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Abstract
Punching shear failure in flat slabs remains one of the most critical issues in reinforced concrete 
structures due to its sudden and brittle nature. This research investigates the potential of 
using Slurry Infiltrated Fiber Concrete (SIFCON) as an alternative to traditional punching shear 
reinforcement in flat slabs cast from normal strength concrete (NSC). The fiber type was hooked-
end steel fiber with a fraction volume of 6%. Five square flat slab specimens were cast; the first 
specimen was cast using NSC. Four of them were reinforced with maximum flexural steel to 
ensure failure by punching shear. In two of these slabs, SIFCON was used as a whole slab, but 
since it is expensive to use SIFCON for entire slabs, in others, SIFCON was used partially over an 
extended area in a form similar to a cross-shaped shear reinforcement and full or partial depth 
to improve the capacity to punching shear. The data demonstrate that SIFCON, when applied 
strategically, is a highly effective material for increasing punching shear capacity and improving 
post-punching behavior and ductility. Providing a realistic alternative to standard reinforcement 
approaches. 
Keywords: flat slab, Slurry Infiltrated Fiber Concrete, punching shear, steel fibers, post-punching 
behavior
Kulcsszavak: síkfödém, cementhabarccsal injektált szálerősítésű beton (SIFCON), átszúródási 
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1. Introduction
Reinforced concrete !at slabs are increasingly favored in 

modern construction. By eliminating down-stand beams, the 
system relies on a simple, level formwork deck, streamlining 
site operations and accelerating the build. In multi-story 
projects, the reduced structural depth allows additional !oors 
to be "tted within the same overall height. #is e$ciency cuts 
the quantity of façade materials, partition walls, and the length 
of mechanical, electrical, and plumbing runs, yielding notable 
savings in both resources and cost [1]. 

#e main weakness of this type of roof is its failure with 
punching shear, as when making !at slabs using normal strength 
concrete (NSC), it is brittle and prone to punching shear failure, 
which occurs around columns at speci"c distances. Engineers 
have outlined several ways to raise the punching shear strength 
of !at slabs made with NSC. #ese include thickening the slab, 
adding column capitals, incorporating drop panels, placing 
additional shear reinforcement, and introducing advanced 
materials such as "ber-reinforced polymer (FRP) [2-4].

#e cost and constructional intricacy of conventional 
strengthening techniques can, in many practical situations, 
o%set the principal advantages of !at slab systems. Consequently, 
recent research has turned toward material solutions that 
increase punching shear capacity while preserving ease of 
execution. Other methods have been used to strengthen NSC 
!at slabs, using partially special types of concrete, some of 
which are high-strength concrete (HSC) or "ber-reinforced 
concrete (FRC). #ese concretes have been used by previous 
researchers in various ways and placed in di%erent areas, 
depths, and shapes in !at slabs to perform their intended 

function. #ey have led to a noticeable improvement in the 
shear capacity of !at slabs [5-11]. In Slurry In"ltrated Fiber 
Concrete (SIFCON), the volume fraction of "bers is usually 
high, roughly 4% to 20% [12]. Ordinary FRC, by comparison, 
rarely exceeds about 2% "ber because it is mixed directly with 
cement, sand, and coarse aggregate, and workability quickly 
deteriorates [13]. SIFCON sidesteps this issue through a 
di%erent production method: dense "bers are placed in the 
mold "rst, and a highly slurry mortar is then in"ltrated to 
occupy the gaps between "bers. #is manufacturing sequence 
yields a composite distinguished by exceptional toughness and 
markedly enhanced compressive, tensile, shear, and !exural 
strengths [14].

Published work on how best to employ SIFCON for 
upgrading reinforced concrete !at slabs is still sparse. In the 
present investigation, !at slab specimens were cast in which 
NSC was replaced, either wholly or partially, by SIFCON. Also, 
SIFCON was used partially over an extended area in a form 
similar to a cross-shaped shear reinforcement and full or partial 
depth to improve the resistance to punching shear. #e study 
gauges how SIFCON replacement alters the slab’s resistance to 
punching shear by comparing these con"gurations.

