ﬂ buildings

Article

Experimental Study on Punching Shear Behavior of
Ultra-High-Performance Concrete (UHPC) Slabs

Junping Liu !, Baochun Chen !, Hamdy M. Afefy 2:3*

check for
updates

Academic Editor: Salvatore Verre

Received: 22 April 2025
Revised: 10 May 2025
Accepted: 12 May 2025
Published: 14 May 2025

Citation: Liu, J.; Chen, B.; Afefy,
H.M.; Sennah, K. Experimental Study
on Punching Shear Behavior of

Ultra-High-Performance Concrete

(UHPC) Slabs. Buildings 2025, 15, 1656.

https:/ /doi.org/10.3390/
buildings15101656

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Khaled Sennah 4

College of Civil Engineering, Fuzhou University, Fuzhou 350025, China; liujunping@fzu.edu.cn (J.L.);
baochunchen@fzu.edu.cn (B.C.)

Faculty of Engineering, Pharos University, Alexandria 21648, Egypt

Faculty of Engineering, Tanta University, Tanta 31527, Egypt

Department of Civil Engineering, Toronto Metropolitan University, Toronto, ON M5B 2K3, Canada;
ksennah@torontomu.ca

*  Correspondence: hamdy.afefy@pua.edu.eg or hamdy.afefy@f-eng.tanta.edu.eg; Tel.: +20-106-177-3174

Abstract: This study assesses the punching shear characteristics of ultra-high-performance
concrete (UHPC) slabs in two phases. The initial phase involved experimental tests to
determine the critical thickness differentiating punching shear failure and flexural failure
modes. Subsequently, the second phase further explored the punching shear behavior of
UHPC slabs by analyzing various key parameters. The experimental findings indicated
that as the thickness of the slabs increased, the punching shear capacity exhibited nearly
linear enhancement, surpassing the improvement seen in bending capacity. Thus, a critical
thickness of at least 100 mm was identified as the threshold distinguishing punching
shear failure from flexural failure. Additionally, an increase in slab thickness significantly
elevated the cracking load of the UHPC slabs. While a higher reinforcement ratio of
3.5% slightly increased the first cracking load, it greatly enhanced the ultimate capacity.
The addition of steel fibers also contributed to improvements in both cracking and ultimate
loads, albeit to a limited extent. The use of a granite powder substitute, comprising
10% of the mass of silica fume, had minimal impact on the punching shear capacity of the
UHPC slabs. Finally, a comparison is drawn between the experimental results for punching
shear capacity and those obtained from various theoretical models. This comparison
highlights significant discrepancies in the results, stemming from the differing parameters
employed in the proposed theoretical models. Among the prediction models, the JSCE
model provided the most balanced and conservatively accurate estimation of punching
shear capacity, effectively incorporating the effects of slab thickness, reinforcement ratio,
and fiber content, thus highlighting its potential as a reliable reference for future design
recommendations. This information will serve as a valuable reference for future research
and practical applications related to UHPC bridge decks and slabs.

Keywords: ultra-high-performance concrete; bridge decks; flexural failure mode; punching
shear failure mode; critical thickness; punching shear

1. Introduction

Flat slabs are regarded as one of the most advantageous flooring systems in reinforced
concrete structures due to their lower construction costs and the simplicity of installing
utility services. Nevertheless, because they transfer loads over a limited area of the sup-
porting columns, they are susceptible to punching shear failure. This failure mode is also a
significant concern for the deck slabs of reinforced concrete bridges, particularly owing to
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the localized loads from truck traffic. Punching shear failure is characterized by a sudden
and brittle collapse that occurs unexpectedly on the compression side of the slab. Conse-
quently, some building codes permit the use of specialized reinforcement to counteract the
punching shear stress, while others do not allow the addition of extra reinforcement to
resist punching shear [1-6].

The mechanism of shear transfer in reinforced concrete flat slabs without shear rein-
forcement is fundamentally dependent on the shear resistance provided by the un-cracked
concrete within the compression zone, aggregate interlock at the interface, and the dowel
action resulting from the flexural reinforcement that crosses the crack. Consequently, the
compressive strength of the concrete emerges as a critical factor influencing the shear
resistance of the flat slab against punching failure [7,8]. It was found that the inclination
of the punching failure surface varied based on the concrete strength [9]. Furthermore, as
flexural cracks develop before the onset of punching shear failure at the column’s location,
the influence of aggregate interlock is significantly reduced.

Over the years, numerous techniques for enhancement and strengthening have been
developed to increase the punching shear resistance of reinforced concrete flat slabs. These
techniques include using traditional shear reinforcement, which may take the form of single
or multiple-leg stirrups, swimmer shear bars, bent-up bars, inclined stirrups, inclined shear
band reinforcement, post-installed reinforcement, steel links, steel assemblies, external steel
plates with shear studs anchored in steel, an external layer of SHCC, steel shear heads, shear
studs with either single or double heads, helical reinforcement, and external CFRP /GFRP
stirrups or rods, as well as externally bonded CFRP/GFRP laminates, strips, and mesh
reinforcement [10-32]. While these retrofitting techniques enhance the punching shear
strength of flat slabs, the capacity for deformation remains constrained. An alternative
approach involves the application of ultra-high-performance fiber reinforced concrete
(UHPFRC) overlay, which has the potential to enhance both the flexural and shear strength,
as well as the ductility of the existing flat slabs [33-39].

Ultra-high-performance concrete (UHPC) represents a category of advanced cemen-
titious materials characterized by outstanding mechanical properties, enhanced ductility,
remarkable durability, and a notably high capacity for energy absorption. The incorporation
of steel fibers in UHPC serves to improve both pre-crack and post-crack tensile strengths, as
well as to augment its ductility [40]. Incorporating steel fibers in fiber-reinforced concrete
(FRC) slabs significantly improves the performance of slab—column connections, as these
fibers enhance tensile strength, ductility, and energy dissipation capabilities [41,42]. Fur-
thermore, Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC) mixtures resulted
in enhanced initial stiffness, improved punching shear strength, and greater deformation
capacity, along with a modification in the failure mode of the slab [43]. The steel fibers
enhance the tensile strength and toughness of concrete through a bridging mechanism,
resulting in improved punching shear capacity [44,45]. The bridging effects of steel fibers in
UHPC can mitigate the brittle characteristics of two-way slabs with punching shear failure.
Under the same reinforcement ratio, the ductility index of steel-reinforced slabs was far
higher than that of FRP-reinforced UHPC slabs due to the yielding of steel bars [46].

Currently, research on UHPC materials and their engineering applications is increas-
ingly prevalent. UHPC has been utilized in various applications, including cast-in-place
grout material for bridge connections and decks [47-51], and strengthening of existing
structures [34,52]. Concerning bridge decks, those constructed from conventional concrete
often exhibit certain drawbacks, including susceptibility to early cracking and diminished
durability. These issues can lead to increased maintenance and rehabilitation expenses,
potentially compromising the overall safety of the structure. The utilization of UHPC for
bridge deck construction can significantly enhance durability, allowing for a reduction
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in deck thickness, which in turn decreases deadweight. This presents notable economic
advantages for long-span bridge designs. Nevertheless, the reduction in thickness raises
concerns regarding the potential for brittle failures due to punching shear, an important
consideration that warrants careful attention.

