
248|https://doi.org/10.3311/PPci.21990
Creative Commons Attribution b

Periodica Polytechnica Civil Engineering, 68(1), pp. 248–259, 2024

Cite this article as: Eren, N. A., Çevik A. "Effects of Tire Crumb Rubber and Steel Fiber on Punching Shear Behavior of Two-way Alkali-activated Concrete 
Flat Slabs", Periodica Polytechnica Civil Engineering, 68(1), pp. 248–259, 2024. https://doi.org/10.3311/PPci.21990

Effects of Tire Crumb Rubber and Steel Fiber on Punching 
Shear Behavior of Two-way Alkali-activated Concrete Flat Slabs

Necip Altay Eren1*, Abdulkadir Çevik2

1	Department of Construction, Technical Science Vocational Schools, Gaziantep University, Üniversite Bulvarı 27310 Şehitkami, 
Gaziantep, Turkey

2	Department of Civil Engineering, Gaziantep University, Üniversite Bulvarı 27310 Şehitkami, Gaziantep, Turkey
*	Corresponding author, e-mail: altayeren@gantep.edu.tr

Received: 03 February 2023, Accepted: 15 September 2023, Published online: 04 October 2023

Abstract

As a result of the rapid increase in the demand for transportation vehicles recently, the accumulation of waste tires causes 

environmental problems. One of the methods that can contribute to the reduction of this environmental problem is the recycling 

of waste tires as a construction material in aggregate form. This research investigated the impacts of waste tire crumb rubber with/

out steel fiber (SF) on the two-way punching-shear behavior alkali-activated concrete (AAC) flat slabs and performed center point 

load tests. In the study, one-type of SF and two kinds of scrap tire waste i.e., crumb rubber (CR) and tire particles, were used on the 

producing of rubberized AAC slabs obtained by 100% as binder made of ground-granulated blast furnace slag (GGBFS). Also, while 

both fine crumb rubber (FCR) and coarse crumb rubber (CCR) were used together in the AAC slabs, tire crumb rubber (TCR) was used 

alone at the same proportion. Additionally, the fine aggregate was substituted with 10% and 15% FCR and CCR, and coarse aggregate 

was substituted with TCR in the same proportions. Additionally, AAC slabs with recycled tire rubber (RTR) were produced as fibrous 

and non-fibrous using 1% by volume hook-end SF. In total, nine AAC slabs with sizes of 50 x 50 x 6 cm3 were manufactured for the 

study. Experimental data showed that the inclusion of RTR only slightly reduced the punching shear strength of AAC slabs and the 

punching shear strength of the slabs increased when SF was added to the mixtures containing RTR.
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1 Introduction 
At the present, the storage of tires is also considered 
a  major environmental danger, as used tire elimination 
areas reduce biodiversity owing to the toxical and solvable 
ingredients of tires [1]. Because of the fast increment in 
the demand for transportation owing to modern develop-
ments, the waste tire accumulation brings about ecolog-
ical catastrophes. Additionally, the increase in the costs 
of collection, transportation and disposal of waste tires is 
also considered its prime issue. It is therefore vital to recy-
cle trash tires for potential reuse in the construction sec-
tor as aggregates. The reuse of waste tires is becoming 
one of the ideal answers economically and for the ecosys-
tem. Nevertheless, the tire rubber replacement rate should 
not be more than 20% to avoid a harmful impact on some 
mechanic features of the rubberized concrete [2]. One of 
the important problems for rubberized concrete is insuffi-
cient bonding between the concrete and the rubber matrix. 

Due to this insufficient bonding, premature cracking 
occurs in the concrete. For this reason, rubberized concrete 
is used in non-structural applications [3, 4]. Additionally, 
there are very few researhes in the literature on the punch-
ing shear performance of rubberized concrete. Thus, the 
number of studies on this subject should be increased.