2. Experimental work
2.1 Materials and mix design

#e materials composition adopted in this study, combining 
SIFCON and NCS, is detailed in Table 1. #e binding materials 
comprise Portland cement type CEM I (42.5) along with silica 
fume. Normal quartz sand with a maximum particle size of 
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1 mm and 4 mm is used as a "ne aggregate for SIFCON and 
NSC, respectively. 4/8 mm and 8/16 mm are used as coarse 
aggregates for NSC. Fig. 1 shows the particle size distribution 
of aggregates. To ensure proper workability of the SIFCON 
mix, the high-range water-reducing admixture BASF Master 
Builders Solutions was incorporated. Flexural reinforcement 
was provided according to the speci"cations of ACI 318-19 [15], 
employing Ø10 mm deformed bars positioned on the tension 
side of the slabs to promote punching shear as the governing 
failure mode. In this investigation, steel "bers were hooked-
end with a volume fraction of 6%. #e type of "ber employed 
is illustrated in Fig. 2, while Table 2 presents its technical 
characteristics as reported by the manufacturer.
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 Fig. 1 Particle size distribution of aggregates
 1. ábra Adalékanyagok szemmegoszlási görbéje
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 Fig. 2 Hooked-end steel !ber, the dimensions are in millimeters
 2. ábra Visszahajlított végű acélszál, a méretek milliméterben értendők

Cement 
(kg/m3)

Sand 
(0.4-1) 

mm 
(kg/m3)

Sand 
(1-4) 
mm 

(kg/m3)

Coarse agg. 
(kg/m3)

Silica 
fume  
kg/m3 
10% 
rep.

Steel 
fiber 

%

w/b 
or 
w/c 

ratio

SP (by 
wt. of 

binder) 
%

(4-
8) 

mm

(8-16) 
mm

370 -- 924 462 462 -- -- 50% --

873 970 -- -- -- 97 6 30% 1.75%

 Table 1 NSC and SIFCON optimal mixing proportions for 1 m3

 1. táblázat NSC és SIFCON optimális keverési arányai 1 m³-re vonatkoztatva

Fiber type Length 
(mm)

Diameter 
(mm)

Density  
(kg/m3)

Tensile strength 
(MPa)

Hooked-end 35 ±5% 0.6 ±5% 7 850 1350

 Table 2 Technical properties of the steel fibers
 2. táblázat Az acélszálak műszaki jellemzői

A "ber volume content of 6% was selected in this study 
for the hooked-end "ber, as it was the most appropriate for 
the dimensions of the molds utilized. #e mixing method 
adopted for the SIFCON mixture was developed based on 
previous studies and preliminary trials to ensure optimal 
workability. #e mixing process involved initially blending the 
dry components for 3 minutes. Subsequently, two-thirds of 
the water, pre-mixed with the superplasticizer, was added and 
mixed for another 3 minutes. #e remaining one-third of the 
water, also containing superplasticizer, was then introduced, 
and mixing continued for an additional 2 minutes.

2.2 Casting and testing samples and specimens
#is investigation involved testing the compressive and 

!exural strengths of both NSC and SIFCON materials. 
Compressive strength was evaluated using cubes with 
dimensions of 150 mm for NSC and 100 mm for SIFCON. 
Flexural strength was assessed through prism specimens, sized 
70×70×250 mm for NSC and 40×40×160 mm for SIFCON. For 
each test type and material, the reported values represent the 
results for 7 and 28 days.

#e main objective of this study is to examine the structural 
behavior of !at slabs when using SIFCON in full or in part. #e 
type of "bers used in SIFCON is hooked-end steel "ber. #e 
experimental program consisted of testing 5 slab specimens; 
one reference specimen was cast with NSC. 2 NSC-SIFCON 
hybrid !at slab specimens with !exural reinforcement cast by 
using SIFCON partially over an extended area in a form similar 
to a cross-shaped shear reinforcement and full or partial depth. 
2 SIFCON !at slab specimens cast by using SIFCON entirely 
with or without !exural reinforcement. In this study, square 
concrete slabs were utilized as test specimens, each measuring 
600 mm on each side with a constant thickness of 60 mm. 
#e specimens were classi"ed according to the SIFCON 
concrete, the type of "bers used, or the depth of the SIFCON 
in composite slabs, as presented in Table 3. Fig. 3 shows the 
overall slab geometries and reinforcement layout details. 

