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ABSTRACT- This study experimentally investigates the
punching shear response of two-layer slabs having normal
concrete (NC) with steel fiber reinforced concrete (SFRC).
The concept of the two-layer system is simple: fibers are
only cast in the areas where the critical cracks are likely to
occur, thus minimizing the amount of the more costly
fibered concrete. A total of 15 flat-slab specimens were cast
and divided into five parametric groups, with a normal
concrete slab as the reference slab, and the other slabs
having different variables such as the fiber height ratio
through the slab depth, the flexural reinforcement ratio, the
lateral size of the SFRC zone around the column, the load
eccentricity, and the fiber volume fraction. Each specimen
was loaded to failure and the response was monitored using
load-deflection curves, cracking and ultimate loads, steel
and concrete strains, punching cone geometry, ductility, and
secant stiffness. The measured capacities were then
compared with the ACI 318 punching provisions. The
results indicated that the through-depth location of the fibers
is an independent design variable, that the fibered zone is
effective only if it is sufficiently thick to intersect the
incipient failure surface, and that the dosage of fibers
increases both the cracking load and the ultimate load.
However, most of the fibre benefit was negated by load
eccentricity which also altered the mode of failure.
However, ACI predictions were conservative for each
concentric specimen, and did not consider the contribution
of the fibers, the zone-size effect, or the eccentric failure
mode.

KEYWORDS- Flat Slab; Punching Shear; Slab-column
Connection; Steel Fiber Reinforced Concrete; Two-layer
Slab.

I. INTRODUCTION

In the field of building construction, reinforced concrete
slab-column floors such as flat slabs are widely used in
construction as they do not require deep beams, are easy to
form, and can reduce the story height [1], [2]. This is
because the gravity load is transferred directly from the slab
to the column, which makes the design of the floor easier,
but puts a heavy load on the connection area. Punching shear
is the most important local failure. It is when high forces are
applied to the column, resulting in high shear stresses and
cracking at the point of application, and the slab then cracks
around the column in a punching cone. The main concern
regarding this failure is in its characteristics as it can occur

without a warning and can lead to sudden and brittle
progressive collapse [2], [3].

The prediction of punching capacity is not straightforward,
as it is influenced by a number of interacting material and
geometric parameters, and because the design codes do not
consider the same parameters. The capacities of each code
are based on different theoretical models or empirical
formulations and can result in different capacities for the
same connection [1], [3], [4]. A set of common parameters
are identified as the main parameters that affect strength and
deformation for all experimental programs, such as concrete
strength, flexural reinforcement ratio, column size and slab
slenderness [4], [5]. The flexural reinforcement ratio is
particularly significant as it affects flexural capacity and
stiffness, and thus rotation and crack width in the vicinity of
the column. For lightly loaded buildings, slabs with low
reinforcement ratios can have extensive yielding before
punching, which can alter the failure mode of the slab to a
flexure-influenced failure [5].

Due to its brittle and critical nature, a variety of punching
strengthening methods have been investigated [2].
Transverse shear reinforcement in the form of stirrups or
studs intercepts the inclined cracking and provides load
paths after cracking, and it has been demonstrated to
increase punching capacity and enhance ductility [1], [6].
The downside is that it can take up a lot of space in the
connection area and may be more difficult to detail.
Material-based strengthening strategies are considered
when space is an issue in the strengthening process.
Tremendous research has been conducted on the use of steel
fiber reinforced concrete due to its capacity to target the
governing mechanism behind shear transfer. The fibers help
bridge the crack faces and spread the tensile stress over the
crack leading to reduced spacing of the cracks and
enhancing the punching resistance capacity as well as
increased ductility [7].

Most of the up-to-date studies have concerned monolithic
slabs in different configurations including plain reinforced
concrete and single layer steel fiber reinforced concrete. No
studies have investigated two-layered plain and steel fiber
reinforced concrete slabs’ response to punching, which is a
critical gap in the literature since the critical shear crack and
the rotation profile could interact with the position of the
fibers relative to the tension and compression zones, and
with the interface between the two layers [8]. The present
research aims to fill this gap by exploring the punching
capacity of two-layered slabs cast in normal concrete and

Innovative Research Publication

153


https://doi.org/10.55524/ijirem.2026.13.3.18
www.ijirem.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Innovative Research in Engineering and Management (IJIREM)

steel fiber reinforced concrete and investigates the cracking
behavior and deformation response in the slabs and
compares the findings with ACI 318 predictions.