After water, concrete is the material that is utilized the 
most globally [5]. To reduce CO2 emissions, the construc-
tion industry must use eco-friendly products, so alkali-ac-
tivated concrete is one of the alternative materials for the 
construction industry. (AAC), which is environmentally 
friendly concrete that could be obtained from rich alumi-
nosilicate ingredients such fly ash, slag, metakaolin, and 
alkali solution [6–9]. Since OPC requires more energy 
and causes more environmental pollution, geopolymer or 
alkali active concrete is preferred instead of OPC concrete 
recently [10].
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In practice, concrete flat slabs are extensively used in 
multi-storey car parks, some industrial structures,  etc. 
In these systems, beamless columns directly support flat 
slabs, resulting in a substantial decrease in the height of 
the structure and an increase in the area used. However, 
in these systems, punching shear failure problem arises 
in slabs because of extreme stress condensation in slab- 
column joints. Owing to the brittle structure, such frac-
tures are very unsafe and unwanted. Whenever a punch-
ing shear failure occurs, the structural strength signifi-
cantly deceased, so the bond between the column and 
slab weakens and allocates, causing the entire structure 
to collapse [11]. 

In the literature, there are some techniques to decrease 
the effects of punching shear on column-slab connections 
and to raise the control of cracks that may occur. One of 
these techniques is to use SF in a matrix. As a result of 
previous research, it was found that the addition of fiber is 
beneficial in increasing the mechanical properties of con-
crete [12]. The use of SF in concrete increases the com-
pressive force, and that enhancement modifies accord-
ing to the SF content and sizes in the mix [13]. Besides, 
the results of the tests demostrated that the presence of 
SF in the concrete mixtures increased the punching shear 
strength of the slabs [11]. It was determined that the rea-
son for these improvements was the capacity of the fibers 
to bridge the cracks, particularly after the concrete struc-
ture fractured. Additionally, the mainspring of using 
SF in AAC is to improve the post-cracking behavior of 
AAC  [14]. Moreover, researchers found that the optimal 
amount of SF for economic reasons was 1% [15].

The recycled scrap tires were intended to be used as 
follows: specific concrete features such as ductility are 
improved by rubber particles or CR in concrete mix-
tures  [16], toughness, or energy absorption [17], impact 
resistance [18], fatigue [19], and others [20]. Moreover, the 
use of crumb rubber instead of coarse or fine aggregate in 
concrete reduces the compressive strength, discrete ten-
sile strength, modulus of elasticity and flexural strength 
of concrete, while increasing ductility and fracture tough-
ness and impact strength of concrete, depending on the 
size and volume ratio of the crumb rubber [21]. Research 
on the punching shear strength of rubberized concrete 
slabs showed that as the quantity of rubber particles in the 
concrete, increases the punching shear strength of rubber-
ized concrete slabs is decreased and the addition of up to 
5% rubber compound causes a slight decrease in punching 
shear strength. 

The primary purpose of this study is to investigate the 
punching shear strength of AAC flat slabs by using SF and 
RTR while improving existing study and conduce to the 
literature on AAC flat slabs. Additionally, this study con-
duces to the production of environment by turning indus-
trial by-product materials such as GGBFS and RTR into 
useful materials and reducing CO2 emissions due to the 
use of GGBFS as a binding material [10]. This study con-
sists of two steps; in the first step, the effect of RTR alone 
on the punching shear strength and in the second step, the 
impacts of both RTR and SF together on the punching 
strength of slag-based AAC flat slabs were investigated. 
Additionally, one of the most major factors influencing the 
punching shear strength and fracture modes of rubber-
ized AAC slabs with/out SF is considered the aspect ratio 
of the specimens. Additionally, the cracking patterns of 
these slabs were thoroughly explored, as well as the fail-
ure modes of rubberized AAC flat slabs with and without 
SF. In the literature, there are some analytic and empirical 
researhes exploring the effects of SF and RTR concrete 
slabs on the punching trends. Even tough some research 
have been investigated on the punching strength of AAC 
slabs in the literature, there are few research about the 
impact of RTR and SF on the punching strength capacity 
of AAC slabs.