Symbol Details

N Normal strength concrete (NSC) flat slab

S Slurry infiltrated fiber concrete (SIFCON) flat slab  
without flexural reinforcement

S+R Slurry infiltrated fiber concrete (SIFCON) flat slab  
with flexural reinforcement

N-S2+ NSC flat slab – the SIFCON in a cross-shaped form  
with 20 mm depth in the tension side

N-S6+ NSC flat slab – the SIFCON in a cross-shaped form  
with full flat slab depth

 Table 3 %e symbols of the slab and their meanings.
 3. táblázat A födémek jelölései és jelentésük

Prior to the casting process, all constituent materials 
were carefully prepared and proportioned according to 
the mix volume. #e !at slab specimens, each measuring 
600×600×60 mm, were formed using wooden molds supported 
by external iron frames and placed on a steel base to ensure 
dimensional stability throughout the casting. Before each 
casting, molds were thoroughly cleaned, coated with release 
agent, and leveled on a !at surface.
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 Fig. 3 Specimen dimensions and layout: (a) NSC or SIFCON flat slab with 
reinforcement details; (b) Hybrid &at slab with full depth of SIFCON;  
(c) Hybrid &at slab with partial depth of SIFCON

 3. ábra A próbatestek méretei és elrendezése: (a) NSC vagy SIFCON síkfödém 
vasalási részletekkel; (b) Hibrid síkfödém teljes vastagságú SIFCON réteggel; 
(c) Hibrid síkfödém részleges vastagságú SIFCON réteggel
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(b)

 Fig. 4 %e steps of casting the di'erent types of &at slab concrete (a- NSC &at slab, 
b- SIFCON slab and NSC-SIFCON &at slabs).

 4. ábra A különböző típusú síkfödém betonok betonozási lépései (a- NSC síkfödém, 
b- SIFCON födém és NSC-SIFCON síkfödémek)

#e sequence of casting for various concrete types is 
illustrated in Fig. 4. For slabs made with NSC, reinforcement 
meshes were accurately placed inside the molds, ensuring 
proper bottom cover. In SIFCON slabs, the steel "bers were 
introduced in a single batch into the mold before the slurry 
was poured, allowing the mix to penetrate and encapsulate the 
"bers.

In the case of hybrid !at slabs, a "ne galvanized steel mesh 
was positioned precisely at the interface between the NSC 
and SIFCON regions. #is mesh was anchored to the bottom 
reinforcement and held in position from above using a wooden 
formwork system to control the geometry, as shown in Fig. 5b. 

Upon completion of the 28-day curing period, structural load 
tests were performed on all slab specimens under monotonically 
increasing central loading until ultimate failure was reached. 
#e loading way utilized a precision-calibrated electro-hydraulic 
testing machine with a rated capacity of 600 kN, as depicted in 
Fig. 5. #e load application was controlled to ensure uniform 
rate progression and avoid dynamic e%ects. Each slab was simply 
supported along all four sides over an e%ective span of 500 mm 
using a custom-fabricated steel frame integrated within the testing 
setup. Loading was applied using a 60×60 mm steel stub column. 
All tests were conducted under a controlled displacement rate 
of 0.5 mm/min. To monitor de!ection behavior, linear variable 
di%erential transducers (LVDTs) were positioned at the slab 
center and two quarter-span points on opposite sides of the 
applied load. Key response parameters recorded included the 
cracking load, the ultimate load associated with punching 
shear or !exural failure, mid-span de!ection, and the averaged 
de!ections at the quarter-span points.

#e ultimate de!ection was de"ned following Kaka et al. [16] 
as the de!ection corresponding to a post-peak load reduction 
to 80% of the maximum load. Given the emphasis on the high 
ductility behavior of SIFCON in this investigation, particular 
attention was directed to the structural response beyond the 
peak load. Two critical de!ection points in the post-peak 
stages were identi"ed: one at 80% and the second at 60% of 
the peak load. #ese de!ection values are referred to herein 
as u1 and u2, respectively, and were used to assess the residual 
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load-carrying capacity and the contribution of "bers under 
advanced deformation.

