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A Review of Punching Shear Strength in FRP-Reinforced
Concrete Slab-Column Connections
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ABSTRACT

This review explores the use of Fiber Reinforced Polymer (FRP) bars to reinforce concrete
slab-column connections, highlighting their potential to extend service life, reduce
maintenance costs, and improve life-cycle cost efficiency. FRP bars offer a more
environmentally friendly alternative to traditional steel reinforcement. The shear behavior of
reinforced concrete structural members, which depends on complex internal load-carrying
mechanisms, remains an active area of research. This article provides a comprehensive
overview of the punching shear strength and behavior of FRP-reinforced concrete (FRP-RC)
slab-column connections, both with and without FRP stirrups for shear reinforcement. It
examines the mechanisms of punching shear in FRP-RC slab-column connections and
reviews existing codes, proposed or modified models, and machine learning approaches for
predicting the punching shear strength of these connections.

Keywords: Slab-column connection, punching shear capacity, FRP bar, machine learning,
design model.

1. INTRODUCTION

The corrosion of steel reinforcement stands out as a primary durability issue in reinforced
concrete (RC) structures, posing a significant threat to their longevity and incurring
substantial maintenance costs. In severe instances, corrosion can precipitate unforeseen and
severe failures in RC structures. This deterioration is compounded by the degradation of the
bond between concrete and steel reinforcement as corrosion progresses, further weakening
the structure [1-2]. Moreover, corrosion might result in a reduction in the steel
reinforcement's cross-sectional area, which lowers its tensile strength and ductility [3-4]. As
a result, several strategies to reduce the danger of corrosion have been proposed and
developed. These include of using low-permeable or impermeable concrete, adding thickness
to the concrete cover, utilizing coated or stainless steel bars, and putting waterproofing
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measures in place [5-7]. One possible solution to corrosion problems in concrete structures
is the adoption of modern composite materials, like fiber-reinforced polymer (FRP) bars,
which have gained increased popularity in recent times. Utilizing FRP bars offers multiple
advantages; besides their exceptional resistance to corrosion in harsh environmental
conditions (such as salt exposure for deicing, freeze-thaw cycles, and wet-dry cycles), they
boast a high strength-to-weight ratio and are non-magnetic [8]. The use of FRP bars as
flexural and shear reinforcement in concrete structures has been the subject of several
experimental studies with the goal of improving knowledge of their effects on the structural
performance of FRP-reinforced concrete (FRP-RC) elements such as beams, slabs, and
columns [9-11]. Because punching shear failure in concrete slab-column connections is
usually abrupt and brittle, and frequently happens suddenly, a great deal of attention has been
focused on researching it. Such failures might cause partial floor damage or possibly collapse
structurally [12-13]. According to Matthys and Taerwe [14], assuming equivalent flexural
stiffness, concrete slabs reinforced using carbon fiber reinforced polymer (CFRP) grids for
flexural reinforcement showed a punching shear capacity similar to that of conventional
concrete slabs reinforced with steel. According to research by Ospina et al. [15], the flexural
stiffness of the FRP reinforcement and the strength of the bond between the concrete and the
FRP are the two main elements determining the punched shear strength of FRP-RC slab-
column connections. Furthermore, it was noted that the punching shear capabilities of
concrete connections reinforced with FRP bars and grids varied. These variations were
ascribed to variations in bonding characteristics and stress distribution at the FRP grid
intersections. Lee et al. [16,17] demonstrated that boosting the glass fiber reinforced polymer
(GFRP) reinforcement ratio within 1.5 times the slab thickness (denoted as 'h') from the
column face enhances the punching shear strength of concrete slabs. Nevertheless, it was
discovered that adding more GFRP reinforcement than 3% will not increase the GFRP-RC
slabs' punching shear capability [16]. Dulude et al. [18] observed a notable increase in the
punching shear strength of FRP-RC slabs with larger slab thicknesses and column sizes.
Likewise, employing higher strength concrete yielded a similar enhancement [19].

Concrete slab-column connections' punching shear strength may be greatly increased by
adding steel shear reinforcement, as is well known [20, 21]. Previous studies reporting the
use of FRP bars as shear reinforcement have shown similar findings [22-26]. A range of
shear reinforcing methods, such as CFRP shear bands [22], CFRP rods [23], CFRP shear rails
[24], GFRP and CFRP spiral stirrups [25], and double-head GFRP bars used as shear studs
[26], have been presented by research investigations to improve the punching shear strength
of FRP-RC slabs. By minimizing bond-slip and postponing the propagation of cracks around
column faces, these reinforcing techniques successfully avoid punching shear failure at lower
load values [27]. Punching shear strength can be further increased by using FRP stirrups that
are properly secured [28].

To calculate the punching shear strength of connections between FRP-RC slabs and columns,
a number of design equations have been put forth. These formulae were obtained in two
ways: either by modifying the design formulas already in use for traditional RC slabs
reinforced with steel [14, 29-31], or by conducting restricted tests [15]. Several analytical
models have been introduced, such as Theodorakopoulos and Swamy's [32] model, which is
based on moment-shear interaction. This model aims to forecast the punching shear strength
of FRP-RC slab-column connections. The depth of the compression zone, which is
influenced by the FRP reinforcement's tensile strength and elastic modulus as well as the
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bonding properties between the concrete and the reinforcement, is the main emphasis of the
model. A semi-empirical fracture mechanics-based model was devised by Nguyen-Minh and
Rovnak [33] to assess the punching shear resistance of internal GFRP-RC slab-column
connections. This model takes into account many aspects, including the anchorage effect of
flexural reinforcement, the span-to-depth ratio (L/d), and the size impact. Moreover, a
number of other design formulae for FRP-RC slabs with FRP shear reinforcement are
available in the literature. To allow for FRP shear reinforcement, Gouda and El-Salakawy
[26] and Salama et al. [31] suggested changes to the CSA/S806-12 [34] code. According to
Gouda and El-Salakawy [26], concrete contributes 75% of what FRP-reinforced concrete
components lacking shear reinforcement do within the shear-reinforced zone. On the other
hand, Salama et al. [31] recommended, contrary to CSA/S806-12 [34], that the shear strength
be calculated taking into account the shear reinforcement with a maximum strain limit of
0.005, as well as half the shear strength given by concrete inside the shear-reinforced zone.
Similarly, Hassan et al. [35] proposed that, compared to concrete lacking shear
reinforcement, the shear strength contributed by concrete in the area reinforced for shear
should be halved. Furthermore, they recommended using the allowable stress for FRP shear
reinforcement to determine the shear strength provided by the shear reinforcement.

Despite the wealth of research on resistance to punching shear in FRP-reinforced concrete
slab-column connection, there remains a notable gap in the literature: a comprehensive
synthesis of findings consolidated into a single resource. This study endeavors to fill this gap
by undertaking a thorough examination of various aspects, including FRP properties, the
mechanics behind punching shear failure, and the efficacy of FRP shear reinforcement in
enhancing punching shear strength. In particular, it looks into two main situations: the
punching shear resistance of FRP-RC slab-column connection lacking FRP shear
reinforcement, and those incorporating such reinforcement. Additionally, the study
scrutinizes mathematical and numerical models aimed at predicting punching shear strength.
Drawing from a meticulous review of approximately one hundred research papers, this
analysis aims to provide a consolidated understanding of punching shear strength in FRP-
reinforced concrete slab-column connections.