2 Experimental program
2.1 Materials
AAC made from slag was bound together with the indus-
trial byproduct material GGBFS, which has a specific sur-
face area of 418 m2/kg and a specific gravity of 2.70 g/cm3. 
Table 1 represents the chemical compounds and physical 
features of the GGBFS material [22].

Table 1 The chemical compounds and physical properties of the GGBFS

Material GGBFS (%)

CaO 34.12

SiO2 36.4

Al2O3 11.39

Fe2O3 1.69

MgO 10.3

SO3 0.49

K2O 3.63

Na2O 0.35

Loss of Ignition (%) 1.64

Specific Gravity (g/cm3) 2.76

Blain Fineness (m2/kg) 4.18
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The crushed limestone coarse and fine aggregates were 
obtained from the original source used to produce AAC 
mixtures. The physical characteristics and the sieve analy-
sis of aggregates are presented in Table 2 and Fig. 1 [23, 24].

In this study, the RTR materials were substituted with 
aggregates. 10% and 15% of coarse and fine aggregates 
were used in place of TCR and CR, respectively, as shown 
Figs. 2(a), 2(b) and 2(c). Additionally, during the produc-
tion of AAC flat slabs, CCR and FCR were used equally 
in mixtures of both 5% and 7.5% in two different ratios 
instead of aggregate, respectively. The physical features 
and sieving analysis of RTR were displayed in Table 3.

A mixture of NaOH solution and Na2SiO3 solution at 
room temperature was used as the alkali activator. This 
alkaline activator was made available 24 hours before 
being used in the GPC mix. The Na2SiO3 solution is com-
mercially available in component ratio (SiO2: 29.4, water: 
55.9% and Na2O: 13.7% by mass). The NaOH was avail-
able in solid form as pellets [22]. These solid pellets were 
dissolved in water to obtain NaOH solution of the neces-
sary concentration [25]. The NaOH had 97–98% purity. 
In this research, the molarity of NaOH was designed to 
be 12M (molar) because, the best performance of AAC 
is achieved in 12M NaOH solu-tion according to many 
researchers [26]. According to the prior research, the 
Na2SiO3/NaOH ratio should be between 1.5 and 2.5 for 
economical causes [27]. Thus, this ratio was chosen as 
2.5 in the study. Moreover, in this research, one type of 
Kemerix 30/40 hooked-end SF was added to the rubber-
ized AAC slabs at 1% to investigate their punching shear 
performance, as shown Fig. 2(d). Table 4 shows the aspect 
ratio and geometrical characteristics of the SF.

2.2 Mix-design
Nine AAC mixes in all were created for this investiga-
tion and produced in two series. One of them was the mix-
tures including 10% and 15% RTR only, the other was the 
mixtures containing 10% and 15% RTR and 1% hooked-
end SF. In this study, the individual RTR effect and the 
combined RTR and SF effect were examined in relation to 
the punching shear behavior of AAC slabs. A fixed 100% 
GGBFS was utilized as a binder in all ACC mixtures. 

Table 3 The Sieve Analysis and Physical characteristics of RTR [24]

Sieve Size(mm) CCR FCR TCR

16 12.2 11.1 5.3

8 21.8 47.4 9.6

4 33.5 86.3 24.6

2 81.7 100 53.8

1 100 100 89.6

0.5 100 100 100

0.25 100 100 100

Fineness Modules 2.23 1.97 3.88

Specific Gravity 0.83 0.48 1.02

Absorption (%) 2.2 1.8 2.9

Fig. 1 The sieve analysis of aggregates [23]

Table 2 The physical characteristic of aggregates [24]

Materials Fine Aggregate Coarse Aggregate

Fineness Modulus 2.57 5.66

Specific Gravity 2.45 2.72

Water Absorption 1.5 2.4

(a) (b)

Fig. 2 Tire, coarse, fine crumb rubbers and Steel Fiber used in the 
AAC slab specimens, (a) Tire crumb rubber (TCR), (b) Coarse crumb 

rubber (CCR)

(c) (d)

Table 4 The aspect ratio and geometric characteristics of SF

Designation of 
Steel Fiber Diameter (mm) Length (mm) Aspect Ratio

SF 0.75 30 40
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In  all mixtures, the total amount of binder and SF were 
used as 500 kg/m3 and a volume fraction of 1%, respec-
tively. The  quantity of each ingredient of rubberized 
fibrous AAC mix for 1 m3 was represented in Table 5 [28].

