capacity without excessive material usage. Beyond
this ratio, there is a limited increase in ultimate capacity.
Thus, cost and material efficiency should prioritize this
threshold for practical applications. This analysis helps
engineers make informed decisions on the effective use
of strengthening layers to enhance punching shear resist-
ance while maintaining efficiency in material usage.

6 Conclusions

This paper presents a study on the use of UHP-ECC and
UHP-SERC as a bonded layer to the compression side of
the slab as indirect flexural strengthening and bonded
threaded steel rods as direct shear strengthening through
slab thickness to augment the punching shear strength of
the interior slab—column connection. The following con-
clusions are made based on the data generated from this
research program.

o The unstrengthened slab—column connection and
those with combined UHP-ECC or UHP-SERC layer
and steel bolts experienced pure punching shear fail-
ure with radial crack pattern and signs of concrete
peeling or popping out along a significant portion of
the perimeter of the cone-shaped perforation, show-
ing circumferential cracks. On the other hand, the
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Fig. 10 FE versus experimental crack pattern and failure mode for selected slabs: a S slab; and f b S-Wd-UE slab

UHP-ECC strengthened slab with two layers of steel ity locally around the column delayed the sudden
mesh experienced a combined flexure and punch- punching shear failure to a greater applied load.
ing shear failure since the increase in flexural capac-



Hamoda et al. Int J Concr Struct Mater (2025) 19:59

Page 18 of 21

300 | |
| y — v" - ;—-"v———v'v‘ri v"
=T — 1
250 I I
% 200 - ! :
= / I [
E 150 ! !
2 I I
<
-E 100 o= UHP-ECC+Wd I I
= | |
== UHP-SFRC+Wd I I
S0 UHP-ECC+(Wd+Wr) ! !
) v v
0.00 0.10 0.20 0.30 0.40 0.50

Ratio of strengthening thickness (i.e., = t/d)
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+ No debonding failure in the UHPC layer at its con-
nection with the compression side of the slab was
observed for all the tested slabs. In addition, no fail-
ure in the bonded steel bolts was observed. More-
over, the UHPC layer did not experience crushing
before punching shear failure. These findings dem-
onstrate the effectiveness of the proposed strength-
ening technique.

+ The cracking and ultimate loads increased by an
average of 16.5% and 47% when strengthening
the slab with GWWM-reinforced UHP-ECC and
UHP-SERC, respectively. These values significantly
increased when using WSM mesh due to changes
in mesh mechanical properties.

+ Strengthening the slab with GWWM-reinforced
UHP-ECC and UHP-SFRC layer increased the
elastic stiffness by 101% and 83% compared to the
unstrengthened slab. A similar trend was noted for
the energy consumed to reach the ultimate load,
as it increased between 109 and 161% using the
GWWM-reinforced UHP-ECC and UHP-SFRC lay-
ers, respectively. A similar conclusion was reached
using WSM or double mesh in the UHPC layer.

+ UHP-SFRC demonstrated superior performance
compared to UHP-ECC in this testing, attributed
to differences in their mechanical properties. Com-
parisons with experimental data showed that FEM
predictions closely matched the test results, with
the average ratio of predicted to actual load being
nearly equal to one.

+ Using UHP-ECC reinforced with Wd and Wr at
a 0.22 thickness ratio optimizes punching shear
capacity, achieving near-maximal strength effi-

ciently. Beyond this, thickness increases yield neg-
ligible capacity gains, making 0.22 the optimal cost-
effective threshold for punching strengthening.
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