2. FRP COMPOSITE MATERIALS

In 1975, the earliest application of fiber reinforced polymer (FRP) was seen in Russia,
specifically in the form of reinforcement bars [36,37]. Fiber reinforced plastic, or FRP, is a
category of materials that use natural or synthetic fibers to naturally increase the strength and
stiffness of a polymer matrix [37]. FRPs utilized for strengthening and reinforcing structures
boast immense strength, being rated as eight times stronger than traditional steel
reinforcement bars [38]. Glass fiber reinforced polymer (GFRP) is employed as prestressing
tendons to enhance the strength of a 9-meter-long wooden bridge that is securely fastened
[39]. In Europe, research on the potential of fiber-reinforced polymers (FRPs) as a substitute
for steel plate bonding in bridge repair and reinforcement began in the 1980s. On the other
hand, FRP composites have been used for structural strengthening in the US for around 25
years [40]. Throughout this timeframe, the acceptance of FRP composite as a prevalent
construction material rose in tandem with the increasing number of successful FRP
strengthening projects. Among design consultants, the adoption of FRP for strengthening,
rehabilitation, and retrofitting gained significant traction, surpassing traditional methods like
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installing additional structural steel frames and components [41]. FRP is primarily utilized
as internal reinforcement, such as rebar, or externally bonded reinforcement to enhance the
strength of concrete, timber, steel, and masonry structures [42]. During the 1990s in Japan,
FRP bars garnered considerable attention due to their involvement in the study of notably
elevated train support structures [43]. Not only does FRP weigh only 25% of steel, but it also
has a unique tensile strength attribute that exceeds steel's [36—43]. The Japanese group was
the first to publish design recommendations for using fiber reinforced polymer (FRP) to
strengthen reinforced concrete (RC) buildings in 1996 [43, 44]. Since then, the use of FRP
as a structural reinforcement has grown exponentially, leading official organizations all over
the world to create design supervision and guidance guidelines [45, 46]. Design regulations
for seismic upgrades of structures have long supported the use of externally bonded fiber
reinforced polymer (FRP) reinforcement for reinforcing structural elements, particularly
when using high-strength CFRP. Notably, there has been a recent surge in interest towards
developing economical and efficient methods for repairing, upgrading, strengthening, or
reinforcing existing RC bridges [47, 48]. Rebuilding an existing RC bridge is usually driven
by two primary concerns: the need to address deterioration that has accumulated over years
of use and the need to increase the bridge's strength to keep up with increases in the weight
of contemporary vehicles [49—55]. FRP reinforcements can be used to increase an element's
structural load-bearing capability [38,56,57].
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Figure 1 - Comparative analysis between FRP materials and steel [39]

The most widely used FRP composite reinforcements in civil engineering are made by
pultruding carbon fiber (CFRP), glass fiber (GFRP), basalt fiber (BFRP), and aramid fiber
(AFRP) [58,59]. Among structural FRPs, E-GFRP stands out as the most economical
material and consequently enjoys the highest consumption rate [60]. In contrast to E-GFRP,
BFRP carries a higher cost due to limited manufacturing capacity. Nevertheless, its price is
justified by its superior strength compared to GFRP, along with its resistance to alkalis and
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its nearly inexhaustible resource base [38]. With an emphasis on their stress-strain
characteristics, Figure 1 presents a thorough comparison of FRP materials and steel
reinforcements. Because of its high cost and limited compressive strength independent of the
direction of fiber alignment, AFRP is not commonly used as a structural bar, despite its
promise [61, 62]. Aramid fiber stands out as the optimal choice for ballistic-resistant fabrics,
as it effectively absorbs impact energy [63]. CFRP exhibits the highest strength among FRP
materials and boasts the widest range of strengths available [64]. This diversity arises from
differences in carbon sources and manufacturing methods. Comparing CFRP to other FRP
materials, however, CFRP shows a higher resilience to fatigue and creep failure [65]. Due of
its remarkable strength and resistance to fatigue and cycle failures, CFRP is more expensive
than other materials [66—68].

Materials of FRP bars are often classified and identified based on their mechanical properties.
Table 1 provides an overview of the mechanical properties of the most commonly available
FRP bars on the market.

Table I - Overview of mechanical properties for various types of FRP materials [41]

x;zerlal 3{2;;]1%, streggetllllsg\f/:[Pa) mo?l(lflﬁg%éPa) Elongation (%)
CFRP 1500-2100 600-3920 37-784 0.5-1.8
GFRP 1250-2500 483-4580 35-86 1.2-5.0
AFRP 1250-1450 1720-3620 41-175 1.4-4.4
BFRP 1900-2100 600-1500 50-65 1.2-2.6
Steel 7850 483-690 200 6.0-12.0

Fiber-reinforced polymer (FRP) composite materials exhibit notable durability [69—71] and
offer a reasonable fatigue life [72,73]. Their high strength-to-weight ratios make them
adaptable to various shapes and sizes of structures with ease. Additionally, FRPs demonstrate
corrosion resistance and robust weather resilience. They excel in chemical resistance across
a spectrum of substances. Furthermore, their lightweight nature significantly reduces labor
costs. As the composite industry continues to advance, focusing on high-performance
materials for aging civil engineering infrastructure, FRP stands poised to significantly extend
the service life of global infrastructure throughout this century.

3. PUNCHING BEHAVIOR OF STEEL-REINFORCED CONCRETE (RC) SLABS

Punching shear failure in reinforced concrete flat slabs happens locally around the support
regions due to intense shear and bending stresses. This type of failure is characterized by the
development of a truncated cone shape, which results in a rapid and substantial decrease in
the slabs' load-bearing capacity [74]. The evolution of the process leading to punching failure
unfolds through several stages as illustrated in Figure 2 [75]: Initially, an approximately
circular crack initiates around the column edge on the tension surface of the slab, penetrating
deeply in the direction of the compression area. Afterward, a fresh lateral and flexural crack
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appears. Next, an inclined shear crack develops near the midpoint of the slab depth, often
occurring when the load approaches approximately half to two-thirds of its load-carrying
capacity. As the loading persists, these diagonal cracks extend across both the areas
experiencing tension and compression, typically at angles varying between 25 and 45
degrees. Ultimately, the diagonal cracks advance to the juncture where the slab meets the
support, indicating the failure point at the punching load. The ability of slabs to withstand
punching shear is commonly affected by particular factors concerning geometry and material
characteristics. These factors include the size of the support cross-section, depth of the slab,
strength of the concrete, and the proportion of longitudinal reinforcement [76].
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Figure 2 - Punching shear failure mechanism observed in reinforced concrete flat slabs

[75]

In the absence of shear reinforcement, inclined cracks trigger the resistance of shear stresses
through five key elements of concrete shear strength, as identified by the ASCE-ACI
Committee 426 [77]. These factors include: (1) Vc denotes the shear resistance within the
compression zone, where the concrete remains uncracked.; (2) Va pertains to the interlocking
of aggregates along the surfaces of cracks; (3) Vd relates to the dowel action enabled by
flexural reinforcement intersecting the shear crack; (4) Arch action, especially noticeable in
deep members with a shear span-to-depth ratio less than 2.5; and (5) Residual tensile stresses
within the shear crack arise from minor connections between its surfaces. The ultimate shear
strength of slabs generally exceeds that of beams, a phenomenon explained by the ASCE-
ACI Committee 426 [77]. This discrepancy can be attributed to several influential factors.
Firstly, the allocation of bending moments within a slab differs from that in beams. Secondly,
slabs lack the balancing effect present in beams. Thirdly, conventional static analysis may
prove inadequate in fully capturing slab behavior. Additionally, in-plane forces exerted by
supports' restraints contribute to the overall strength of slabs. Finally, the interplay between
bending and shear effects further enhances the shear resistance of slabs.