Il. EXPERIMENTAL PROGRAM

A. Materials and Mix Proportions

All materials used were ordinary Portland cement, natural
sand and crushed coarse aggregate within the ASTM C33
limits. A polycarboxylate ether based high-range water
reducer was added to enhance workability. The target
compressive strength of 25 MPa was set for the plain normal
concrete, and a series of trial batches were prepared by
adjusting the cement content, aggregate proportions, water-
to-cement ratio, and dosage of admixtures to obtain a
suitable mix. The selected reference mix is summarized in
Table 1. The SFRC series was then prepared with the same
base proportions without any changes. The hooked-end steel
fibers were not used to replace any ingredient in the
reference mix but were simply added to the reference mix
as an additional constituent, as was the case with the
admixture. The fibers took up some of the batch volume, so
the paste and aggregate phases were slightly reduced, and
this was controlled during mixing by adding the fibers
towards the end of the mixing cycle, which reduced the
workability of the mix.

¥120 mm
650 mm

Y120 mm

,||’ 600 mm —4’
650 mm

Table 1: Reference concrete mix proportions and hooked-
end steel fiber properties

Mix constituent Quantity Steel fiber property /
value
Cement 290 kg/m?3 Type: Hooked-end
Fine aggregate 939 kg/m?3 Length: 25 mm
Coarse aggregate 918 kg/m3 Diameter: 0.25 mm
188.5 .-~
Water kg/m? Aspect ratio: 100
Water-to-cement Tensile strength: 2850
. 0.65
ratio MPa
Superplasticizer 1.45 kg/m?3 Elastic modulus: 200
GPa
28-day mean . 3
strength 25.07 MPa Density: 7900 kg/m

B. Specimen Geometry and Test Matrix

Figure 1 presents the slab and column dimensions used in
the research. As shown in the figure, the slabs were cast 650
mm by 650 mm and had a thickness of 60 mm. The column
centered on the slabs was cast 120 mm by 120 mm with a
height of 150 mm. It is also shown that the slabs’ clear span
was 600 mm by 600 mm leaving a 25 mm overhang beyond
the supports.

,|'120 mm;"

60 mm

¥— 150 mm —

£ 600 mm
ql’ 650 mm

=t
-

Figure 1: Slab dimensions and specimen geometry.

The program comprised fifteen specimens in five parametric
groups, each of which differed by one parameter while the
remaining parameters were kept constant as shown in Figure
2. The reference for all groups was the plain normal concrete
slab S1, which was cast without fibers at a flexural
reinforcement ratio of 1.346%. Groups 1, 2, 4 and 5 used the
same common SFRC reference (Specimen S2) and are
referred to as S6/S2, S10/S2 and S14/S2. Group 1 varied the

ratio of the height of the fiber with depth (S1: 0, S2: SFRC
in the lower half, S3: cast full-depth in SFRC). Group 2
changed the flexural reinforcement ratio from 0.725 to
1.035 and 1.346 percent. In Group 3, the lateral dimension
of the fibered zone around the column was varied to C+d,
C+2d and C+3d. Group 4 changed the load eccentricity (e =
0, 60, 120 mm) and Group 5 changed the fiber volume
fraction (0.5, 1.0, 1.5 percent).
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Figure 2: Testing program and full specimen matrix for the five parametric groups.
C. Instrumentation and Test Procedure I1l. RESULTS AND DISCUSSION

A centrally applied load through the column stub was used
to load each slab to failure, while the eccentric specimens
were loaded at the offsets shown above. A load cell was used
to measure the load and the deformation response was
measured at several locations. The central deflection was
measured using linear transducers. Electrical resistance
strain gauges were placed on the main tension reinforcement
at a distance d from the face of the column and on the slab
soffit in the longitudinal, diagonal and front directions to
measure the strains of the steel and concrete at first crack
and at ultimate. The punching cone was traced from the
post-test photographs in AutoCAD and the cone area,
perimeter and failure angles were measured for each

specimen.