3. Results and discussion
3.1 Mechanical properties

In this work, the !exural and compressive strengths of 
SIFCON and NSC concrete are tested. #e cubes and prisms 
made for this purpose were evaluated for compressive and 
!exural strength at 7 and 28 days. #e NSC and SIFCON are 
displayed in Table 4. #e "ndings demonstrate that SIFCON 
with hooked-end steel "ber has a substantially higher 
compressive and !exural tensile strength than NSC. #e 
capacity of "bers to limit and stop fracture development, as 
well as to reduce the rate and direction of crack propagation, 
can be explained by their increased strength. Table 4 also 
shows the increases in both compressive and !exural strength 
for SIFCON relative to the reference NSC at 28 days.

 Fig. 5 Punching shear test of &at slabs
 5. ábra Síkfödémek átszúródási nyíróvizsgálata

Type of 
concrete

Compres- 
sive 

strength 
(MPa)

The 
standard 
deviation

Flexural 
strength 
(MPa)

The 
standard 
deviation

The percentage 
increase (%) in 28 
days compared to 

NSC

7 
days

28 
days

7 
days

28 
days

Compres- 
sive 

strength

Flexural 
strength

NSC 31 43 1.4 3.7 4.8 0.4 -- --

SIFCON 89 118 3.08 23.5 32 2.2 174 567

 Table 4 %e mechanical properties results of the NSC and SIFCON
 4. táblázat Az NSC és a SIFCON mechanikai tulajdonságainak eredményei

3.2 First crack strength
#e "rst crack loads, for the various slabs, are summarized in 

Table 5. Also, the same table shows the de!ection of the center 
and the average de!ection of two quarters at the "rst crack. 
#e results show that using SIFCON increased the "rst crack 

strength of the slab. #e "rst crack strength increased for hybrid 
slabs by 56% for the slab in which the SIFCON was used in the 
form of a cross-shaped with full depth. #e highest percentage 
increase in "rst crack was reached in the slab made entirely of 
SIFCON using hooked-end steel "bers. #e percentage in the 
S+R slab reached 342%. 

#e main reason behind SIFCON’s remarkable ability 
to withstand "rst cracking loads is its dense "ber, which 
comprises 6% of the slab’s volume. #e closely spaced steel 
"bers intersect at every potential crack plane, so once a 
microscopic crack forms, the "bers bridge it, absorbing tensile 
forces and distributing stress over a much larger area. #is 
bonding keeps crack widths microscopic, meaning the element 
must be subjected to signi"cantly greater external loads before 
any visible cracking becomes apparent.

Specimen Pcr (kN) Δc (mm) Δq (mm) ηf (%)

N 11.18 1.23 0.21 --

S 42.72 2.61 2.35 282

S+R 49.43 2.95 2.69 342

N-S2+ 16.92 1.83 1.20 51

N-S6+ 17.43 1.91 1.24 56

  Note: Pcr = First cracking load; ηf = %e percentage of improved !rst crack 
strength compared to specimen N; Δcf = Center de&ection at !rst cracking 
load; Δqf = Quarters av. de&ection at !rst cracking load.

 Table 5 %e !rst crack load and de&ection of the specimens at the !rst cracks
 5. táblázat Az első repedéshez tartozó teher és lehajlás a próbatesteknél

3.3 Failure mode and crack pattern
Fig. 6 maps the cracking patterns that developed on the 

tension face of every slab. #ree discrete failure mechanisms 
were identi"ed: punching shear, !exure, and a coupled 
punching shear-!exural mode. #e reference specimen 
N failed in punching shear: radial cracks nucleated directly 
beneath the load and spread outward to form a circumferential 
ring, accompanied by local concrete spalling. A purely !exural 
response characterized S and N-S2+ specimens, where cracks 
originated at mid-span and propagated diagonally toward the 
supports. Specimens S+R and N-ST6+ exhibited the mixed 
mode: load-induced longitudinal cracks "rst appeared parallel 
to the reinforcement, then evolved into diagonal and peripheral 
circular cracks. In hybrid slabs, the initial crack consistently 
formed along the interface between the SIFCON layer and the 
surrounding NSC, and continued outward until the peak load, 
when the punching shear cone was fully established.