Two different kinds of bending moments-radial and tangential moments-have an impact on
the slab at the contact between it and the column. The first fracture usually appears as a
tangential flexural crack close to the column face, where the radial moment is highest, when
the material is initially exposed to vertical shear force. Following this, the tangential moment
causes radial fractures to emerge from the column faces. Further tangential cracks that are
located further from the column face only become visible when there is a significant increase
in applied load because the radial moment rapidly decreases in the direction of the column
face. On the other hand, the beginning of inclined fractures proceeds in a different way since
they spread perpendicular to radial cracks. Because inclined fractures may only occur in
places where flexural tangential cracks are not present, these cracks often start in the middle

64



Ragheb SALIM

of the slabs. As a result, instead of having the same characteristics as flexural-shear fractures
seen in beams, they have web-shear crack features. In this case, a mechanism absent in beams
governs the beginning of inclined cracks: the rigidity of the slab in the lateral direction [78].

Lenschow and Sozen [79] observed that slabs commonly employ orthogonal reinforcement
mats, resulting in an intricate distribution of in-plane forces throughout the structure. A slab
section with a reinforcing mat positioned at a 45-degree angle to the direction of the moment,
M1, is shown in Figure 3. When there is no moment in the y direction (M2 = 0), The separate
elements of the reinforcement forces, denoted as T, in the y-axis direction are counteracted
by compressive forces within the concrete at the reinforcement level. As a result, if flexural
fractures diverge from parallel alignment with the reinforcement, in-plane forces appear
within the section of the slab where reinforcement is present. These in-plane forces increase
the applied loads, which contribute to the advancement of further cracking after the first
fractures.

M=0

—
Mlz: S M, M,
; P
W
M=0
M0 )
a) Moment and remnforcement orientation b) Internal forces at remforcement level

Figure 3 - The lateral forces within slabs, as described by ASCE-ACI Committee 426 [77]

Figure 4 shows the balance of internal forces along diagonal cracks within both slab and
beam structures. Concerning the beam (depicted in Figure 4a), sustaining equilibrium
requires the tensile force, T, in the reinforcement spanning the diagonal crack to
counterbalance the compressive force, C, applied above the fracture. Conversely, in the case
of the slab (Figure 4b), equilibrium doesn't demand that the compressive force, C1, beneath
the inclined crack, equals the tensile force, T1, generated in the reinforcement spanning the
fracture. To sustain equilibrium, it is essential for the total compressive forces across the
entire width of the slab, expressed as C1+C2, to be equal the cumulative tensile forces within
the reinforcement across the width of the slab, indicated as T1+T2. While fulfilling
equilibrium criteria, the transfer capability of force C1 and the proportion of C1 to C2 might
diminish with the reduction in uncracked concrete depth at the inclined crack location.
However, there is no corresponding mechanism for decreasing shear forces at this point.
Although reinforcing around the failure perimeter seems to enhance compressive force C1
by increasing the depth of uncracked concrete, the tensile force T1 within the reinforcement
can be counteracted by compressive force C2 beyond the failure perimeter [77-79].

In the cracked area near the column, outward in-plane displacements are frequently observed
in slabs. However, the stiffness of the surrounding slab resists these displacements, resulting
in in-plane compression forces within the slab. As a result, these pressures increase both the

65



A Review of Punching Shear Strength in FRP-Reinforced Concrete ...

bending and the shear capacities of connections between slabs and columns. Conversely, they
restrict the rotations of cross-sections, thus increasing susceptibility to brittle punching
failure [77].

a) Beam or one-way slab b) Two-way slab

Figure 4 - Forces observed at inclined cracks, as documented by ASCE-ACI Committee
426 [77]

In slab-column connections, the regions crucial for both moment and shear are typically
concentrated near the column. This convergence leads to an anticipation of moment-shear
interaction, complicating the distinct classification of failures as purely flexural or punching
failures in numerous instances. Typically, when the slab's reinforcement ratio increases, the
failure modes shift from flexural to punching failure. [77, 78].

4. PUNCHING SHEAR STRENGTH OF FRP-RC SLAB-COLUMN
CONNECTIONS WITHOUT SHEAR REINFORCEMENT

Concrete flexural cracking and steel reinforcement yielding are typical prior to punched shear
failure in structural members subjected largely to flexural pressures, like reinforced concrete
slab-column connections [80]. The punching shear resistance of steel-reinforced concrete
(RC) slabs primarily relies on the intact concrete within the compression zone, dictated by
the tensile reinforcement's resultant force [81,82]. Similar failure modes have been observed
in FRP-RC slabs [16,17,19]. However, due to the superior strength of Fiber-Reinforced
Polymer reinforcement as opposed to steel reinforcement and its retention of linear elastic
behavior until failure, punching shear failure in slabs reinforced with FRP typically happens
later than in steel-RC slabs with the same reinforcement area. In FRP-RC slabs, punching
shear failure often transpires before the FRP reinforcement ruptures [18].