The plain reference slab S1 failed in a typical brittle
punching mode with a well-defined circumferential crack
around the column, limited radial cracking on the tension
face and small deformation before failure. The specimens
with SFRC reacted differently and cracking took longer and
spread over a wider area, deflected more, and in most cases
carried a higher ultimate load. This behavior confirms the
role of fibers, as their use led to changing the crack and
damage paths and bridged the first cracks upon forming and
allowed the slab to resist longer along with the increased
load compared to the slabs cast in plain concrete, and this
finding is consistent with the findings of other researchers

[0, 2], [7].
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A. Effect of Fiber Height Ratio (Group 1)

The plain reference slab S1 failed in a typical brittle
punching mode with a well-defined circumferential crack
around the column, limited radial cracking on the tension
face and small deformation before failure. The specimens
with SFRC reacted differently and cracking took longer and

spread over a wider area, deflected more, and in most cases
carried a higher ultimate load. This behavior confirms the
role of fibers because the use of fibers resulted in changing
the crack and damage paths and the slab resisted longer with
the increased load compared to the slabs cast in plain
concrete, and this finding is consistent with the findings of
other researchers [9], [2], [7].

== 51 ( Fiber Heigh = 0%h )
= 52 ( Fiber Heigh = 50%h )
= 53 ( Fber Heigh = 100%h )

1 2 3 4 5 6

7 8 9 10 11 12 13

Central Deflection (mm)

Figure 3: Load versus central deflection, Group 1 (effect of fiber height ratio).

Table 2: Critical loads and central deflections, Group 1
(effect of fiber height ratio)

Slab Stage Load (kN) | Central deflection (mm)
S1 | First crack 25.00 1.82
S1 Ultimate 65.11 5.10
S2 | First crack 46.00 2.77
S2 Ultimate 85.19 7.53
S3 | First crack 58.00 3.25
S3 Ultimate 95.16 13.36

The flexural cracking begins at the bottom of the section
under this loading, and the benefit of the bridging action is
greatest in this area, with the tension half already providing
a significant portion of the benefit. The extra advantage of
the full-depth specimen is a result of the geometry of the
punching mechanism itself. If the whole depth is fibered, the
inclined crack will go through a bigger fiber volume and
will be resisted over a greater part of the failure surface. The

first crack behavior is worth considering as the fiber effect
was the greatest there in proportion. The first crack load
increases by 84% and 132%, respectively, which are both
higher than the ultimate load increases, suggesting that the
fibers are most effective at the first crack when the crack
width is small. This trend is in line with the results of
Gouveia et al. [10] who found that the punching resistance
and deformation capacity of SFRC flat slabs were increased
simultaneously, and with the reduction of crack width at
service load reported by Nguyen-Minh et al. [9].

B. Effect of Flexural Reinforcement Ratio (Group 2)

Group 2 clarifies the impact of fiber usage benefits as the
specimen with the lowest reinforcement ratio, S4 at 0.725%,
cracked at 40.00 kN, which is well above the control, but the
ultimate load of 64.67 kN was essentially the same as that
of S1. It also exhibited the greatest central deflection of the
group (10.30 mm) and very high tensile strain in the
reinforcement. As the ratio rose to 1.035% in S5 and 1.346%
in S6/S2, the ultimate load increased to 80.72 and 85.19 kN,
as Figure 4 and Table 3 show.
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Figure 4: Load versus central deflection, Group 2 (effect of reinforcement ratio).

Table 3: Critical loads and central deflections, Group 2
(effect of reinforcement ratio)

Slab Stage Load (kN) | Central deflection (mm)

S1 First crack 25.00 1.82
Ultimate 65.11 5.10

S4 First crack 40.00 4.48
Ultimate 64.67 10.30

S5 First crack 37.00 3.06
Ultimate 80.72 8.30

S6/S2 | First crack 46.00 2.77
Ultimate 85.19 7.53

The difference between S4 and S6/S2 indicates that SFRC
is not a complete solution to the problem of insufficient
flexural reinforcement. The fibers are used for crack control
and post-cracking resistance, and the flexural bars are used
to provide the main tensile force that the slab needs to create
a stable punching mechanism and mobilize the compression
strut around the column. If the ratio is low, the slab yields
and deforms significantly before the punching capacity is
attained and the response is more like a flexure-influenced
limit, but a cone is still formed. This behavior is in line with
Teng et al. [5] who emphasized that the reinforcement ratio

is a first order parameter that controls the punching strength
and that low reinforcement ratios can lead to high yielding
before punching, and with the observation by Mabrouk et al.
[6] that the flexural reinforcement ratio has a first order
effect on capacity and deformation. This reading is
supported by the secant stiffness data. The load-deformation
gradient of the lightly reinforced S4 was the lowest of the
group, thus confirming that the reduction in reinforcement,
and not any difference in fiber content, controlled the load-
deformation gradient.