UHPC has gained significant attention for its application in thin bridge slabs due
to its superior mechanical properties and durability. Several projects worldwide have
successfully implemented UHPC in bridge construction, showcasing its benefits. For
instance, the U.S. I-35W St. Anthony Falls Bridge, located in Minneapolis, Minnesota,
exemplifies a project utilizing UHPC for its cast-in-place forms and deck panels. The use of
UHPC has contributed to the bridge’s longevity and reduced maintenance costs. Another
example is the Solaire Bridge in New York City, which integrates UHPC for its lightweight
yet robust deck system, allowing for efficient construction and enhanced performance over
time. Additionally, the Hegau Bridge in Germany demonstrates the successful application
of UHPC for both structural elements and aesthetic features, benefiting from the material’s
high tensile strength and resistance to environmental factors [53].

Limited research has been undertaken regarding the punching shear characteristics of
flat slabs constructed solely from UHPC [54,55]. The study indicates that the punching shear
strength of UHPC slabs is primarily influenced by the cracking strength of UHPC, rather
than its ultimate tensile strength [56]. Due to the high cost of UHPC, certain researchers
have explored its partial application in column areas, while utilizing normal concrete (NC)
in other sections to create a hybrid NC/UHPC flat slab [37,57].

During bridge decks’ loading, bending, and punching, shear actions interact, lead-
ing to potential failure modes in UHPC slabs, which may manifest as either flexural or
punching shear failure. From an engineering design perspective, punching shear failure is
characterized as a brittle failure that should be mitigated. Consequently, this paper initially
presents an experimental study to determine the critical thickness of UHPC slabs that
delineate flexural failure from punching shear failure. Following this, the influence of key
parameters on the punching shear performance was examined. Based on the findings from
the tests, a calculation method for assessing the punching shear capacity of UHPC bridge
decks was proposed, offering valuable insights for engineering applications and further
investigations into UHPC slabs.

2. Experimental Program

The primary aim of the experimental program is to ascertain the critical thickness of
UHPC slabs that distinguish flexural failure from punching shear failure and to study the
effect of governing parameters on punching shear strength. Typically, the loading area
and thickness of the slab predominantly influence the punching shear behavior of concrete
slabs. Accordingly, the experimental program consists of two phases: Phase I and Phase II.
Thus, Phase I focuses solely on the impact of slab thickness and includes a comparison with
one normal-strength concrete (NSC) slab alongside the UHPC slabs. On the other hand,
Phase II investigates the effect of governing parameters, including the reinforcement ratio
of the slab tensile reinforcing steel, the substitution rate of granite powder, and the internal
steel fiber volumetric ratio, on punching shear strength.

2.1. Specimen Characterizations

The test matrix includes eleven square two-way slab specimens, of which ten are
constructed from UHPC. In contrast, the remaining slab is made from normal-strength
concrete (NSC) for comparison purposes. These slabs are divided into two groups corre-
sponding to two phases. Phase I includes five UHPC slabs along with one NSC slab, while
Phase II contains five UHPC slabs. All slab specimens have planar dimensions of 1200 mm
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by 1200 mm, with a center-to-center span of 1000 mm in both directions. For the slabs of
Phase I, the thicknesses of the UHPC slabs vary, measuring 50 mm, 65 mm, 75 mm, 85 mm,
and 100 mm, respectively. In contrast, the NSC concrete slab has a thickness of 100 mm.
It is worth mentioning that the thickness parameter was established based on structural
requirements dictated by load-bearing calculations and serviceability criteria.

All specimens are reinforced in both directions with a single layer of rebar, specifically
®12@90 mm, positioned at the bottom of the slabs, maintaining a concrete cover thickness
of 15 mm. The range of reinforcement was selected based on recommendations of design
standards and previous research that indicate optimal performance characteristics in similar
applications. By analyzing existing literature and empirical data, we aimed to identify a
range that balances structural integrity with material efficiency, ensuring that the slabs
can withstand anticipated loads while minimizing excess material use. Table 1 provides
a summary of the test matrix for all slabs in both Phase I and Phase II. For the slabs of
Phase I, the thicknesses of all UHPC slabs are kept at 50 mm. Meanwhile, the reinforcement
ratio of the slab tensile reinforcing steel was varied (0%, 1.34%, and 3.5%), the substitution
rate of granite powder was switched at this phase to 10%, and the internal steel fiber
volumetric ratio varied (0%, 1%, 2%, and 3%). The inclusion of steel fibers was determined
by evaluating their impact on enhancing tensile strength and ductility in concrete. The
specific content range was chosen after conducting preliminary tests that demonstrated
significant improvements in performance metrics at those concentrations.

Table 1. Details of specimens for all slabs of Phase I and Phase IL

Phase No. Slab No. Concrete Type Slab Thickness Reinfo.rce{)nents Subst'itution Rateoof Steel Fibe%' Vol:lmetric
(mm) Ratio (%) Granite Powder (%) Fraction (%)

U50 UHPC 50 3.50 0 2

ue65 UHPC 65 2.45 0 2

Phase u75 UHPC 75 2.04 0 2
uss UHPC 85 1.75 0 2

U100 UHPC 100 1.44 0 2

C50-100 NSC 100 1.44 0 2

UOR35 UHPC 50 3.50 10 0

U1R35 UHPC 50 3.50 10 1

Phase I U2R0 UHPC 50 0 10 2
U2R13 UHPC 50 1.34 10 2

U3R35 UHPC 50 3.50 10 3

In summary, the chosen tested slab configurations and parameters were not arbitrarily
selected; they are based on a combination of empirical evidence, theoretical frameworks,
and adherence to design requirements aimed at optimizing both safety and functionality in
practical applications.

The mixing proportion of UHPC, as primarily referenced in [58] and illustrated in
Table 2, shows that 10% of the silica fume mass was substituted with granite powder. In
comparison, steel fibers were incorporated at a mass ratio of 2%. Steel fibers were added
at the end of the mixing process to mitigate agglomeration. Subsequently, the UHPC
mixture was poured into the formwork, followed by manual vibration and smoothing.
The curing process for the specimens comprised three distinct stages: (1) Natural curing
stage. Upon finishing the fabrication of the specimens, all were covered with plastic
sheeting, and this natural curing phase lasted for 48 h. (2) Steam curing stage. Following
the natural curing phase, all formworks were removed, and the specimens, along with
the mechanical materials, were sealed with plastic sheeting. This steam curing phase
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lasted for 72 h, during which the internal temperature was maintained at 98 &+ 5 °C
and the internal humidity exceeded 95%. For the steam treatment of concrete slabs, it is
crucial to ensure uniform temperature distribution throughout the entire volume of the
slabs during the heat and moisture treatment process. Temperature variations can lead to
gradients that may adversely affect the mechanical properties and overall strength of large
specimens. To achieve uniformity, several strategies have been implemented: (a) utilizing
a well-designed steam chamber that allows for consistent heat distribution to minimize
temperature differentials; (b) employing thermocouples at various locations within the
slab to help in monitoring temperature variations in real-time, ensuring adjustments can
be made as needed; (c) ensuring that slabs are positioned optimally within the treatment
chamber, which also aids in achieving even exposure to steam and heat. By addressing these
factors, it is possible to mitigate the risks associated with temperature gradients, thereby
enhancing the strength and durability of concrete slabs subjected to steam treatment.
(3) Natural curing stage. After the steam curing was completed, the plastic sheeting was
removed, and water was regularly sprinkled over the specimens for 7 days to ensure the
surface remained moist.

Table 2. Mixing proportion of UHPC (kg/ m3).