Banthia et al. [83] undertook a comprehensive investigation into the efficacy of FRP grid
reinforcement in concrete slabs, juxtaposing its performance against that of steel-reinforced
counterparts. Plots of load against load point displacement were created by careful testing
under transverse loads in order to understand the behavior of the slabs. The application of
fiber-reinforced concrete and variances in concrete strength were closely examined in this
study, and strain measurements were methodically recorded at various grid positions. The
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findings unveiled that FRP-reinforced slabs exhibited either comparable or superior ultimate
loads compared to steel-reinforced slabs. However, a notable drawback surfaced: the inherent
brittle fracture nature of FRP led to diminished energy absorption capacities relative to their
steel counterparts. In a complementary endeavor, Matthys and Taerwe [14] investigated the
punching capacity of slabs reinforced with various FRP grid configurations, directly
contrasting them with steel-reinforced counterparts. Intriguingly, for FRP-reinforced slabs
boasting equivalent flexural strength to their steel-reinforced counterparts, the punching load
and stiffness in the cracked state experienced significant reductions. This observation
underscores the pivotal role of grid bond behavior in shaping crack propagation dynamics
and, ultimately, the brittleness of punching failure. El-Ghandour et al. [22] present the
outcomes of a detailed two-phase experimental program aimed at investigating the punching
shear behavior of fiber reinforced polymer-reinforced concrete (FRP-RC) flat slabs, both
with and without carbon fiber reinforced polymer (CFRP) shear reinforcement. In the initial
phase, the study identified issues related to bond slip and crack localization. Subsequent
adjustments made in the second phase, particularly the reduction in spacing between flexural
bars, effectively addressed these concerns, leading to the occurrence of punching shear failure
in the slabs. However, despite these modifications, CFRP shear reinforcement was found to
be inefficient in significantly enhancing the slab capacity due to its inherent brittleness. In a
related study, Li et al. [84] investigated the behavior of flat plate slabs reinforced with CFRP
rods in the punching shear zone. These slabs were subjected to constant gravity load and
lateral displacements in a reversed cyclic manner. The research involved testing three
specimens of interior column-slab connections: one standard specimen without shear
reinforcement, a second reinforced with CFRP rods, and a third reinforced with stud rails,
serving as a reference to the second specimen. While punching shear failure occurred in the
standard specimens at a lateral drift ratio of approximately 5%, the specimen reinforced with
CFRP rods displayed significant flexural yielding. It sustained deformations up to a drift ratio
of approximately 9% without notable strength losses and did not experience punching shear
failure. Additionally, displacements in this specimen were up to 1.79 times larger than those
of the standard specimen, indicating a 42% superior ductile performance compared to the
standard specimen, and even matching the capability of the stud rail reinforced specimen.
These experimental findings suggest a promising outlook for the utilization of CFRP rods in
flat slab applications.

Lee et al. [16] delved into the comparison between glass fiber-reinforced polymer (GFRP)
and steel bars in terms of their impact on punching shear resistance. Their experimental
findings delineated clear disparities: Due to the lower elastic modulus of GFRP bars, slabs
reinforced with GFRP exhibited notably reduced punching shear capacities, decreased post-
cracking stiffness, and increased deflections compared to their steel-reinforced counterparts.
Additionally, GFRP-reinforced slabs showed a heightened propensity for crack formation in
the immediate column region relative to those reinforced with steel bars. In a similar vein,
Hussein and Rashid [85] meticulously investigated the punching-shear behavior of two-way
concrete slabs reinforced with varying grades of GFRP bars. Employing monotonic
concentric loading until failure, the experimental setup allowed for a comprehensive
evaluation of reinforcement type and ratio effects. Notably, the tested specimens exclusively
experienced punching-shear failure as the final mode, with no instances of concrete flexural
crushing, rupture, or slippage failure of the reinforcing bars observed. Moreover, their study
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revealed that an increase in GFRP reinforcement ratio led to enhanced punching-shear
capacities, reduced strains in the reinforcement, and minimized slab deflections.

In a thorough investigation, Shill et al. [86] compared the structural behavior of extensive
two-way concrete slabs reinforced with fiber-reinforced polymer (FRP) rebars to that of
traditional steel-reinforced concrete. In place of steel reinforcement, basalt fiber composites
(BFRP) and carbon fiber composites (CFRP) were also assessed. Comparing CFRP-RC and
BFRP-RC slabs to steel-RC slabs, the testing results showed that the former had cracking
moment capabilities that were around 7% and 4% greater, respectively. It is worth
mentioning that the two types of FRP-RC exhibited different load capacity behaviors: CFRP-
RC slabs displayed a rapid decrease in load capacity similar to steel-RC slabs, while BFRP-
RC slabs demonstrated a gradual reduction beyond the peak load. Additionally, BFRP-RC
slabs exhibited 1.72 times more ductility compared to CFRP-RC slabs. The collapse of FRP-
RC slabs resulted from punching shear, whereas the failure of the steel-RC slab was due to
flexural bending moment. Steel rebars were found to have yielded upon failure, whereas FRP
rebars remained intact. Moreover, FRP-RC slabs exhibited more fractures and deflection
compared to steel-RC slabs. However, FRP-RC slabs demonstrated elastic recovery after
unloading, a behavior not observed in steel-RC slabs.

4.1. Punching Shear Strength of FRP-RC Slab-Column Connectors without Shear
Reinforcement: Analytical Models

4.1.1. Codes Specified Formulas

The critical shear perimeter method forms the basis of various design codes, such as ACI
318-19 [87], CSA-A23.3-04 [88], BS 8110-97 [89], and CEB-FIP 90 [90]. This methodology
is derived exclusively from extensive test data [91,92]. Instead of relying solely on empirical

Table 2: Critical shear perimeters as defined by various codes and standards.

Model based on ACI 318-19 [87], BS 8110-97 [89] CEB-FIP 90 [90]
perimeter CSA-A23.3-04[88]
and JSCE [94]

d
o]: | o -
b. = 4(c +d) be = 4(c + 3d) b, = 4(c + nd)
Key perimeter
a 154
2
b, =n(c+d) b, = 4(c + 3d) b, =n(c+d)
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models, Model Code 2010 [21] integrates punching shear equations rooted in the mechanical
concept of critical shear crack theory (CSCT) introduced by Muttoni [93]. These equations
utilize the maximum shear stresses along an imaginary vertical critical perimeter surrounding
the column to determine punching shear strength. Punching shear capacity in the CSCT
model is dependent on the size and texture of shear fractures created by slanted compression
struts that withstand shear loads. These design guidelines and standards offer distinct
formulations for punching shear calculations, with significant differences in the crucial
perimeter's form and placement. Various critical shear perimeters are offered, based on
statistical studies and the characteristics taken into account by each design code. An overview
of the essential shear perimeter anticipated for each design code is shown in Table 2. The
models provided by several researchers as well as those defined by rules and standards are
covered in detail in the following sections.

The ACI 318 code equation was modified with the addition of a modification factor k in ACI
440.1R-15 [95]. By incorporating this adjustment, the aim was to ensure that the punching
shear strength of FRP-reinforced two-way concrete flat slabs reflects the impact of both the
reinforcement ratio and the variable elastic modulus of FRP bars. The following is the
equation given in ACI 440.1R-15 [95]:

Vi = 0.8/ boyerdk (1)

k = /2pn, + (pny)* — pn, (2)

Here, n; represents the modular ratio, defined as the ratio of the modulus of elasticity of FRP
(Ef) to that of steel (E's). Meanwhile, p denotes the reinforcement ratio.

CSA S806-12 [96] introduced significant modifications to the punching shear equation
originally designed for steel-reinforced concrete flat slabs in CSA-A23.3-04 [88], tailoring it
for application in FRP-reinforced flat slabs. This revised formula takes into consideration a
number of factors, including size effect, reinforcement stiffness, reinforcement ratio, and
concrete compressive strength, that influencing the punching shear resistance of two-way flat
slabs. The minimal value derived from the given equations is used to calculate the punching
shear capacity of FRP-reinforced concrete flat slabs, per CSA S806-12 [96]:

e = (1 2002035 ) b .

Vp = (% + 0.19) 0.147A( Ef pffc’)l/ * begsad @)
A1/3

VR = 00561( Ef ,foc) b"CSAd (5)

Here, pf represents the reinforcement ratio of FRP.