C. Effect of SFRC Zone Size (Group 3)

Group 3 confirms that the lateral spread of the fibers is as
important as the fibers themselves. The smallest fibered
zone, C+d in S7, resulted in a slight increase in the ultimate
load to 70.66 KN and a ductility index of 1.23, which is
essentially the same as the plain control. The C+2d zone in
S8 resulted in an ultimate load of 74.57 kN, and the widest
C+3d zone in S9 had an ultimate load of 84.45 kN with a
much larger deformation capacity as shown in Figure 5 and
Table 4. The trend is explained by the cone measurements.
S7 had a localized failure and the highest average failure
angle of the entire program, 36.10 degrees, which means
that the inclined surface soon left the narrow fibered region
and crossed the plain concrete for most of its length. The
wider crack fields of S8 and S9 were due to the critical crack
having to pass through a larger fibered area before reaching
the tension face.
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Figure 5: Load versus central deflection, Group 3 (effect of SFRC zone size).

Table 4: Critical loads and central deflections, Group 3

(effect of SFRC zone size)

Slab Stage Load (kN) | Central deflection (mm)

S1 | First crack 25.00 1.82
Ultimate 65.11 5.10

S7 | First crack 32.00 3.04
Ultimate 70.66 6.46

S8 | First crack 42.00 3.90
Ultimate 74.57 10.42

S9 | First crack 39.00 2.60
Ultimate 84.45 11.82

This means that there is a minimum fibered zone, in the
geometry tested, below which the use of targeted fiber
placement is not beneficial because the failure surface
simply avoids the fibers, between C+d and C+2d. After that
threshold, increasing the size of the zone further increases
the deformation capacity. The cone geometry was used to
provide an independent confirmation, since the average

failure angle was reduced from 36.10 degrees in S7 to 22.87
and 24.41 degrees in S8 and S9, respectively, and the cone
area was increased when the zone was larger than C+d. This
is consistent with the results of Abdel-Rahman et al. [7] who
found that the larger the fibered region around the column,
the better the punching response and the further the critical
failure plane was moved away from the column face, and it
is compatible with the critical shear crack concept used by
Gouveia et al. [8].

D. Effect of Load Eccentricity (Group 4)

Group 4 results presented an opposite trend compared to
Group 3 as the benefit of SFRC was greatly reduced as the
load eccentricity increased. The concentric SFRC reference
S10/S2 reached 85.19 kN, while S11 with an eccentricity
ratio of 0.5 failed at 60.03 kN and S12 with an eccentricity
ratio of 1.0 failed at only 25.73 kN. The first crack load
decreased even more rapidly, from 46.00 kN to 16.00 kN
and then to 9.50 kN as illustrated in Figure 6 and Table 5.
The crack pattern evolved in parallel: in S10/S2, the crack
pattern was an almost symmetric cone; in S11, the crack
pattern was an asymmetric crack field on the high
eccentricity side; and in S12, the crack pattern was a one-
way flexural failure with no measurable punching cone.
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Figure 6: Load versus central deflection, Group 4 (effect of load eccentricity).

Table 5: Critical loads and central deflections, Group 4
(effect of load eccentricity)

Slab Stage Load (kN) | Central deflection (mm)
S1 First crack 25.00 1.82
Ultimate 65.11 5.10
S$10/S2 | First crack 46.00 2,77
Ultimate 85.19 7.53
S11 First crack 16.00 0.57
Ultimate 60.03 381
S12 First crack 9.50 0.56
Ultimate 25.73 1.93