Materials Cement Silica Fume Granite Fine Sand Water Reducer Water Steel Fiber
Powder Content
Mixing proportion 1 0.27 0.03 12 0.025 0.18 2% *

* Slabs of Phase I only; this ratio varies for slabs of Phase II.

The three-stage curing regime adopted in this study (initial natural curing, followed by
controlled steam curing, and final moist curing) was designed to ensure uniform strength
development and reduce internal stress gradients within the UHPC matrix. While multi-
stage curing processes inherently introduce the potential for variability in hydration and
microstructure development [59,60], the observed low coefficient of variation (COV ~ 4%)
in compressive and flexural strength results indicates that the adopted curing method
provided a high level of consistency across specimens. Similar observations were reported
by Brithwiler and Bastien-Masse [34], who noted that well-controlled curing protocols
in UHPC production led to low strength variability and enhanced structural reliability.
Nevertheless, minor variations in temperature or moisture gradients during steam curing
could still contribute to localized differences in strength, and such effects should be further
investigated in future work using non-destructive techniques.

During the casting process of the slab specimens, standard cubes and prisms were
concurrently cast and cured alongside the specimens to determine the mechanical properties
of the concrete used. The average cubic compressive strength of UHPC was recorded
at 120.34 MPa with a coefficient of variation COV of 0.036, with an elastic modulus of
38.33 GPa, and a flexural strength of 20.71 MPa with a coefficient of variation COV of
0.041. In contrast, the average cubic compressive strength of C50 concrete was measured
at 50.15 MPa with a coefficient of variation COV of 0.044, while its elastic modulus was
36.88 GPa. Regarding the tensile steel reinforcing bars, the average yield strength was
determined to be 410.6 MPa with a coefficient of variation COV of 0.021, the average tensile
strength was 513.7 MPa with a coefficient of variation COV of 0.022, and the average elastic
modulus was 201.8 GPa.

2.2. Loading and Instrumentation

A three-dimensional steel frame was constructed and equipped for testing, as illus-
trated in Figure 1. The boundary conditions consisted of two adjacent sides being fixed
hinged, while the other two adjacent sides were configured as sliding hinged. The hinged-
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sliding support configuration used in this study was selected to simulate realistic support
conditions representative of simply supported slab spans in bridge decks. Although global
support conditions can influence flexural behavior, prior research has shown that for
centrally applied loads, the punching shear failure is primarily governed by local mecha-
nisms near the load point [61,62]. While support conditions can slightly affect deformation
patterns, they do not significantly influence the ultimate punching shear capacity when
the applied load is sufficiently distant from the slab boundaries. Therefore, the adopted
boundary setup provides a valid approximation for assessing the punching behavior under
concentrated loads.

Figure 1. Test setup.

The slabs underwent testing under a central patch load, which was applied via a
square steel plate measuring 200 mm on each side and 50 mm in thickness. This load was
positioned at the geometric center of the loading plate using a 1000 kN hydraulic jack. The
loading procedure was executed as follows: a vertical load of 5 kN per step was applied to
the slab until the first crack was detected. Subsequently, as the relevant strain data began
to exhibit nonlinearity, the load decreased to 2.5 kN per step. Each loading increment was
maintained for 180 s, during which data were collected after the load had stabilized.

In structural engineering, it is well understood that the dimensions of the loaded area
can significantly affect shear stress distribution and, consequently, the behavior of slabs
under load. When considering a loaded area of 200 x 200 mm, it is plausible that reducing
the size of this area could lead to a more pronounced effect on punching shear. Smaller
loading areas tend to concentrate forces over a smaller region, potentially increasing local
stress levels and leading to the earlier onset of punching shear. However, the current study
aimed to investigate the punching shear behavior of deck slabs of bridges so that the loaded
area is represented by the wheel footprint, which cannot be less than 200 mm by 200 mm.

The 200 mm x 200 mm steel plate was used to apply the patch load in this study to
simulate the contact area of a truck wheel load, consistent with AASHTO LRFD specifica-
tions [63] for bridge deck design. Similar loading configurations have been widely adopted
in related experimental investigations of UHPC and bridge slab behavior [33,34,37,54].
A spherical or point load would not accurately represent the pressure distribution from
vehicle tires and would introduce stress concentrations uncharacteristic of real-world
traffic loading.

For each slab, five LVDTs with a measuring length of 100 mm were employed to
measure the vertical displacements. The configuration of the displacement measurement
locations is illustrated in Figure 2, with the points positioned at the mid-span of the slab
(point 4), the edge of the loading plate (measuring point 3), the quarter of the slab (point 2),
and at the fixed support and sliding support points (points 1 and 5). Furthermore, strain
gauges with lengths of 60 mm and 6 mm were employed and positioned at various locations
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to measure the normal strain developed at the concrete bottom surface and the longitudinal
tensile steel bars in both directions. The layout of the strain measurement points for the
concrete slab’s bottom surface and the internal reinforcing steel bars is illustrated in Figure 3.
During the loading procedure, the cracks on the bottom surface were monitored using a
gauge. The width of each crack, along with its associated load value, was indicated at the
locations of the cracks with a marker pen.
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Figure 2. Arrangement of the displacement measure point.
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Figure 3. Arrangement of strain measure point.

2.3. Test Results and Discussion for Slabs of PHASE I
2.3.1. Failure Mode

During the initial loading phase, each slab exhibited radial flexural cracks, and as the
load increased, tangential cracks resulting from punching shear stress became apparent.
In certain instances, these cracks were observed before the complete failure of the slabs,
all of which ultimately yielded to punching shear, as illustrated in Figures 4 and 5. The
failure zone associated with punching shear is typically characterized by the shearing off of
a concrete section of the slab, forming a shape similar to a truncated cone or pyramid. The
larger base of this truncated shape is located in the tension side, while the smaller base is
found on the compression side under the concentrated patch load. As depicted in Figure 4,
the final configuration of the cracks on the bottom surface looks like a nearly circular closed
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form, indicative of a truncated cone. Furthermore, the widths of the major cracks, which
accompanied the flexural cracks, decreased as the thickness of the slab increased.

(e) Slab U100 (f) Slab C50-100

Figure 4. Failure modes of all slab specimens of Phase I at the lower surface.

(c) Slab U75

(a) Slab U50 (b) Slab U65

(d) Slab U85 (e) Slab U100 (f) Slab C50-100

Figure 5. Failure modes of all slab specimens of Phase I under patch loading.

Concerning the widths of the cracks, it was observed that the initial significant crack
measured 0.01 mm at the onset of cracking across all slabs, although the associated load
increased with the thickness of the slab. Continued loading led to the development of
various flexural cracks. As the slab thickness increased, the failure area on the bottom of
the slab expanded, resulting in a larger perimeter of the base truncated cone. The final
recorded crack widths indicated that with greater slab thickness, the crack width at failure
was reduced, even though the failure load increased. The recorded crack widths were
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1 mm, 0.7 mm, 0.5 mm, 0.5 mm, 0.4 mm, and 0.6 mm for slabs U50, U65, U75, U85, U100,
and C50-100, respectively.

Although both specimens, U100 and C50-100, had a thickness of 100 mm, the crack
width on the bottom surface and the concave depth of the punching shear cone for specimen
U100 were less than those observed in specimen C50-100. This indicates that including
steel fibers can significantly enhance the punching shear performance.