In JSCE 1997 [94], an equation for designing punching shear in FRP-reinforced concrete
slabs was presented. This equation encompasses all primary parameters affecting punching
shear strength and is structured as follows:
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Vr = 5d5p5rfpcd b°]SCEd (6)
where:
1000
— 1/4
d ( d )
100pE
p = ( Ef f)1/3
S
0.25u
Br=1+1/1+ )

foca = 0.8/f! <1.2MPa

where bojscp the critical shear perimeter specified by JSCE [94] closely resembles that
outlined in ACI 318-19 [87]. Here, u denotes the perimeter of the column.

4.1.2. Proposed or Modified Models

A comparative examination of the observed values for FRP-reinforced slabs lacking shear
reinforcement available in the literature and the punched shear strength estimations obtained
using the suggested formula is shown in Table 3. Rizk et al. [97] proposed a modification to
the formula in ACI 318-11 for calculating the punching shear capacity of steel-reinforced
concrete slabs, which can be extended to FRP-reinforced slabs by incorporating adjustments
for the material properties of FRP, such as its lower stiffness and distinct tensile behavior:

7l
Ve = 0333/ ()°93(1000) 3% be ey d ™

Here, /. denotes the characteristic length, defined as — 0.84f,+500 based on the approach
outlined by Zhuo et al. [98], while 4 represents the thickness of the slab.

Conversely, Rizk et al. [99] employed regression analysis to adjust the CSA-A23.3-04
equation used for predicting the punching shear strength of flat slabs. This adjustment takes
into consideration the influence of the steel reinforcement ratio in addition to the sizes of the
slabs and columns. Here is how the revised equation is put together:

! lC
Ve = .7 (£)°33 (2)°25(100)°35 begsd (8)

Elsanadely et al. [100] formulated an empirical equation to predict the punching shear
strength of flat slabs, incorporating the effects of slab depth and utilizing experimental data
from the literature. The equation also accounts for the use of high-strength concrete, making
it applicable to both steel- and FRP-reinforced slabs when adjustments are made for the
distinct material properties of FRP. The following formula represents the equation developed
by Elsanadely et al. [100]:
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Ve = 0.127 (fcr)o.3330.333 ,_pfy (1 +%) ’ +£ Degcrd 9)

El-Ghandour et al. [22] proposed an adjustment factor (E f/Es)®*** to the equation in the ACI
318-95 code for estimating the punching shear strength of FRP-reinforced concrete flat slabs.
The resulting equation is as follows:

Vg = 0.333 (Ef/Es)°333, [ bepc,d (10)

Matthys and Taerwe [14] proposed a modification to the BS 8110 [89] equation for
calculating the punching shear strength of FRP-reinforced concrete flat slabs, resulting in the
following expression:

100pfc

Ve = 136 (1/d)i (225 Ef)s begsd (1)

Ospina et al. [15] proposed a further adjustment to the equation introduced by Matthys and
Taerwe [14], which is formulated as follows:

1
Ve =2.77 (Pffc’)E(Ef/Es)o'sb"Bsd (12)

El-Gamal et al.'s proposal [29] included a new factor a to the ACI 318-05 punching shear
equation, which can be utilized to approximate the punching shear strength of flat slabs
constructed with reinforced concrete and steel. The following is the expression for the altered
equation:

Vg = 0.333 \/f! boyida (13)
—053/0F (14 2%
a=053pE 1+ b"ACI) 14)

Bompa and Onet [101] empirically determined the inclination angle of the punching shear
surface through a combination of computational calculations and practical experiments
gleaned from existing literature. The resulting formula for the inclination angle (8) is
contingent on factors such as the effective depth of the slab, the ratio of flexural
reinforcement in the slab, and the yield strength of the reinforcement relative to the
compressive strength of the concrete. The following is how this model is stated:

tanf = 0.6 + pf,/f./d/265 (15)

Moreover, Bompa and Onet [101] devised a punching shear model that incorporates the
degree of inclination of the fracture surface, departing from the conventional approach of
employing a fixed critical shear perimeter. Here is the formulation of this model:

Ve = 2nd (£)5[0.4d + pfy5r]E (16)
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where 7, represents the punching shear radius at the top surface of the slab.
ro = dcotf + c/2
& =075 + (d/lch) %2

In order to examine the punching shear behavior of two-way flat slabs, Broms [102]
developed the Tangential Strain Theory (TST), which incorporates a strut-and-tie failure
mechanism near the junction of the column and the slab. This approach emphasizes the
importance of considering the yielding of slab reinforcement at the column edge. For slabs
with reinforcement remaining within the elastic range, the punching shear strength is
determined using the following equation. While originally developed for steel-reinforced
slabs, the theory can be adapted for FRP-reinforced slabs by accounting for the distinct stress-
strain behavior of FRP materials:

81
VR = mg

(17

A, A2
1-In(p)~5z

As an alternative, the punching shear may be written as follows if the slab reinforcements are
totally yielded:

2
Vy, = my, 1_7TA (18)

B
In this case, B=3n/8c, where c is the square column's side length and A is the circular test
model's diameter.
m, = pd?Ee (1 — x/3d)
my, = pd*f,(1 — x/3d)

The depth of the compression zone is shown here by x.

Hassan et al. [35] introduced a punching shear formula for flat slabs reinforced with FRP by
combining three suggested variables into the ACI 318-19 [87] framework: Bs, fa (similar to
JSCE 1997), and Bc. Experiments were used to validate these parameters. This is the
expression for the equation that Hassan et al. [35] proposed:

Vg = ﬁdﬁpﬁc\/ﬁ boycid (19)
where:

130
Ba = (7)1/4
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100p,
By = 0.55(——LLyv3

N

4d
B. = (0.65 +
b°ACI

)

Drawing on critical shear crack theory, Muttoni et al. [93] presented punching shear design
formulations. As a minimum value derived from the above equations, the punching shear
strength is offered.

Ve = ky’[(100pf, “2) b,d (20)

Vg = 0.55b,d3/f. 1)
Here,
d
kb = SCI.E 2 1
2
dag = dgo + dg.min ((%) ,1) < 40mm (22)

Here, a represents a factor fixed at 8 for interior columns. d 4 indicates the reference crack
roughness, whereas dgq and "dg" stand for the reference aggregate size, set at 16 mm, and
the maximum aggregate size, respectively..

In the case of concrete slabs and footings reinforced with steel, Kueres et al. [27] revised the
punching shear equations in Eurocode 2. Data testing from the literature was used to inform
their revision. They promoted the unification of the two distinct equations for calculating
punching shear in slabs and footings as required by Eurocode 2. The following is the
suggested updated equation:

Vg = 2.22 kdkl3 (100pfcr) bo revisea @ (23)
Here, k; (where ka=1/(1+d/200)°3) represents the modified influence factor, while
ki=(bo/d.ai/d)*3, with a; representing the shear span.