Eccentric loading introduces an unbalanced moment to the
shear force, which increases the total stress, and results in
higher tensile stress on one side of the column and lower
tensile stress or even a net compressive stress on the other
side of the column. The higher the eccentricity, the more the
moment-induced stress on the critical side dominates, the
less the shear perimeter is used, and the less capacity the
connection has. The progressive loss of capacity is in line
with the findings of Abdel-Rahman et al. [7] who found that
even when fibers are present, the capacity of punching is
degraded with eccentric loading, while the shift towards a
flexure controlled response is in line with the findings of
Tan and Venkateshwaran [11]. The most important finding
is that S12 changed to a flexural failure, meaning that the
punching cone that the fibers are supposed to toughen was
not formed at all. The deformation data contributes to the

concern. The central deflection at failure was decreased
from 7.53 mm for the concentric reference to 3.81 mm for
S11 and 1.93 mm for S12, and the eccentric slabs were able
to carry much less load and failed at a much smaller
deflection. This is one of the main benefits of SFRC under
concentric loading which was largely eliminated under high
eccentricity, which is in line with the findings of Deifalla [3]
that combined shear and moment is much more complicated
than concentric punching and that eccentricity is the most
detrimental of the five parameters studied.

E. Effect of Fiber Volume Fraction (Group 5)

The most direct evidence of the effect of the fiber dosage on
the cracking threshold and ultimate resistance is provided
by Group 5. Raising the dosage from 0 to 0.5, 1.0, and 1.5%
lifted the ultimate load from 65.11 kN to 76.25, 85.19, and
112.16 kN, while the first crack load rose from 25.00 kN to
34.00, 46.00, and 48.00 kN, as Table 6 summarizes. The
increase at the highest dosage was significant and the
ultimate strength was about 72% higher than the plain
control and the highest capacity recorded during the entire
program. The strains recorded indicate that the higher fiber
content enabled the slab to sustain a much higher
reinforcement strain before failure, with S15 reaching about
6850 microstrain at ultimate load, well beyond yield.
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Table 6: Critical loads and central deflections, Group 5
(effect of fiber volume fraction)

Slab Stage Load (kN) | Central deflection (mm)

First crack 25.00 1.82

S1
Ultimate 65.11 5.10
First crack 34.00 1.25

S13
Ultimate 76.25 6.48
First crack 46.00 2.77

S14/S2

Ultimate 85.19 7.53
First crack 48.00 3.35

S15
Ultimate 112.16 8.95

It is important to note here that the strength trend is different
from the ductility trend. The ultimate load kept rising
steadily without any sign of saturation up to 1.5%, and the
ductility index rose marginally between 1.0 and 1.5% (from
1.61 to 1.58), within the experimental scatter. A dosage of
about 1.0% therefore provides the maximum advantage of
deformation capacity for the geometry tested, and further
increases only lead to an increase in the peak load. These
strength results are similar to those of Gouveia et al. (2014)
who reported an increase of about 64% in the maximum
punching capacity at the higher fiber dosages used, and to
those of Nguyen-Minh et al. (2011) who showed that fibers
change the failure mode from sudden and brittle to more

ductile. The first crack load was again increased by 92% at
the 1.5% dosage, which was greater than the proportional
increase in the ultimate load, and was similar to the trend
observed in Group 1, where fibers were most effective at the
first crack. The higher the cracking threshold, the better for
serviceability because the less cracking and the narrower the
crack widths under service load, the better it will be for
durability as less moisture and aggressive agents will be able
to enter the structure.

F. Punching Cone Geometry

The cone on the tension face was traced to give an
independent confirmation of the fiber mechanisms. In
general, the SFRC slabs had shallower cone angles and
larger cone areas than the plain control, which means that
the failure surface was spread out over a greater horizontal
distance and absorbed more energy. The cone area measured
was found to be greater in the highest dosage slab (S15) with
161,690 mm?2 compared to 101,427 mm? in S1, while the
cone perimeter was always longer for the fibered specimens.
The average punching cone angle for the program was 24.67
degrees, narrow-zone S7 was 36.10 degrees and eccentric
S11 was 18.34 degrees. The traced cones for the three fiber-
height specimens are shown in Figure 7 and the average
cone angle for each specimen is summarized in Figure 8.
Many previous studies reported load and deflection without
correlating to the measured failure surface; one of the more
novel aspects of the program is the relationship between
cone geometry, fibered zone size, and structural response

(8], [7].
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Figure 7: Traced punching cone geometry and measured failure angles, Group 1 (S1, S2, S3).
Table 7: Cone geometry and average failure angles for s7 70,365 1,052 36.10 Punching
representative specimens -
S9 136,161 1,502 24.41 Punching
Cone area Cone Avg. Failure S11 147,473 1,171 18.34 Punching
Slab (mm?) perimeter angle (°) mode
(mm) S12 | 0 (no cone) 0 — Flexural
S1 101,427 1,194 27.61 Punching S15 161,690 1,454 19.61 Punching
S3 150,192 1,550 2251 Punching
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Figure 8: Average punching shear cone angle for all specimens, grouped by parameter.