De!ection records underscore the ductility advantages 
conferred by SIFCON. #e reference N slab displayed virtually 
no post-peak deformation, 4.82 mm at peak load and 5.33 mm 
at the u2 stage, revealing a brittle response. In contrast, SIFCON 
and hybrid !at slabs showed substantial displacement capacity 
beyond "rst cracking. #e most pronounced increase occurred 
in the S+R specimen, whose de!ection rose from 12.6 mm 
at peak load to 24.8 mm at u2. #is post-peak ductility grew 
with the SIFCON volume fraction. Moreover, hooked-end 
steel "bers improved energy absorption and postponed failure, 
rea$rming that a higher "ber dosage markedly enhances 
both ductility and load-carrying capacity in the later stages of 
loading.
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3.4 Peak load and load-de!ection response
Table 6 compiles the maximum (peak) loads, the 

corresponding mid-span de!ections, and the average de!ection 
of two quarters at the peak load, together with the percentage 
increase in peak load relative to the reference slab N. Fig. 7 
charts the complete load-de!ection curve for each specimen. 
#e data con"rm that enlarging the SIFCON portion of a slab 
generally raises its punching shear capacity. 

 
(a)                                                                      (b)

 
(c)                                                                      (d)

(e)

 Fig. 6 Crack pattern on the tension face of &at slab specimens:  
(a) N ; (b) S; (c) S+R; (d) N-S2+; (e) N-S6+

 6. ábra Repedéskép a síkfödém próbatestek húzott oldalán:  
(a) N; (b) S; (c) S+R; (d) N-S2+; (e) N-S6+

#e greatest strength enhancements were obtained for 
slab S+R, whose peak loads were 118% higher than those of 
the N !at slab. Among the hybrid cross-shaped specimens, 
the best performance was achieved by N-S6+ !at slab, which 
exceeded the reference slab’s peak load by roughly 36%. Also, 
the presence of SIFCON altered the failure mode from brittle 
to a more ductile !exural response. For hybrid slabs, the gap 
between u1 and u2 widened as the thickness of the SIFCON 
layer was increased. In slabs cast entirely with SIFCON, this 
de!ection gap was larger in the S+R slab, further promoting a 
switch from punching to !exural failure and greatly enhancing 
ductility, as observed in S and S+R specimens.

Overall, the study demonstrates that even a modest amount 
of SIFCON, applied as a cross-shaped throughout the thickness, 
can deliver substantial strength gains while providing excellent 
ductility. #e di%erence between the de!ection at peak load 
and the u2 stage reached roughly 12 mm in N-S6+ slab cases. 
#ese "ndings emphasize the promise of SIFCON for !at 
slab construction: signi"cant improvements in capacity and 
toughness can be achieved without increasing slab thickness, 
adding drop panels, or column capitals.

Specimen Pp (kN) Δcp (mm) Δqp (mm) ηp (%)

N 50.18 4.82 2.25 --

S 93.14 7.74 4.25 86

S+R 109.3 5.25 8.41 118

N-S2+ 56.01 8.41 3.21 12

N-S6+ 68.05 11.46 3.32 36

  Note: Pp = Peak load by (kN); Δcp and  Δqp = Center and Quarters av. 
de&ection by (mm) at peak load, respectively;  ηp = %e percentage of 
improved peak load compared to specimen N. 

 Table 6 %e peak load and de&ection of the specimens at the peak load
 6. táblázat A maximális teher és a hozzá tartozó lehajlás a próbatesteknél

 Fig. 7 %e load-center de&ection curves of all specimens
 7. ábra Az összes próbatest teher-középponti lehajlás görbéje

 
3.5 Ductility

Ductility, μ, describes the capacity of a structural member 
to undergo substantial deformation a)er yield. In this study, 
it is expressed as the ratio of the ultimate displacement, Δu, 
to the corresponding yield displacement, Δy, by Eq. (1) and 
the procedure proposed by Lim and Hong [17]. #e ultimate 
displacement is taken as the de!ection recorded when the 
applied load has fallen to 80% of the specimen’s peak value. 
#e secant sti%ness at a point two-thirds of the measured 
peak load is used to idealize the elastoplastic curve that passes 
through the peak point of the load-de!ection curve, and the 
displacement at an intersecting point between the two lines is 
used to determine the yield point on the curve [17-19].

Because the slabs exhibited continuing deformation a)er 
peak load, ductility ratios were evaluated at two ultimate 
stages, u1 and u2, to capture the in!uence of "ber reinforcement 
on post-peak behavior. #e resulting indices, µ1 and µ2, are 
reported in Table 7 and provide a clearer picture of how "ber 
type and distribution a%ect the later stages of the response.