2.3.2. Load-Deflection Relationship

The previously discussed Figure 2 illustrates the deflection measurements taken at
various locations across all slabs. However, the focus here is on comparing the central
mid-span deflections of all slabs throughout the entire loading process. Figure 6 presents
the relationship between the central mid-span deflection and the central patch load for each
slab. Increasing slab thickness leads to enhanced flexural stiffness and greater sustained
load capacity. Consequently, at the same loading level, the recorded deflection decreases as
the slab thickness increases. It can be observed that flexural behavior predominates during
the initial stage of the loading phase; however, as the load increases, punching shear failure
becomes the controlling one for all slabs, as indicated by the abrupt decline in the curves
following the peak load. This observation reinforces the notion that the failure mode is
primarily attributed to brittle cracking rather than a plastic mechanism. Furthermore, the
ultimate capacity of the specimens increases with an increase in slab thickness.

700
600
500 -
z i
Z 400 */I
o] 4
[+
S 300
I —m— 50
200 - —e— U65
—Aa— (75
100 - —v— U85
—<— U100
—»— C50-100
O T T T T T T T T 1
0 10 20 30 40 50

Deflection /mm

Figure 6. Load—central deflection curves of all slabs of Phase I.

Before cracking occurs, the load-deflection curve typically exhibits a linear or slightly
nonlinear behavior, reflecting elastic deformations. After cracking initiates, the load-
deflection curve often becomes steeper, indicating an increase in strain for a given increase
in load. This change signifies that the material is approaching its failure point and that
further load increases will lead to more rapid deterioration of structural integrity. During
the average load range, the material experiences a transition phase where micro-cracking
may begin to occur. This phase is characterized by a gradual change in curvature on
the deformation curve, indicating that the material is not yet at its ultimate capacity
but is experiencing significant internal stress redistribution. As loads approach critical
levels, deviations from linearity become more pronounced due to plastic deformations and
microstructural changes.
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The first cracking load P, and the ultimate load P, along with their corresponding
central deflections for each slab, are presented in Table 3. It is apparent that as the thickness
of the UHPC slabs increases from 50 mm to 100 mm, the first crack load P, and the ultimate
load Pu increase by factors of 5.17 and 2.05, respectively. Moreover, the ratio of P, to Pu
rises from 0.10 to 0.24, indicating that the flexural capacity enhances at a more significant
rate compared to the punching shear capacity. This observation suggests the presence of a
critical thickness at which UHPC slabs shift from failure due to punching shear to failure
due to flexure. Additionally, for specimen U100, made from UHPC, the cracking load P,
and the ultimate load P, are 29.17% and 38.71% higher than those of specimen C50-100,
which is made from conventional concrete, respectively.

Table 3. Feature loads and deflections of specimens of Phase I.

The First Crack Load Mid-Span Deflection Ultimate Load P, Mid-Span Deflection

Slab No. P (kN) Corresponding to P, (mm) (kN) Corresponding to P, (mm) Per/Py
U50 30 1.75 315 33.31 0.10
uU65 40 1.63 430 41.68 0.10
u75 75 2.59 520 33.5 0.14
uss 80 2.33 585 29.67 0.14
U100 155 1.63 645 25.45 0.24

C50-100 120 1.51 465 14.45 0.26

2.3.3. Load-Reinforcing Steel Bar Strains Relationships

Figure 7 illustrates the progression of tensile strains under loading at various locations
across all slabs in Phase 1. Given the symmetrical arrangement of measurement points,
as shown in Figure 3b, the analysis focuses on the results from points No.1 to No.4 and
the central point No.9. The relationships presented in Figure 7 indicate that as loading
continues, there is an increase in the tensile normal strain developed in the reinforcing steel
bars. Initially, the strain in these bars is zero before the cracking of the specimens, with the
tensile stress predominantly resisted by the bottom UHPC. Upon the onset of failure in the
specimens, only a few bars in specimens U65 and U100 experienced yielding, while the
remaining bars in other specimens remained unyielded. Notably, nearly all steel bars at
the center of the slabs (Point 9) reached their yielding point. As the thickness of the slab
increased, the strain at point No. 9 correspondingly rose, indicating a more pronounced
bending effect. In comparison to the conventional concrete slab C50-100, which lacks steel
fiber, the load was transferred to the rebar following slab cracking, resulting in a more
evident brittle characteristic of punching failure and a greater number of yielded bars.
Furthermore, the reinforcing steel bars in slab C50-100 began to carry the load earlier than
the corresponding bars in slab U100, and at the same loading level, the strains developed
in the reinforcing bars of slab C50-100 were greater than those observed in slab U100.

It is important to note that in most UHPC slabs, the reinforcing bars did not yield
before failure, which is consistent with the expected behavior in punching shear failure,
where the failure often precedes the yielding of flexural reinforcement due to the brittle
nature of the mechanism [9,30]. This outcome suggests limited redistribution capacity
and reduced ductility, particularly when the fiber content or reinforcement ratio is not
sufficiently high. The brittle punching failure observed here aligns with prior studies
indicating that UHPC slabs, despite their high compressive and tensile strengths, may fail
without full utilization of the reinforcement unless measures such as increased fiber dosage
or reinforcement are incorporated [30,54].
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Figure 7. Load-tensile strain curve of lower reinforcement for all slabs of Phase L.

2.4. Analysis of Flexural Capacity and Critical Thickness

The test results indicate that as the thickness of the UHPC slab increases, the rate of
enhancement in flexural capacity significantly surpasses that of punching shear capacity.
Consequently, there exists a critical thickness at which the failure mode transitions from
punching shear failure to flexural failure. This critical thickness holds considerable engineer-
ing importance in mitigating the risk of brittle failure in bridge decks. This paper examines
how the flexural capacity of UHPC slabs varies with thickness and subsequently compares
it to the alterations in punching shear capacity. Therefore, the point at which flexural
capacity and punching shear capacity intersect can be identified, with the corresponding

thickness representing the critical thickness.

2.4.1. Calculation of Flexural Capacity

The flexural failure of concrete slabs manifests as plastic hinge failure, and the flexural
capacity of My, can be determined using yield line theory [1], as illustrated in Figure 8. In
this context, 61 represents the relative rotation angle between plate I and the loading center,
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while 6, denotes the relative rotation angle between plate I and plate II. These angles can
be calculated using the following equations:

1 2
"“CurTh g
1 I-2x 1 X

Figure 8. Plastic hinge failure mechanism.

Given that the spacing of the reinforcing bars is uniform in both directions, and the
effective depth of the slab is defined as hy = (hox + hoy)/2, it can be reasonably assumed
that My = Myy = Mfu, where My and M, denote the bending moments of the unit plate
along the X and Y directions, respectively. In cases where the plastic hinge line is not
perpendicular to the X and Y axes, the actual plastic hinge line may be approximated by a
stepped triangular shape within a limited range [64], as illustrated in Figure 9. Then,

My = Myccos®a + Muysinzrx = Mg, 3)
0 . L e WMy
o
Mux
Actual plastic hinge line

Mun

Equivalent step line

y
Figure 9. Plastic hinge line skews with rebar.