G. Ductility and Stiffness

The deformation capacity was summarized by a ductility
index (ratio of the ultimate deflection to the yield deflection)
and a secant stiffness. For all specimens, both indices are
plotted together in Figure 9. The ductility index was found
to be significantly higher with the increase in fiber height
ratio, ranging from 1.26 in S1to 1.61 in S2 and 2.67 in S3,
the highest in the program, while the secant stiffness
decreased from 12.77 to 7.12 kN/mm for the same
specimens. This inverse pairing is a reflection of the change

Ductility Index - All Groups

Ductility Index u = Au/fy

Gl Gl Gl G2 GG G G3 & G 4 G4 G5 G5 G5

51 52 53 54 55 5652 57 58 58 511 512 513 514 515

= Vmax/iu (kN/mm)

Secant Stiffness k

from a brittle sudden failure to a gradual energy dissipating
failure. This is also true in Group 3, where the ductility
index of the narrow-zone S7 was 1.23, and that of the wide-
zone S9 was 2.24. A word of caution is needed for the
eccentric specimens. Their ductility index was between 1.45
and 1.58, which appears to be stable, but that index is a ratio
of deflections which were themselves drastically reduced.
The eccentric indices should not be interpreted in isolation;
an index of 1.45 on an ultimate deflection of 1.93 mmis a
much more brittle reality than the same index on 7.53 mm.

Secant Stiffness - All Groups
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Figure 9: Ductility index and secant stiffness for all tested specimens.

H. Comparison with ACI 318 Predictions

The measured capacities were compared with the punching
strength predicted by a two-layer application of the ACI 318
concrete contribution, where the normal concrete and SFRC
layers were each given their own concrete contribution over
their respective depths [12]. For all concentric specimens,
the measured strength exceeded the ACI prediction and the
code was conservative throughout. However, the
conservatism was progressive as the influence of the fiber

contribution grew. The experimental-to-predicted ratio
ranged from 1.43 for the plain control to 1.83 for the two-
layer slab and 1.96 for the full-depth slab in Group 1 and
from 1.43 at zero fiber to 2.44 at 1.5% in Group 5. The
answer is simple. The ACI concrete equation is essentially
based on the concrete strength, the effective depth and the
critical perimeter and does not explicitly consider the
residual tensile strength and crack-bridging effect of the
fibers. This is the reason why the predicted capacity in
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Group 5 was almost constant at 46 kN and the measured
capacity increased from 65.11 to 112.16 kN. This limitation
has been reported by Ju et al. [2] who stated that the design
criteria for SFRC punching are still not clear and by Deifalla
[3] who pointed out that there is still a lack of agreement
between the punching provisions when fibers or combined
actions are considered.

The comparison should not be interpreted as a comfortable
safety margin. In a few instances the prediction was close to
the test result, but not for good modeling reasons. In Group
3, the ACI prediction was the same for S7, S8 and S9, while
the measured capacities were seen to increase with the
fibered zone, and the constant prediction completely missed
the beneficial zone-size effect and treated three physically
different specimens as the same. The same applies to S12,
which has a good experimental-to-predicted ratio, but is
coincidental as S12 did not form a cone at all and failed in
flexure at high eccentricity. The experimental capacities and
the ACI predictions for the concentric specimens are shown
in Table 8.

Table 8: Experimental capacity versus ACI 318 prediction
(concentric specimens)

Slab F"?‘k,‘i{)”k V(E&?)X AC(ILX)C&' Vexp/Veal
s1 25,0 65.11 45.60 143
s2 46.0 85.19 46.44 1.83
s3 58.0 95.16 48.56 1.96
s4 400 64.67 46.84 138
S5 37.0 80.72 46.84 172
s7 32,0 70.66 48.96 144
s8 420 7457 48.96 152
s9 39.0 84.45 48.96 172
s13| 340 76.25 45.39 168
s15 | 480 112.16 46.05 244