The punching shear performance of AAC slabs is mostly 
influenced by binder quantity and kind, alkali activator 
quantity and proportion, aggregates, maximal particle 
dimension (Dmax), volume proportion, and SF aspect ratio. 
Firstly, dry mix for 2.5 minutes with aggregates and binder 
was done to obtain AAC mixes. The polycarboxylate-based 
Master Glenium-RMC-303 superplasticizer, more water 
and within 1 minute, alkaline activator was added to the 
dry mix, and it was then agitated for a further 2 prepared 
and cast 50 cm × 50 cm × 6 cm slabs for testing the punch-
ing shear strength tests, as shown in Fig. 3. The rubberized 
AAC slabs were covered with plastic as soon as the cast-
ing process was complete to prevent the evaporation of the 
alkaline activator solution. The samples were demolded 24 
hours after casting minutes. After then, the mixture was 
blended for an additional 3 minutes to confirm that the rub-
berized AAC mixes were monotonous. Rubberized AAC 
slabs were and maintained in the lap room at 23±2 °C from 

the rubberized AAC samples until day 28. The punching 
shear tests of the AAC slabs were carried out at the same 
time. Also, during all punching shear experiments, the force 
was increased nonstop until all slabs collapsed. As indi-
cated in Fig. 3, the testing was done using a BESMAK-Dual 
Frame Compression-Flexural Test Machine (300 kN capac-
ity), which was made in compliance with EN 14651, TS EN 
12390-5, EN 1339, EN 1343-44, and ASTM C-78 standards. 
Additionally, these slabs were loaded at 0.4 millimeters per 
minute displacement speed. As shown in Fig. 3, a particular 
steel structure support with eight immobilized steel hemi-
spheres, specially manufactured for punching shear tests 
of AAC slabs, was used. The half steel balls were allowed 
to rotate freely so that there was no significant backlash to 
the slabs. The half steel balls were allowed to spin freely 
around themselves so that there was no significant coun-
teraction to the slabs [28]. Furthermore, the surfaces of the 
half balls were manufactured in such a way that they did 
not harm the AAC slabs due to the singular stresses in the 
contact area. As shown in the following Fig. 3, these balls 
were positioned evenly apart on the steel structure, with 
a center angle of 45° and a diameter of 40 cm. 

Table 5 Component of rubberized AAC slabs [28]

Mixture
GGBFS SF FCR CCR TCR

Fine Coarse Na2SO3

Molarity
SP

Agg. Agg. +NaOH

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 %

GS 500 0 0 0 0 860.07 738.12 250 12 7

GS-5.0FCR-5.0CCR 500 0 7.95 10.65 0 780.44 738.12 250 12 7

GS-7.5FCR-7.5CCR 500 0 11.9 15.98 0 700.80 738.12 250 12 7

GS-10TCR 500 0 0 0 30.9 621.16 738.12 250 12 7

GS-15TCR 500 0 0 0 46.36 541.53 738.12 250 12 7

GS-1.0SF-5.0FCR-5.0CCR 500 78.4 7.95 10.65 0 779.00 736.76 250 12 7

GS-1.0SF-7.5FCR-7.5CCR 500 78.4 11.9 15.98 0 699.51 736.76 250 12 7

GS-1.0SF-10TCR 500 78.4 0 0 30.9 620.02 736.76 250 12 7

GS-1.0SF-15TCR 500 78.4 0 0 46.36 540.53 736.76 250 12 7

Fig. 3 Punching shear test setup detail [23]; (a) Circumferential load distribution, (b) Special Steel Support, (c) Test setup on test machine, 
(d) Diagram representation of punching shear test setup