According to the principle of virtual work, Fr iy =} Munbil;
Therefore, the flexural capacity of F is: Ff x1=4M,, X % X 0+ 8M,; X & [1’2" +

Lol

6 sl xh
I—2x 1 X
Ff—8MunX[T+Em

] 4)

The first-order derivative of Equation (4) is:
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dF;  8M I+x(1-1)

“rf _ SMun . _

- o A ©)
dFy/dx =0, thenx = I — gz ©6)

By substituting x =1 — @l into Equation (4), Iy can be obtained:
Fr= 16Mfui(ﬁ—1) @)
lo

The flexural capacity of each specimen, as derived from Equation (7), can be evaluated
and compared with the punching shear capacity, as presented in Table 4. It is evident that as
the thickness increases, both the flexural capacity (Fy) and the punching shear capacity (Fy)
rise correspondingly. This observation suggests that the ultimate punching shear capacity
is a function of both flexural capacity and oblique cone punching capacity, indicating that
the factors influencing flexural capacity similarly impact punching shear capacity. When
comparing specimen U100 with the C50-100 slabs, it is noted that the punching shear
capacity and flexural capacity of the C50-100 are 465 kN and 540.7 kN, respectively, which
are lower than those of specimen U100 by 38.7% and 20.5%, respectively. This highlights
a significant difference in punching shear performance between the UHPC slab and the
conventional concrete slab, where steel fiber plays a crucial role in enhancing punching
shear performance.

Table 4. Comparison between punching shear capacity and flexural capacity of all slabs of Phase I.

Slab No. M, (kN.m) F¢ (kN) Fy (kN) FulF;
U50 52.63 414.47 315 0.76
U65 65.00 511.90 430 0.84
Uu7s 73.37 577.78 520 0.90
U85 79.02 622.34 585 0.94
U100 82.73 651.52 645 0.99

C50-100 68.66 540.70 465 0.86

My, = flexural capacity of the slab; F¢ = failure flexural load based on yield line theory; F,, = punching failure load
based on experimental test.

2.4.2. Analysis of Critical Thickness

As illustrated in Table 4, an increase in slab thickness leads to varying degrees of
enhancement in both the punching shear capacity and flexural capacity of UHPC slabs.
The ratio of F,,/ Fy consistently rises, indicating that the rate of increase in punching shear
capacity surpasses that of flexural capacity. Figure 10 depicts the relationship between slab
thickness and the changes in punching shear and flexural capacities. The punching shear
capacity for all specimens remains lower than the flexural capacity, suggesting that the
predominant failure mode is punching shear failure, which aligns with the experimental
findings. For a specimen thickness of 75 mm, the rate of increase in both capacities begins to
decline. However, the increase in punching shear capacity remains more pronounced than
that of flexural capacity. This trend becomes even more apparent at a thickness of 85 mm.
At a thickness of 100 mm, the punching shear capacity nearly matches the flexural capacity,
with their ratio approaching 0.99. Based on this observed trend, it can be anticipated that the
punching shear capacity of the UHPC slab will exceed the flexural bending capacity when
the thickness exceeds 100 mm. Consequently, to mitigate the risk of punching shear failure
in UHPC slabs, it is recommended that the slab thickness be maintained at a minimum
of 100 mm.
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Figure 10. Growth rate of punching shear capacity and flexural capacity with increasing thickness.

The transition from flexure to punching shear in a slab during failure is a critical aspect
of structural engineering, particularly in the analysis of reinforced concrete slabs. This
transition is characterized by a significant change in the mode of failure, which directly
influences stress redistribution within the slab. Initially, under applied loads, the slab
behaves primarily in flexure. In this phase, tensile stresses develop at the bottom of the
slab while compressive stresses occur at the top. The distribution of these stresses follows
a parabolic profile typical of flexural behavior. As loading continues and reaches critical
levels, localized regions, often around concentrated load areas, begin to experience higher
stress concentrations. When the applied load exceeds the flexural capacity of the slab, it
leads to cracking and eventual failure due to punching shear. This transition signifies that
the slab can no longer sustain loads through bending alone; instead, it must transfer loads
through shear mechanisms.

3. The Effect of Governing Parameters on Punching Shear Behavior of
UHPC Slabs (Phase II)

While this study focused on isolating the influence of key parameters on punching
shear behavior, it is worth noting that several studies have identified potential interaction
effects among slab thickness, fiber content, and reinforcement ratio. For example, Nguyen-
Minh et al. [42] found that increasing fiber volume had diminishing returns when the
reinforcement ratio was already high. Similarly, Zhou et al. [43] and Wu et al. [33] reported
that the influence of fiber content was more pronounced in thinner slabs. These findings
highlight the need for multi-variable statistical models to more accurately capture the
coupled behavior in UHPC slab design. Future studies. The following subsection explains
the individual effects of key parameters on the tested UHPC slab response.

3.1. Specimen Design and Test Results

To better understand the punching shear performance of Ultra-High-Performance
Concrete (UHPC) slabs, specimens have been constructed to examine the influence of key
parameters on the punching shear behavior. These parameters include the reinforcement
ratio, steel fiber content, and the substitution rate of granite powder, as detailed in Table 5.
All specimens maintain constant dimensions, featuring a thickness of 50 mm and a plan
size of 1200 mm x 1200 mm. The fabrication and curing processes, boundary conditions,
arrangement of measurement points, and loading procedures are consistent with those em-
ployed in the previous tests conducted during Phase I. Additionally, the material properties
of all slab specimens and the corresponding test results are compiled in Table 5.
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Table 5. Details and results of slab specimens of Phase II.
. . Substitution Steel Fiber Cubic ('30m- Elastic Bending The first .
Specimen Reinforcement  Rate of - pressive Ultimate
. (o . Volumetric Modulus Strength Crack Load
No. Ratio (%) Granite Fraction (%) Strength (MPa) (MP2) (KN) Load (kN)
Powder (%) action T (MPa) 4 2

uU50 3.50 0 2 103.56 35.31 16.10 35 315
UOR35 3.50 10 0 110.27 36.47 18.22 15 250
U1R35 3.50 10 1 124.77 38.37 21.83 25 295
U2R0 0 10 2 127.45 39.86 23.01 22 180
U2R134 1.34 10 2 120.34 38.33 20.71 25 240
U3R35 3.50 10 3 - - - 40 355

3.2. Analysis of the Effect of Key Parameters on Punching Shear Strength
3.2.1. Effect of Slab Thickness (Phase I)

The effect of slab thickness can be derived from the test results of the slabs in Phase I,
as illustrated in Figure 11. The results indicate that the punching shear capacity exhibits an
almost linear increase with the increase in slab thickness. Specifically, as the slab thickness
rises from 50 mm to 65 mm, 75 mm, 85 mm, and 100 mm, the ultimate capacity experiences
an increase of 36.51%, 65.08%, 85.71%, and 104.76%, respectively. Consequently, in practical
design applications, one effective strategy to mitigate the risk of punching shear failure in
UHPC slabs is to enhance the slab thickness. However, it is noteworthy that the slope of
the curve decreases when the thickness is increased from 85 mm to 100 mm, suggesting a
reduction in the rate of improvement. Furthermore, the test results indicate that increasing
the slab thickness significantly enhances the first cracking load.

700

Punching shear apacity, kN
N B N U N
S S S S S
S & 5 & 3

—
(o]
S

o

50 60 70 80 90 100

Slab thickness, mm

Figure 11. Effect of slab thickness (Phase I).