 

Figure 7: The load-center deflection curves of all specimens �

����'XFWLOLW\ 

Ductility, μ, describes the capacity of a structural member to undergo substantial deformation after yield. In this 
study, it is expressed as the ratio of the ultimate displacement, Δu, to the corresponding yield displacement, Δy, by 
Eq. (1) and the procedure proposed by Lim and Hong [17]. The ultimate displacement is taken as the deflection 
recorded when the applied load has fallen to 80 % of the specimen’s peak value. The secant stiffness at a point two-
thirds of the measured peak load is used to idealize the elastoplastic curve that passes through the peak point of the 
load-deflection curve, and the displacement at an intersecting point between the two lines is used to determine the 
yield point on the curve [17-19]. 

Because the slabs exhibited continuing deformation after peak load, ductility ratios were evaluated at two 
ultimate stages, u1 and u2, to capture the influence of fiber reinforcement on post-peak behavior. The resulting 
indices, µ1 and µ2, are reported in Table 7 and provide a clearer picture of how fiber type and distribution affect the 
later stages of the response. 

𝜇𝜇 = 𝛥𝛥𝑢𝑢

𝛥𝛥𝛥𝛥
           eq. (1) 

Table 7: The ductility results.  

Specimen 
 

 
Py (kN) 

 
 

Δcy (mm) 
Δcu1 (mm) Δcu2 (mm) µ1 µ2  ηµ1 (%) ηµ2 (%) 

N 48.90 4.65 5.22 5.30 1.12 1.14 -- -- 
S 83.44 5.56 8.85 17.54 1.59 3.15 42 176 

S+R 93.94 5.40 16.71 24.78 3.09 4.59 176 303 
N-S2+ 49.99 6.67 9.1 9.72 1.36 1.46 21 28 
N-S6+ 61.00 5.68 16.36 23.51 2.88 4.14 157 263 

Note: Py = yield load by (kN); Δcy= Center deflection by (mm) at yield load; Δc(u1 and u2) = Center ultimate deflection by 
(mm) u1 and u2 respectively; µ1 and µ2 = the ductility 1 and 2; ηµ1 and ηµ2 = The percentage of improved ductility 1 
and 2 compared to specimen N.   

Table 7 demonstrates that embedding SIFCON in the slab markedly elevates its ductility. During the stage u1, 
ductility increases steadily, while a far more pronounced gain emerges in the second stage u2. For hybrid flat slabs, 
most clearly in specimen N-S6+, where a cross-shaped SIFCON extends through the full thickness, the greatest 
benefit appears in the transition between these two stages. After the longitudinal reinforcement fully yields, the 
SIFCON fibers engage, bridging and confining cracks so effectively that the slab sustains its load-bearing capacity for 
an extended period, and the failure mode shifts from brittle to ductile. These results confirm the study’s key premise: 
outstanding ductility can be achieved with only a modest volume of SIFCON. 

����,QFOLQDWLRQ�RI�FUDFNV�DQG�URWDWLRQ�RI�VODEV 

After completing the slab tests, the rotation of each slab about the loading zone was recorded, and the specimens 
were subsequently sectioned longitudinally to delineate the dominant crack patterns Figure 8. By mapping cracks 
on both the top and bottom faces, the punching shear cone angle, defined as the inclination between the failure 
surface and the vertical plane, was established. Results show that this angle on the tensile face decreases 
monotonically with higher SIFCON content. This finding demonstrates that the critical cracks migrate progressively 
away from the critical punching shear area, transforming the failure mode from brittle to ductile. Moreover, the 
slab’s rotation angle increases with SIFCON incorporation, particularly when larger SIFCON regions are provided. 

 eq. (1)
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Specimen Py 
(kN)

Δcy 
(mm)

Δcu1 
(mm)

Δcu2 
(mm)

µ1 µ2 ηµ1 
(%)

ηµ2 
(%)

N 48.90 4.65 5.22 5.30 1.12 1.14 -- --

S 83.44 5.56 8.85 17.54 1.59 3.15 42 176

S+R 93.94 5.40 16.71 24.78 3.09 4.59 176 303

N-S2+ 49.99 6.67 9.1 9.72 1.36 1.46 21 28

N-S6+ 61.00 5.68 16.36 23.51 2.88 4.14 157 263

  Note: Py = yield load by (kN); Δcy= Center de&ection by (mm) at yield load; 
Δc(u1 and u2) = Center ultimate de&ection by (mm) u1 and u2 respectively;  
µ1 and µ2 = the ductility 1 and 2; ηµ1 and ηµ2 = %e percentage of improved 
ductility 1 and 2 compared to specimen N.  