An empirical equation obtained from substantial experimental data on FRP-reinforced

concrete slabs was introduced by Hassan et al. [11]. Here is how this equation is expressed:

4d 125

+0.65) 0.065( Eyp, )"’ (7)1/ ® bogsad (24)

VR=(

becsa
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Table 3 - A comparative analysis between the punching shear strength estimates derived
from the proposed formula and the measured values found in the literature for FRP-
reinforced slabs without shear reinforcement

b(cotumn)

Reference dstab) (mm) (mm) £ (MPa) p (%) Ef(GPa) VEexp (KN) Viest/ Vired.
Matthys and 95 -126 80-150 32.1-363  0.52-3.78 40.7-95 171-347 1.032- 1.562
Taerwe [14]

g‘;s]san ctal. 131-281 300-375 29.6-75.8  0.73-1.61 48.1-64.9 386-1600  1.116-1.355
Egs]san ctal 132-281 300 343758 0.71-1.61 48.2-64.9 329-1600  1.110-1.301
Lee et al. [16] 110 225 363 1.1-1.26 482 222248 0.973-1.063
[Zlkg‘}“]g ctal. 100 250 35-71 1.05-1.18 4 218-275 1.10-1.47
Zaghloul and

Rasaqpur [104] 75 250 44.8 1.33 100 234 1.150
EL(‘)SSS]‘C“ ctal. 100 250 26-40 0.95-1.18 4 210249  1.205-1.262
855'3“‘3 ctal. 120 250 289375  0.73-1.46 28.4-34 206-260 1.00-1.14
G]Z)lg]ad ctal. 61 75100 36.6-44.6 0.95 13 7899 0.893-1.101
Nguyen-Minh

and Rovnak 129 200 39 0.48-0.92 48 180-244  0.867-0.946
[33]

Gouda and

Elsalakawy 159 300 38 0.65 68 421 1.05
[107]

Al Ajami [108] 94-191 200 35.53 0.93-1.01 525 168-617 0.88-1.17
Gouda and

Elsalakawy 160 300 380700  0.65-1.13 68 363-425 0.77-0.87
[26]

B‘;']“de ctal. 131-281 300-450 29.6-449  0.71-1.56  48.1-482 329-1248 1.08-1.39
E%‘;]Zy ctal. 82-112 200 33-39.7 0.81-1.54 46 165-230 0.90-1.43

4.2. Predicting Punching Shear Capacity of Punching Shear Strength of FRP-RC
Slab-Column Connections without Shear Reinforcement Using Machine Learning
Model

Machine learning (ML) stands as a pivotal artificial intelligence tool, adept at autonomously
absorbing and refining its operations through pre-existing data [110]. In contrast to
conventional regression analysis, ML boasts heightened predictive precision and adeptness
in managing intricate datasets [112]. It finds extensive application across various domains,
ranging from assessing concrete material properties to evaluating the load-bearing capacity
of reinforced concrete elements [113—120]. Classical machine learning frameworks include
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backpropagation artificial neural networks (BPANN), support vector regression (SVR),
decision trees, random forests (RF), and gradient boosting regression trees (GBRT) [113,
115-119]. Although frequently used, the study of machine learning for estimating the
punching shear capacity of FRP bar-reinforced concrete flat slabs is still in its early stages.
Metwally [121] used an artificial neural network (ANN) to predict punching shear capacity
from a dataset of 59 flat slabs, whereas Vu and Hoang [122] used the support vector machine
approach in a similar attempt. Liang's recent contributions [123, 124] have increased the
dataset to 154 items, using sophisticated ensemble prediction machine learning techniques
and evolutionary algorithms to generate explicit expressions. These developments have
significantly improved prediction accuracy and resolved application restrictions,
demonstrating the superiority of machine learning models in estimating punching shear
capacity over previous empirical techniques.

Yan et al. [125] performed a thorough analysis and created a complete database with 165 sets
of test data, including eight critical variables required for model creation. They then
developed four data-driven models—backpropagation artificial neural network (BPANN),
support vector regression (SVR), random forest (RF), and gradient boosting regression tree
(GBRT)-and compared their performance to conventional prediction algorithms. To improve
model interpretability, the study used the Shapley Additive Explanation (SHAP) and Partial
Dependence Plot (PDP) techniques to quantify the influence of parameters on anticipated
outcomes. The results showed that Ju et al.'s technique beat the 25 other formulae tested, with
R2, Pre/Exp, MAPE, and RMSE values of 0.76, 1.02, 22.2%, and 142.8 kN, respectively.
Furthermore, machine learning methods outperformed classical formulae in prediction
accuracy, with the GBRT model achieving the best precision. SHAP analysis indicated
effective slab height and column section aspect ratio as important variables impacting
punching shear capacity, whereas PDP analysis gave quantitative information on how
punching shear capacity fluctuates with each relevant variable.

Dogan & Arslan [126] conducted a literature review and gathered experimental data from
141 slabs reinforced with GFRP bars, CFRP bars, and conventional steel bars that had
undergone punching. Following data collection, meticulous parameter calibration enabled
the development of prediction models for slab punching strength using five different machine
learning techniques: Multiple Linear Regression (MLR), Bagging-Decision Tree Regression
(Bagging-DT), Random Forest Regression (RF), Support Vector Regression (SVR), and
Extreme Gradient Boosting (XGBoost). The study thoroughly examined the convergence
performance of the algorithms concerning the outcomes, alongside analyzing the impact of
each parameter on the data. It also critically evaluated the predicted accuracy for punching
strength in the literature, including ACI 440's and other techniques. The study's most notable
conclusion was that predictions, especially those derived from building codes, tended to be
more conservative than experimental results. Among the methods employed, Support Vector
Regression (SVR) emerged as the most efficient, particularly in estimating the strength of
slabs reinforced with GFRP bars. Following analysis, SVR yielded impressive results: for
slabs reinforced with GFRP bars, the R2 values, Mean Absolute Error (MAE), and Root
Mean Squared Error (RMSE) performance measures significantly exceeded those of
empirical correlations, reaching 96.23%, 0.16, and 0.19, respectively.
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Here’s the revised version of the paragraph, taking into account the note that ACI is "safe for
design purposes" and should not be labeled as "least reliable". The author of this article has
also clarified other aspects and ensured consistency:

In their investigation of the punching shear strength of fiber-reinforced polymer (FRP)
concrete slabs, Badra et al. [127] assessed several models from the literature using a
rudimentary reliability analysis, highlighting the need for more precise and consistent
strength models. As a result, the study proposed two machine learning (ML) models, both of
which demonstrated superior accuracy in predicting strength compared to earlier models,
offering a novel approach. The study also examined the complex interplay of factors
influencing punching shear strength, contrasting the impact of primary variables on strength
using the proposed models with that of existing models. A more comprehensive analysis was
suggested, with a streamlined reliability-based assessment that ranked CSA as the most
dependable. While ACI was not the least reliable, it was considered more conservative and
showed less alignment with test data trends. However, it remains a reliable approach for
design purposes due to its safety focus. The study revealed that the reliability of the models
deteriorated for slabs with thicknesses below 200 mm and reinforcement ratios below 1%.
Interestingly, the reliability index remained consistent as concrete compressive strength,
effective depth, flexural reinforcement ratio, and Young’s modulus increased. Additionally,
as these parameters increased, sensitivity factors decreased. Parametric experiments using an
ANN model and an SVM model demonstrated enhanced accuracy, consistency, and safety.
These models were capable of accommodating variable uncertainty and accurately capturing
the complex behavior of FRP-reinforced concrete slabs under punching shear. The study
concluded that, while the flexural reinforcement ratio had minimal impact on strength due to
the reduced transverse resistance of FRP reinforcement, the size and compressive strength of
the concrete significantly influenced strength, likely due to the values of Young’s modulus
of FRP bars and reduced dowel action effects.