While the analytical models employed in this study assume uniform fiber distribution,
it is recognized that local fiber clustering or agglomeration may still occur despite careful
mixing procedures. Such non-uniformity can lead to localized reductions in fiber bridging
efficiency, particularly in critical regions subjected to punching shear. Fiber-poor zones may
act as weak points where crack propagation is less restrained, potentially resulting in lower
actual capacities than predicted by uniform distribution models. Conversely, regions with
favorable fiber orientation or concentration may experience enhanced toughness. Although
not explicitly modeled here, future analytical approaches may benefit from incorporating
stochastic parameters or distribution factors that account for the probabilistic nature of
fiber orientation and dispersion.
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3.2.2. Effect of Steel Fiber Content (Phase II)

The relationship between the content of steel fibers and the resulting punching shear
capacity of all slab specimens of Phase II is depicted in Figure 12. It is evident that the
punching shear capacity significantly increases with higher steel fiber content. Specifically,
as the steel fiber content rises from 0% to 1%, 2%, and 3%, the corresponding punching
shear capacities increase by 18%, 26%, and 42%, respectively. This indicates that steel fiber
is crucial in enhancing the punching shear capacity of UHPC slabs. Notably, the increase
in punching shear capacity when the steel fiber content rises from 1% to 2% is 20 kN,
while the increase from 2% to 3% is 40 kN, demonstrating that the latter improvement is
twice that of the former. This suggests that a higher volume fraction of steel fibers results
in a greater number of fibers at the fracture interface, leading to a more robust bridging
effect and, consequently, a higher punching shear capacity. Furthermore, the first cracking
loads for the four specimens were recorded at 15 kIN, 25 kN, 35 kN, and 40 kN, reflecting
improvements of 67%, 133%, and 167%, respectively. This indicates that the presence of
steel fibers has a more pronounced effect on the first cracking load than on the ultimate
capacity. It is worth mentioning that the UHPC slab without steel fiber (UOR35) experienced
failure due to the splitting of the concrete cover, a consequence of the brittle nature of UHPC
and its limited tensile strength.
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Figure 12. Effect of steel fiber contents (Phase II).

Following a complete failure in punching, a visual examination indicated that the
predominant mode of failure for the steel fibers was pull-out, attributed to their straight
ends. Closely spaced cracks formed perpendicular to the flexural cracks, illustrating the
capacity of fiber-reinforced UHPC to redistribute stress through multiple micro-cracks until
fiber pull-out occurs. Upon failure, the fibers under significant stress began to pull out
from the matrix at a specific cross-section, which was identified as the weakest point, while
remaining intact at another location. This phenomenon was linked to the concentration of
maximum strain exceeding the strain capacity of the concrete matrix.

3.2.3. Effect of Reinforcement Ratio (Phase II)

The relationship between the reinforcement ratio and the associated punching shear
capacity for slab specimens of Phase II is depicted in Figure 13. The results indicate a
linear increase in punching shear capacity as the reinforcement ratio rises. Specifically, as
the reinforcement ratio increased from 0% to 1.34%, and then to 3.5%, the corresponding
punching shear capacities increased by 33% and 75%, respectively. This trend suggests that
a higher reinforcement ratio results in a greater number of reinforcing bars intersecting
the punching cone, thereby enhancing the punching shear capacity. Furthermore, the first
cracking loads for the three specimens are recorded at 22 kN, 25 kN, and 35 kN, reflecting
improvements of 14% and 59%. Thus, an increase in the reinforcement ratio can enhance
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the integrity of the slab, resulting in an improvement in the initial crack load; however, this
effect is not significantly pronounced.
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Figure 13. Effect of reinforcement ratios (Phase II).

3.2.4. Effect of Granite Powder Instead of Silica Fume (Phase II)

To decrease the material costs associated with ultra-high-performance concrete
(UHPC), granite powder was utilized to replace 10% of the silica fume in all specimens
except for U2R35. As an inert material, the introduction of granite powder in place of
reactive silica fume primarily impacts the strength of the UHPC matrix. When comparing
the punching shear capacities of specimens UT50 and U2R35, which are 315 kN and 321 kN,
respectively, it is observed that the former is only 1.87% lower than the latter, indicating a
minimal effect. Consequently, in terms of punching shear performance, using waste granite
powder can be deemed a viable substitute for a portion of silica fume, thereby facilitating
cost reduction and promoting environmental sustainability.

4. Calculation Method of Punching Shear Capacity

The punching shear capacity of a UHPC slab can be understood as the result of the
punching shear strength of each component multiplied by the failure area. Consequently,
to ascertain the punching shear capacity, it is essential to first examine the punching
shear angle and the failure range to establish the perimeter of the punching shear section.
Following this, by taking into account the contribution of each component to the overall
punching shear capacity, a method for calculating the punching shear capacity of UHPC
slabs can be developed.

4.1. Determination of Punching Shear Angle and Failure Perimeter

To determine the punching shear angle, it is assumed that the failure shape of the
slab’s bottom resembles a circle, with the center point on the bottom surface designated
as the center of the failure circle. Subsequently, concentric circles are constructed with an
arbitrary radius, and these circles are evenly divided into multiple segments. To partition
the circle, a minimum of two perpendicular diameters must be drawn. Consequently, for
enhanced precision, each quarter should be subdivided into segments. An increase in
the number of segments leads to greater accuracy in the results. Therefore, it has been
determined that each quarter will be divided into five segments to ensure precise and
practical measurements. As a result, the circle was divided into 20 segments. Based on
the failure mode observed in the specimens, the distance from the center point to the
intersection of the primary crack and the division lines is selected as the radius of the
failure circle, as illustrated in Figure 14. Following the identification of the punching
shear failure radius, it is important to note that the punching cone reaches the top surface.
By taking into account the dimensions of the loading area, the punching shear angle for
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each specimen can be calculated. Each specimen is evaluated using the aforementioned
method, and the resulting punching shear failure radius and punching shear angle for each
specimen are presented in Table 6.

Figure 14. Determination of the punching shear failure radius.

Table 6. Calculation of punching shear angle for slabs of Phase II.

. PI.II“IChlI‘lg Sl‘!ear Slab Thickness Punching Shear
Specimen No. Failure Radius o
(mm) Angle (°)
(mm)

U50 153.9 50 18
UOR35 137.4 50 20
U1R35 123.8 50 22
U2R0 186.6 50 15
U2R134 107.2 50 25

The theoretical range of punching shear failure is circular, with the failure trace
represented as a complete circle. However, in practice, the actual range of punching shear
failure does not form a perfect circle; instead, the failure trace consists of a combination of
circular and square lines. To simplify the calculation method, the average punching shear
angle is assumed to be 20°. Consequently, the distance from the punching shear failure
section to the edge of the loading plate is determined to be 2.8h), where h denotes the
effective thickness of the slab. The failure trace is illustrated in Figure 15.

Punching shear failure perimeter

Failure circumference

/ Loading plate

|
|
|
\
|

1%

Loading plate

2.8ho

(a) side view (b) bottom view

Figure 15. The actual punching shear range at the bottom surface.
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So, the circumference of the failure zone can be calculated as follows
Uy =4a + 5.67thy (8)

where a is the length of the loading plate, and hj is the effective thickness of the slab.

Although a fixed punching shear angle of 20° was adopted in this study based on
average experimental observations, it is acknowledged that some variability exists (typically
within 15-25°). While future stochastic modeling could quantify this variability’s influence
on calculated capacity, it is important to recognize that empirical models such as the one
employed here are calibrated to match experimental results. As such, any change in the
punching shear angle would necessitate recalibration of the associated model parameters
to preserve accuracy, thus limiting the practical impact of angle variation alone [61].

4.2. Comparison of Punching Shear Capacity

Regarding the materials used in the UHPC slab, the punching shear capacity is in-
fluenced by the UHPC matrix, reinforcing bars, and steel fibers. Thus, the experimental
punching shear capacity is validated with different models [65-69]. Below, detailed descrip-
tions of the adopted models are presented, followed by a comparison with the experimental
results. Al-Quraishi [65] proposed a method for calculating punching shear capacity
represented by Equation (9).