 Table 7 %e ductility results
 7. táblázat Duktilitási eredmények

Table 7 demonstrates that embedding SIFCON in the slab 
markedly elevates its ductility. During the stage u1, ductility 
increases steadily, while a far more pronounced gain emerges in 
the second stage u2. For hybrid !at slabs, most clearly in specimen 
N-S6+, where a cross-shaped SIFCON extends through the full 
thickness, the greatest bene"t appears in the transition between 
these two stages. A)er the longitudinal reinforcement fully 
yields, the SIFCON "bers engage, bridging and con"ning cracks 
so e%ectively that the slab sustains its load-bearing capacity for 
an extended period, and the failure mode shi)s from brittle to 
ductile. #ese results con"rm the study’s key premise: outstanding 
ductility can be achieved with only a modest volume of SIFCON.

3.6 Inclination of cracks and rotation of slabs

 Fig. 8 Inclination of cracks and rotation of &at slab specimens: (a) N; (b) S;  
(c) S+R; (d) N-S2+; (e) N-S6+

 8. ábra A repedések dőlésszöge és a síkfödém próbatestek elfordulása: (a) N; (b) S;  
(c) S+R; (d) N-S2+; (e) N-S6+

A)er completing the slab tests, the rotation of each slab 
about the loading zone was recorded, and the specimens 
were subsequently sectioned longitudinally to delineate the 
dominant crack patterns Fig. 8. By mapping cracks on both 
the top and bottom faces, the punching shear cone angle, 
de"ned as the inclination between the failure surface and the 
vertical plane, was established. Results show that this angle on 
the tensile face decreases monotonically with higher SIFCON 
content. #is "nding demonstrates that the critical cracks 
migrate progressively away from the critical punching shear 
area, transforming the failure mode from brittle to ductile. 
Moreover, the slab’s rotation angle increases with SIFCON 
incorporation, particularly when larger SIFCON regions are 
provided.

4. Conclusion
#is study evaluates the structural performance of !at slabs 

strengthened either fully with SIFCON or partially through a 
hybrid system combining SIFCON with NSC. #e experimental 
program measured the compressive and !exural strengths of 
both SIFCON and NSC, determined punching shear load, 
de!ection, ductility, and rotation, and recorded crack patterns 
together with crack inclinations. #e results highlight the 
e$ciency of adding SIFCON in boosting punching shear 
capacity and improving the behavior of !at slabs. #e study 
presents a series of conclusions:
1. At 28 days, SIFCON had greater compressive and !exural 

strengths of 118 and 32 MPa, respectively. Comparing 
SIFCON to the reference NSC, the percentage increase in 
compressive and !exural strength of SIFCON was 174% 
and 567% respectively.

2. #e slabs made entirely of SIFCON demonstrated a 
substantial improvement in the "rst cracking load. With 
a 342% improvement above the reference N !at slab, and 
in hybrid !at slabs, the increase in "rst cracking load was 
56%. 

3. When compared to the N !at slab, the maximum load 
capacity of the SIFCON !at slab shows a signi"cant 
improvement. #e higher percentage increase for SIFCON 
!at slabs compared to the reference N !at slab was 118% 
for the S+R specimen, and for the hybrid !at slabs, it was 
36% for the N-S6+ specimen. 

4. #e load-de!ection curves showed that all the slabs that 
used SIFCON entirely or partially had a high ductility and 
gradual post-peak decline, unlike the N !at slab, which 
failed suddenly. #e percentage increase in ductility ηµ2 
was 303% in the S+R slab and 263% in the N-S6+ slab at 
the u2 stage compared to the reference N !at slab.

5. #e average inclination angle of the punching shear cone 
cracks of the N !at slab is about 32°. On the other hand, 
the SIFCON slabs record 17°, demonstrating the material’s 
exceptional capacity to prevent cracks. #e smallest angle 
of the hybrid !at slabs was 26° for the N-S6+ specimen. 
#e rotation of the S+R !at slab around the load point 
reaches roughly 4.7°.
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