In order estimate the punching shear strength of FRP-C slabs without shear reinforcement,
Truong et al. [128] used machine learning (ML) approaches. Using input variables like the
shear span-to-effective depth ratio, column perimeter-to-effective depth ratio, effective slab
depth, concrete compressive strength, FRP reinforcement ratio, ultimate tensile strength, and
elastic modulus of FRP, they created an experimental database with 104 specimens. The
study evaluated the applicability of three ML techniques: extreme gradient boosting
(XGBoost), random forest (RF), and support vector regression (SVR). To refine
hyperparameters, ML-based models were developed using a grid search method and a 5-fold
cross-validation strategy. Using a variety of statistical estimators, the effectiveness of these
machine learning-based models was assessed and contrasted with the design codes and pre-
existing models. The results indicated that there was no apparent bias in the predictions of
punching shear strength by the three ML-based models concerning the input variables. With
a coefficient of determination (R2) of 0.962, a root mean square error (RMSE) of 0.061 MN,
a mean absolute error (MAE) of 0.035 MN, and a mean absolute percent error (MAPE) of
8.931% for the testing dataset, the XGBoost-based model emerged as exhibiting the most
superior prediction performance. Further analysis revealed that the effective slab depth
exerted the most significant impact on prediction performance. When compared to SVR- and
RF-based models, as well as existing design codes and models, the XGBoost-based model
demonstrated superior accuracy and robustness. These findings underscored the precision
and reliability of the XGBoost-based model for FRP-RC slab design and assessment.
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5. THE CAPACITY OF FRP-RC SLAB-COLUMN CONNECTIONS TO RESIST
PUNCHING SHEAR WHEN INCORPORATING SHEAR REINFORCEMENT

Shear reinforcement can notably enhance punching shear capacity, despite the fact that many
slabs are frequently constructed without it due to relatively lenient code requirements and
challenges associated with anchoring and installation [87]. Similar to RC slab-column
connections with shear reinforcement, punching shear failure in FRP-RC slab-column
connections with FRP shear reinforcement may be categorized into three main failure modes
depending on the amount and detailing of the FRP shear reinforcement: (1) failure at the level
of maximum punching shear capacity, (2) failure outside the shear-reinforced zone, and (3)
failure within the shear-reinforced zone [27, 129]. The first mode, shown in Figure 5(a),
happens when there is not enough shear reinforcement to stop shear cracks from spreading
across the FRP shear reinforcement. This is frequently the result of inadequate shear
reinforcement-concrete interaction or anchorages coming loose. Conversely, the second
mode, illustrated in Figure 5(b), occurs when there is an excess of shear reinforcement or
when the spacing between the shear reinforcement is dense enough. Here, the shear
reinforcement halts the propagation of the shear crack, leading to punching shear failure at
the maximum punching shear capacity level. This typically transpires at the critical section,
positioned between the innermost perimeter of the FRP shear reinforcement and the column
edge. In cases where the shear-reinforced zone is relatively short in length, the third mode
(depicted in Figure 5(c)) may manifest.

: FRP flexural reinforcement FRP flexural reinforcement
|

FRP flexural reinforcement

|
I
I L/ I I
(1A / S | ] St S
| |
! ‘ A ‘
! " T f
! ! \ | !
|__|FRPshear Punching shear |__|Punching shear FRP shear | |FRPshear Punching shear
I reinforcement crack ! crack reinforcement I reinforcement crack
(a) Punching failure inside (b) Maximum punching (c) Punching failure outside
the shear-reinforced zone shear capacity the shear-reinforced zone

Figure 5 - FRP-RC slab-column connections with FRP shear reinforcement show punching
shear failure mechanisms [27].

El-Ghandour et al. [22] investigated eight internal connections between circular slabs and
columns, with three incorporating CFRP shear bands as shear reinforcement at varying
flexural reinforcement ratios. The introduction of CFRP shear bands enhanced deformability
compared to unreinforced slabs, with a significant 13.9% increase in punching capacity
observed in slabs featuring 0.38% GFRP flexural reinforcement. The authors suggested a
strain limit of 0.0045 for shear reinforcement and advocated for a maximum spacing of 0.5d.
Furthermore, they recommended relying on only 50% of concrete resistance, consistent with
the provisions of the ACI 318-95 code. Similarly, Hassan et al. [25] investigated 10 full-scale
slab-column connections categorized into 200 mm or 350 mm series based on thickness.
While the flexural reinforcement of all slabs was GFRP, only seven of them incorporated
FRP stirrups for shear reinforcement. FRP stirrups notably enhanced shear capacity by 23%
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for series II and reduced failure brittleness by 29% for series 1. However, in specimens with
low reinforcement ratios, flexural reinforcement primarily governed punching shear capacity,
suggesting that FRP stirrups could only offer a modest enhancement.

Gouda and El-Salakawy [26] investigated the utilization of a distinctive type of headed-end
GFRP studs as shear reinforcement in internal connections. These studs were meticulously
positioned in eight lines encircling the central column, creating five and seven parallel
peripheral rows of studs, respectively, with 120 mm and 80 mm (0.75d and 0.50d) spacing
between stud rows in Connections R-15-75 and R-15-50. The critical segment was situated
3.90d from the column face, beyond the shear-reinforced zone in both configurations, where
the studs extended into the slab. Despite the authors' observations of improved rigidity and
load-bearing capability in the shear-reinforced connections, the GFRP studs failed to avert
the occurrence of brittle punching shear failure, resulting in both connections collapsing
within the shear-reinforced zone. Additionally, there was evidence of damage to the shear
stud heads. El-Gendy and El-Salakawy [30] employed a comparable arrangement of GFRP
shear reinforcement in GFRP-RC slab-column edge connections in a related study. Their
analysis revealed that the joint equipped with seven parallel rows of studs along the periphery
(spaced at 0.50d) encountered a failure mode characterized by significant deformations due
to bending. Conversely, a connection outfitted with merely five parallel rows of studs along
the periphery, with a spacing of 0.75 inches between them, experienced failure due to a
combined flexural and punching mode.Table 4 displays the test outcomes for interior slabs
constructed with FRP reinforcement, specifically featuring FRP shear reinforcement.

Table 4 - The existing test data for interior slabs reinforced with FRP, particularly focusing
on the inclusion of FRP shear reinforcement.

p(%)  Ei(GPa) A, (mm?)

b(column) , E(GPa)
Reference dstan) (mm) f¢ (MPa)  (Flexural ~ (Flexural  (Shear . Vixp (KN)  View/Vpred.