Vp =0.35 LBh (vfc + 0+ Ufte) umf h()] (9)

where B}, is the size effect factor, B, = 125/ (ho)*®”, and hy is the effective thickness of the
slab. vy is the shear resistance of the compression zone above the top of the inclined
crack, vy = 0.12(fc)*%, and f, is the cylinder compressive strength (MPa). v, is the shear
strength carried by the dowel and membrane actions, v, = (100p)0'21, and p is the tensile
reinforcing steel bars ratio. vg, is the full fiber efficiency of tensile strength along the
inclined shear cracks, and its value is recommended as 3.9 MPa. u,, is the modified critical
failure perimeter, u,r = iy (1-AF), u, is the reference critical failure perimeter = 4a + 57thy,
A is the non-dimensional factor constant value (0.45), F is the fiber factor, F = (I¢/dy) V,
Iy and df are the length and diameter of fiber (mm), respectively, and Vy is the steel fiber
volume fraction.

Fang et al. [66] proposed Equation (10) for calculating the punching shear capacity of

UHPC slabs, V.
4 075

Vo = Bofio (14 By ) uphe) s, o (10)
where B, is a coefficient to consider the effect of longitudinal reinforcement on shear
capacity, taken greater than 1.0, B, = (100p)%2°. B is the influence coefficient of steel fibers
on punching shear resistance of UHPC slabs, taken as 0.6. fj, is the initial cracking strength
of UHPC slab (MPa), As is the characteristic value of steel fiber content, Ar = [ V¢/dy, I is the
length of steel fiber (mm), V is the volumetric percentage of steel fibers, dy is the diameter
of steel fiber (mm), 1, is the effective perimeter of the effective punching shear (mm),
up =u+ 4+/3h,, u is the column perimeter (mm), /, is the effective slab thickness (mm),
and A; is the shear span to depth ratio at the ith side, which should range between 3 and 7.

According to Association Francaise de Genie Civil, AFGC [67], the punching shear
resistance of UHPC slabs can be calculated by Equation (11).

Vi = vebod (11)

where v, is the punching shear stress at failure (MPa), v, = 0.8 O'6I7<fs £, fsp is the splitting

tensile strength of concrete (MPa), K is a constant taken as 1.36, b, is the perimeter of
the critical section for punching shear taken as 4/2 from the face of the column (mm),
b, = U + md, and U is the column perimeter (mm).
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The Japan Society of Civil Engineers, JSCE [68], proposed the following Equations to
calculate the punching shear resistance of UHPC slabs:

Vpd = Vpc + fo (12)
Ve = BaBoPr fyctipd (13)
fo = fvupd (14)

fre = o.zi/f; <12 (15)

Ba= T <15 (16)

Bo = ¥/100p < 1.5 (17)
1
Pr=t o (19

where 1), is the effective perimeter for resisting punching shear in the slab—that is, the sum
of the perimeter of the bearing area of the concentrated load or reaction and 7d (mm)—d
is the effective depth (mm), p is the reinforcement ratio, B; is a coefficient to consider the
effect of the effective depth on shear capacity, B, is a coefficient to consider the effect of
longitudinal reinforcement on shear capacity, B; is a coefficient, V,; is the punching shear
capacity (N), Vy is the punching shear strength excluding the effect of steel fibers (N),
V) s is the punching shear strength provided by steel fibers (N), f;,c is the shear stress at
failure (MPa), f{ is the concrete cylinder compressive strength (MPa), f; is the tensile yield
strength of concrete in the direction orthogonal to the diagonal crack direction, and f, = 0
when f; is smaller than 1.5 MPa.

Harris and Roberts-Wollmann [69] proposed Equation (19) for estimating the concrete
breakout strength of UHPC slab.

(Bh+c)* — 2
Vd

V. is the concrete breakout strength (N), k1 is an empirical constant taken as 0.38, ¢ is a

Ve = ciki ft (19)

conversion factor for the imperial to metric unit system taken as 5.04, h is the slab thickness
(mm), c is the loading plate dimensions (mm), f; is the split cylinder tensile strength (MPa),
and d is the effective depth (mm).

Table 7 summarizes the experimental punching shear strength alongside the values
derived from various models for all slabs. The majority of the results from the selected
models were conservative when compared to the experimental findings, although a few
instances exhibited excessive conservatism. Conversely, certain results from the models
developed by Harris and Roberts-Wollmann [69] demonstrated a lack of conservatism.
A comparison of the different outcomes indicates that the model proposed by JSCE [68]
yielded the most reasonable conservative results. This can be attributed to the fact that the
JSCE model considered all the critical parameters influencing punching shear behavior,
as detailed in Table 8. On the other hand, the model proposed by Harris and Roberts-
Wollmann [69] showed the least conservative results, plus some unconservative results
owing to the simplicity of the model and ignoring the governing key parameters.

As shown in Table 7, the ratio of experimental-to-predicted punching shear capacity
varies significantly among the models. The JSCE model exhibited the most consistent
and conservative performance, with an average experimental-to-theoretical strength ratio
of 1.58 and the lowest coefficient of variation (COV = 0.111), indicating high reliability
across varied test conditions. In contrast, the AFGC model, while conservative, had a
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higher average ratio of 2.20 and a greater COV of 0.194, suggesting more scatter in its
predictions. The Al-Quraishi and Fang et al. models yielded similar mean ratios (2.09 and
2.06, respectively), but with higher variability (COVs of 0.189 and 0.223). The Harris and
Wollmann model produced the lowest average ratio of 1.23, indicating closer alignment in
some cases, but with a higher COV (0.250), reflecting less consistency.

These results confirm that while all models tend to be conservative in predicting the
punching strength of UHPC slabs, their reliability varies. The JSCE model emerges as the
most robust under the tested conditions. However, the observed scatter in the other models
highlights the need for further calibration or model development tailored specifically to
UHPC systems with diverse parameters. The results summarized in Table 8 highlight the
urgent need for more effort to have a unified model for calculating the punching shear
resistance of UHPC slabs, considering all key parameters.

The theoretical models applied in this study were originally developed by other
researchers based on their respective experimental datasets. In this research, these models
were employed in their original form to objectively evaluate their predictive accuracy
when applied to UHPC slabs with varied parameters. This comparative analysis allows
for the identification of the most reliable model and serves as a basis for assessing the
need for model recalibration or the development of new formulations tailored to UHPC
systems. Among the evaluated models, the JSCE approach exhibited the most consistent
and conservative agreement with the experimental results, indicating its suitability for
UHPC applications under the tested conditions.

It should be noted that the developed models, including the JSCE model, were vali-
dated against experimental data with fiber volume fractions up to 3.5% and reinforcement
ratios up to 3.5%. Extrapolation to higher values should be approached with caution.
Although the JSCE model includes terms for fiber and reinforcement content, the nonlinear
and possibly threshold-based behavior at extreme levels remains underexplored. As sug-
gested in the literature [1,9,30,54], punching shear is predominantly governed by concrete
matrix strength and failure mechanisms, with reinforcement primarily facilitating flexural
cracking and crack distribution. Further validation is needed to ensure reliability under
extreme parameter combinations

Several key factors warrant critical discussion when analyzing the discrepancies
between calculation models and experimental data for punching shear in UHPC slabs.