The trend of the five groups is consistent in terms of
punching behavior of the slab-column connections of
layered NC-SFRC. The fiber height ratio and the fiber
volume fraction were the most effective parameters to
improve both strength and deformation capacity under
concentric loading, and the through-depth position of the
fibers was a design parameter in its own right, not a by-
product of total fiber content. The cone geometry indicated
that the size of the fibered zone was beneficial only if it was
sufficiently large to intercept the developing failure surface.
The flexural reinforcement ratio was used to determine the
maximum strength that the fibers could mobilize, which
showed that fibers and conventional reinforcement are
complementary and not interchangeable. However, load
eccentricity affected the mechanism that the fibers are
supposed to toughen and decreased strength and
deformation capacity, which ultimately altered the failure
mode. The ACI predictions were always conservative for
the concentric specimens, but did not consider the
contribution of the fibers, the zone-size effect or the
eccentric failure mode, which is consistent with the findings
of Einpaul et al. [4] who concluded that the modelling of the
key parameters is important for punching predictions. A

more rational design approach for these systems would have
to take into account the residual tensile contribution of the
SFRC, the vertical position of the fibered layer, the lateral
size of the fibered zone, the reinforcement ratio, and the
moment transfer due to any eccentricity.

IV. CONCLUSIONS

In this study, the punching shear behaviour of fifteen two-
layer slab-column connections with normal concrete and
steel fiber reinforced concrete was investigated
experimentally in five parametric groups. The following are
the main conclusions.

e The punching performance was significantly improved
by replacing the tension half of the slab with SFRC. The
two-layer slab failed at 85.19 kN and cracked at 46.00
kN, compared to 65.11 and 25.00 kN for the plain
control, respectively, representing increases of
approximately 84% and 31% in the ultimate load and
first crack load, respectively. These were increased to
approximately 46% and 132% by the full-depth slab.
The fiber effect was greatest at the beginning of
cracking.

e The position of the SFRC layer in the through-depth
direction is an independent design parameter. The full-
depth benefit was captured to a large extent by placing
fibers only in the tension half, since this is where flexural
cracking begins and where crack bridging is most
effective. A designer can thus limit the use of the more
costly fibered concrete to the tension half and the
compression half to conventional concrete.

e The ultimate load that the fibers could mobilize was
controlled by the flexural reinforcement ratio. The
lightly reinforced slab cracked early but failed at
essentially the control capacity while deflecting the most
in its group. SFRC cannot make up for lack of flexural
reinforcement, and a minimum ratio must be maintained
if the strength benefit is to be manifested and not hidden
by premature yielding.

e The lateral extent of the fibered zone was of assistance
only when it was sufficiently large to intercept the
developing failure surface. The narrowest zone, C+d,
provided virtually no improvement and resulted in the
highest cone angle in the program, and increasing the
zone to C+2d and C+3d increased both strength and
ductility. For the geometry tested, there is a minimum
fibered zone between C+d and C+2d.

e Load eccentricity was the most harmful parameter.
Compared to the concentric SFRC slab, the ultimate load
decreased to 60.03 kN at an eccentricity ratio of 0.5 and
25.73 kN at an eccentricity ratio of 1.0, the central
deflection at failure reduced significantly and the failure
mode changed from a symmetric cone to an asymmetric
field and then to a one-way flexural failure. Eccentric
connections need explicit consideration of the moment-
shear interaction rather than reliance on the fiber
toughening alone.

e The fiber volume fraction increased the cracking
threshold and the ultimate load, reaching 112.16 kN at
1.5%, which is approximately 72% higher than the
control. However, the ductility index did not change
significantly between 1.0 and 1.5%, and a dosage close
to 1.0% would provide most of the benefit of increased
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deformation capacity with higher dosages primarily
increasing the peak load.

o For all concentric specimens, the ACI 318 predictions
were conservative, and the conservatism increased with
the amount of fiber contribution, since there is no direct
fiber term in the code. The predictions also did not
reflect the zone-size effect and the eccentric failure
mode, indicating the need for a fiber contribution term
in future punching provisions for hybrid SFRC flat-slab
connections.

In general, the experimental results have shown that the
two-layer system of normal concrete and steel fiber
reinforced concrete is a feasible method to enhance the
punching capacity of flat slab-column connections, if the
fibers are located at the critical crack zones. Future work
should be extended to full-scale connections, investigate the
long-term behavior of the layer interface, investigate the
eccentric case in greater detail, and aid in the development
of a design model that directly considers the residual tensile
contribution of the SFRC.
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