(mm) . . . (Shear rein.)

rein.) rein.) rein.)

g@s]sa“ ctal 31984 300 29.5-402  0.34-16l 68 71-129  44.6-1304  514-2024  0.93-1.12
Gouda and
El-Salakawy 160 300 42 0.65 63.1-68 113 60 385-401  0.96-0.97
[26]
Zaghloul [24] 100 250 45.7-57.6  0.87-1.48 100 100 100 318-328 1.16
Hussein [130] 160 300 43 0.98-1.93 65 71-127 52-68 527-595 1.01-1.08

5.1. Analytical Models for Predicting the Punching Shear Strength of FRP-Reinforced
Concrete Slab-Column Connections with Shear Reinforcement

Present design standards lack precise directives for integrating FRP shear reinforcement in
FRP-RC slab-column connections. Additionally, there is a scarcity of analytical models for
forecasting the punching shear resistance of FRP-RC slab-column connections devoid of
shear reinforcement, as delineated in Table 5.

Hassan et al. [25] introduced an equation aimed at assessing the contribution of FRP stirrups,
denoted as, to the punching shear capacity in two-way slabs. This suggested equation, which
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is shown below, is a modification of the shear design equation for steel specified in
CSA/A23.3-04:

v, = 0.7 24wl 1s (23)

bos

Incorporating ¢y, the factor representing the resistance of FRP reinforcement, the area of the
shear reinforcement's cross-section, and the minimum stress in the shear reinforcement fz,
as delineated in the subsequent two equations:

(0:05 +05) fr,

ffs = 15 < frena

frs = 0.004 E,

In this scenario, where Ef¢ represents the modulus of elasticity of FRP shear reinforcement,
b, indicates the bend radius, d, stands for the diameter of the bars, ff, denotes the tensile

strength of the unstressed section of the stirrup, and f}.,4 characterizes the ability of the FRP
stirrup to resist bending.

Gouda and El-Salakawy [26], as well as El-Gendy and El-Salakawy [30], proposed an
equation designed to evaluate the role of FRP stirrups. Their method is based on the
similarities between the recommendations for steel-reinforced concrete connections between
slabs and columns featuring stud shear reinforcement as detailed in CSA/A23.3-14 and ACI
318-14, respectively.

_ PrAvsfys

Vs = (24)
_ Avsffs

v ==k (25)

Salama et al. [31] presented an equation tailored to assess the function of FRP stirrups. Their
method is informed by the similarities observed in the guidelines for steel-reinforced concrete
slab-column connections featuring stud reinforcement against shear, as outlined in CSA
S806-12 and ACI 440.1R-15, respectively.

_ @fAys (0.005 Efg)
- bos

s (26)
_ BfAys (0.004 Efg)
- bos

27)

N

Truong et al. [131], in their study, formulated a design equation for FRP shear reinforcement
based on the design principles specified in ACI 440.1R-15 and the methodology established
by El-Gendy and El-Salakawy [30]. This equation is represented as follows:
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0.7 Ays €5 Efs (d—
v, = vs Sssfs( Cu) (28)
In the context of this research article, &5 denotes the strain effectiveness of FRP shear

reinforcement, c,, represents the depth of the neutral axis, and d signifies the effective depth
of the slab.

Table 5 - Design approaches for slabs reinforced with FRP and featuring FRP shear

reinforcement
Model Equation
DA
Hassan et al. [25] v, = 0.7 rAvsfrs
b,s
DrA
Gouda and El-Salakawy [26] v = f bv;ffs
o
A
El-Gendy and El-Salakawy [30] v = Zs];fs
o
@Ay (0.005 Eyy)
ST b,s
Salama et al. [31]
@Ay (0.004 Ey)
ST b,s
0.7 A Es (d —
Truong et al. [131], v = vs & Ers (d — ¢u)

N

6. SUMMARY, CONCLUSIONS AND LIMITATIONS

Interest in reinforcing concrete slabs with Fiber Reinforced Polymer (FRP) bars is increasing,
particularly for their advantageous properties in harsh environments where conventional steel
reinforcement is prone to corrosion. Understanding the punching shear behavior of flat slabs
reinforced with FRP bars is crucial because punching shear is a critical failure mode in flat
slab floor systems. A review of approximately one hundred studies, both recent and historical,
indicates that FRP reinforcement can effectively replace steel reinforcement, addressing the
issue of corrosion. Experimental results suggest that while the basic failure mechanism of
slab-column connections reinforced with FRP in concrete (FRP-RC) shares similarities with
those reinforced with steel, unique strength prediction models are required due to substantial
variations in the elastic modulus and stress-strain characteristics of FRP. Moreover, the
punching shear resistance of FRP-RC slab-column connections is enhanced with the
incorporation of shear reinforcement. In specimens featuring shear reinforcement, the
occurrence of brittle punching shear failure is less frequent, and fractures are more evenly
distributed. FRP stirrups effectively distribute the shearing forces across the punched shear
zone, providing adequate confinement and resistance to hinder the development of significant
shear fractures. This ensures that failure predominantly occurs within or outside the shear-
reinforced zone, rather than at a singular point. Despite considerable research on FRP, its
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widespread adoption in the construction sector, especially in slab-column connections,
remains in its infancy, with limited large-scale implementation:

1.

While FRP materials offer excellent resistance to corrosion and other environmental
factors, long-term performance data, particularly in real-world conditions, is still limited.

Although there is growing research on the use of FRP in concrete reinforcement, there
are still no universally accepted design codes or guidelines specifically for FRP-
reinforced slab-column connections with shear reinforcement.

While FRP bars exhibit favorable properties under normal conditions, their behavior
under extreme conditions such as high temperatures, fire, or severe seismic events is not
as well-documented as that of steel reinforcement.

Most existing studies are based on laboratory-scale tests, which may not fully capture the
complexities and constraints of actual construction environments. Scaling up these
findings to real-world applications involves uncertainties that need to be addressed.

Although the use of FRP can reduce the environmental footprint of reinforced concrete
structures, the environmental impact of producing FRP materials themselves, including
the energy consumption and emissions associated with their manufacture, needs more
comprehensive evaluation.

7. FUTURE RESEARCH DIRECTIONS

Based on the evaluation, the following areas are suggested for further research:

1.

The bond between FRP bars and concrete differs from that of steel bars, potentially
affecting the overall performance of slab-column connections. Further research is needed
to understand and improve this interfacial bond behavior to ensure structural integrity.

Conducting tests on FRP-reinforced slab-column connections in flat plates with drop
panels or column capitals will provide insights into their structural behavior and potential
improvements in punching shear strength.

Examining the punching shear strength of FRP pre-stressed slab-column connections will
help determine the benefits and limitations of pre-stressing techniques in enhancing
structural performance.

Studying the behavior and strength of FRP-reinforced slab-column connections under
quasi-static dynamic loads is essential to evaluate their seismic response and ensure their
reliability in earthquake-prone areas.

Conduct experimental and field studies to assess the long-term performance of FRP-RC
slab-column connections under various environmental conditions, including exposure to
freeze-thaw cycles, chlorides, and UV radiation.

Explore the punching shear performance of FRP-RC connections under dynamic and
cyclic loading, such as seismic or wind-induced forces, to understand their behavior in
regions prone to such events.
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7. Study the effect of various FRP stirrup configurations and spacing on punching shear
resistance to develop optimized design guidelines for shear reinforcement.

(2]

[3]

[4]

[10]

[11]

[12]
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