1.  Material Properties: UHPC exhibits unique mechanical properties, including higher
compressive strength and ductility compared to conventional concrete. If the models
do not adequately account for these enhanced material characteristics, particularly in
terms of tensile strength and strain capacity, this can lead to an underestimation of
the punching shear strength.

2. Geometric Considerations: The geometry of the slab, including thickness, reinforce-
ment layout, and support conditions, can significantly influence shear behavior. Mod-
els that simplify these geometric parameters may fail to capture critical stress distribu-
tion effects that are present in actual slab scenarios.

3. Loading Conditions: The nature of loading, whether it is static or dynamic, can affect
the performance of UHPC slabs. Models that do not incorporate factors such as
load duration or impact effects may not accurately reflect the true behavior under
real-world conditions.

4.  Crack Propagation and Ductility: The ability of UHPC to sustain loads post-cracking
is a vital aspect that many models may overlook. Discrepancies often arise when
models assume brittle failure modes instead of recognizing the progressive failure
characteristics inherent in UHPC.
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5. Experimental Variability: Variations in experimental setup, including differences
in specimen preparation and testing protocols, can lead to inconsistencies between
calculated and observed results. It is crucial to ensure that experimental conditions
closely mimic those assumed in theoretical models.

6.  Model Calibration: Many calculation models rely on empirical coefficients or calibra-
tion against specific datasets. If these coefficients are derived from a limited range
of tests or do not encompass the full spectrum of UHPC behaviors, they may lead to
conservative estimates of punching shear capacity. In conclusion, a thorough investi-
gation into these factors is necessary to reconcile differences between calculated and
experimental data for punching shear in UHPC slabs. By addressing these discrepan-
cies through refined modeling techniques and comprehensive experimental validation,
we can enhance the reliability of predictive models for structural applications.

Table 7. Comparison between the experimental punching shear strength and that obtained using
different models for all slabs.

Slab VEx,; Theoretical Punching Capacity (kN) Experimental Strength/Theoretical Strength
No. (l((zl\:) Al-Quraishi [65] (3) Fang et al. [66] (4) AFGC [67] (5) JSCE [68] (6) Harris and Wollmann [69] (7) (2)/3) 2)/@) @/(5) (2)/(6) @/(7)
Us0 315 153.39 134.37 122.18 185.32 259.96 2.05 234 2.58 170 121
uUe5 430 185.69 196.56 183.59 268.57 305.89 2.32 219 234 1.60 141
u7s 520 207.34 251.51 227.54 327.14 338.44 251 2.07 229 159 154
Uss 585 229.12 344.32 27391 388.37 372.16 255 170 214 151 157
U100 645 262.02 510.89 347.97 484.98 424.62 2.46 1.26 1.85 1.33 152
U0R35 250 152.89 109.69 107.49 182.99 228.71 1.64 228 2.33 137 1.09
UIR35 295 153.61 101.46 128.79 186.31 274.02 192 291 229 1.58 1.08
U2R0 180 119.58 115.05 135.75 104.15 288.83 151 1.56 1.33 173 0.62
U2R13 240 147.16 110.89 122.18 163.09 259.96 1.63 2.16 1.96 147 0.92
U3R35 355 153.39 167.28 122.18 185.32 259.96 2.31 2,12 291 1.92 137
Average 2.090 2.059 2.202 1.580 1233
Standard deviation 0.395 0.459 0.427 0.175 0.309
Coefficient of variation, COV 0.189 0.223 0.194 0.111 0.250
VExp is the experimental punching strength.
Table 8. Summary of the adopted parameters for the models considered.
UHPC Fibers Punching Parameters
Method Size Effect , Critical Shear
fe fto fsp P lf df Vf Type ald Perimeter from the Face
of the Column
Al-Quraishi [65] Vv N Vv Vv Vv Vv Vv Straight steel Vv 1.25d
Fang et al. [66] Vv Vv Vv Vv Vv Straight steel Vv 1.73d
AFGC [67] v v 0.5d
JSCE [68] Vv v Vv v N4 N v Various NG 0.5d
Harris and Wollmann [69] Vv 1.5d

fto is the initial cracking strength of the UHPC slab (MPa), f;p, is the splitting tensile strength of concrete (MPa),
p is the reinforcement ratio, /¢ is the length of steel fiber (mm), dy is the diameter of steel fiber (mm), and Vs the
volumetric percentage of steel fibers.

5. Conclusions

Based on the test results of the UHPC slabs, considering the specified dimensions and
the tested parameters, the following conclusions can be drawn.

(1) The failure mode of Ultra-High-Performance Concrete (UHPC) slabs looks like that
of traditional concrete slabs, characterized by a jagged conical indentation on the
top surface and nearly circular closed cracks on the bottom surface. Thanks to the
reinforcing properties of steel fibers, UHPC slabs exhibit superior punching shear
performance compared to conventional concrete slabs, particularly in failure mode,
crack propagation, and ultimate load-carrying capacity.
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(2) The punching shear capacity increases linearly with the thickness of the slab, and this
increase occurs at a rate that surpasses that of flexural capacity. A critical thickness
that delineates punching shear failure from flexural failure is advised to be no less
than 100 mm. Furthermore, an increase in thickness significantly enhances the load at
which the first crack occurs.

(8) The punching shear capacity increases with the increase of steel fiber volume fraction,
with a more pronounced rise in the first cracking load.

(4) The punching shear capacity significantly improves with a higher reinforcement ratio;
however, the increase in the load at which the first crack occurs is minimal.

(5) The punching shear capacity of UHPC slabs experiences a mere reduction of 1.87%
when granite powder is utilized to replace 10% of the mass of silica fume.

(6) A method for calculating the failure perimeter at the bottom surface has been proposed.
This information can be a valuable reference for future research and engineering
applications.

(7) The test did not exhibit any flexural failure mode; therefore, the critical thickness
value proposed in this paper requires validation through additional tests involving
greater thickness. It is also recommended that further investigations be conducted
into the interaction between punching shear and bending, as well as the effects of
dynamic loading.

(8) Among the available prediction models, the JSCE approach provided the most bal-
anced and conservatively accurate estimation of punching shear capacity, effectively
incorporating the combined effects of slab thickness, reinforcement ratio, and fiber
content, thus highlighting its potential as a reliable reference for future design recom-
mendations.

(9) Although serviceability was not the primary focus of this study, a serviceability limit
of Span /800 may be adopted for UHPC bridge deck slabs under general vehicular
loading. This serviceability limit is specified in the 2020 AASHTO LRFD Bridge
Design Specifications for concrete bridge deck slabs. These limits are intended to
ensure user comfort, durability of wearing surfaces, and protection of structural and
non-structural components from excessive deformation. Excessive deflections can
cause surface cracking, loss of bond, and premature deterioration of overlays.

(10) Although mechanical test results indicated minimal performance reduction when
substituting 10% of silica fume with granite powder, no SEM (Scanning Electron
Microscopy) analysis was conducted in this study to investigate potential changes
in the microstructure. Future research should include SEM and related microstruc-
tural analyses to better understand the interaction between granite powder and the
cementitious matrix, and to validate its long-term implications for durability and
performance.

(11) Although each configuration was tested using a single specimen, experimental re-
peatability was supported by strict standardization of material preparation, curing,
instrumentation, and loading protocols. This approach is common in UHPC and
structural slab research, where cost and scale limit extensive repetition. Nonetheless,
for increased statistical robustness and validation of variability, future work should
include multiple specimens per test configuration.
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