(a) (b) (c) (d)
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3 Results and discussions
3.1 Compressive strength
According to the ASTM C39 standard, compressive 
strength tests were performed 28 days after the casting of 
the AAC slabs to determine the compressive strength val-
ues using 3 pieces of 10 cm × 10 cm × 10 cm cubic speci-
mens the findings of these specimens' tests were given in 
Table 6. These results indicated that the reduction trend 
was obtained with the addition of RTR. Additionally, the 
results clearly demonstrated that the compressive strength 
of the AAC specimens decreased as the amount and size 
of CR increased. Meanwhile, the addition of SF to the rub-
berized AAC positively affected the compressive strength 
results and improved these results. But these compressive 
strength values are lower than those of GS. The results 
showed that in rubberized samples, the compressive 
strength increased as the rubber ratio and size increased 
in the fibrous samples.

Reductions of these compressive strengths were achieved 
as 21.97% for GS-5.0FCR-5.0CCR, 33.09% for GS-7.5FCR-
7.5CCR, 26.2% for GS-10TCR and 35.79% for GS-15TCR. 
Additionally, the declines in the compressive strength of 
fibrous samples were found as 7.2% for GS-1.0SF-5.0FCR-
5.0CCR, 15.85% for GS-1.0SF-7.5FCR-7.5CCR, 10.19% 
for GS-1.0SF-10TCR and 17.66% for GS-1.0SF-15TCR. 
Meanwhile, these results demonstrated that the AAC slabs' 
compressive strength was greatly boosted by the addition 
of SF, and the GS sample with SF had the maximum com-
pressive strength value. Since the stiffness of rubber is 
lower than that of tiny aggregate particles in many exper-
iments, the reduction in compressive strength of the rub-
berized AAC specimens was attributed to the CR parti-
cles serving as voids and the porous nature of the piece 
rubber [29]. Other factors include flaws in the vicinity of 
the aggregate and a change in the elastic modulus of the 

rubber particles and cement paste [30]. Additionally, as the 
amount of CR increased in the AAC samples, the whole 
pore volume of these samples increased. Thus, the com-
pressive strength results were adversely impacted. The 
compressive strength of SF reinforced concrete contain-
ing small amount CR aggregate particles slightly reduce 
the compared to plain concrete [31]. Similar results were 
obtained by previous studies [32].

3.2 The punching shear behavior under static loading
In this study, mid-deflection loading at a speed of 
0.02  mm/min was used for all punching shear tests on 
50 cm × 50 cm × 6 cm AAC slabs. A linear variable dis-
placement transducer (LVDT) positioned in the middle 
of the specimens was employed during all experiments 
to gauge the slab center's mid-displacement. In addition, 
a  steel plate with a diameter of 7 cm and a thickness of 
1 cm hardened steel circle plate was used to as a column 
during the tests to transfer the punching loads from the 
hydraulic jack via the load cell to slabs. Additionally, the 
AAC slabs' force vs. deflection curves from the punch-
ing shear tests were shown in Fig. 4. Additionally, Table 6 
displays the greatest force values of all tested specimens. 
All AAC slabs' pre-peak regions in punching tests showed 
a linear trend until the first fracture, and the post-peak 
regions showed strain softening. The impacts of RTR on 
the force vs. mid-deflection of AAC slabs with/out SF are 
shownn in Fig. 4(a) and 4(b). According to the results, 
rubberized AAC slabs without SF had a lower punching 
shear strength than GS. Because the stiffness of aggregate 
substitute with RTR was more than RTR. So, it caused 
an increase of pore volume in the rubberised AAC slabs. 
But RTR caused the ductility of rubberised AAC slabs to 
increase. Additionally, the inclusion of SF increased the 
punching shear strength of the rubberized AAC slabs. 

Table 6 The punching shear test results of AAC slabs

Slab Samples Compressive Strength 
(MPa)

Max. Disp. 
(mm)

Ultimate Punching Force in 
Experiments (kN)

Ultimate Punching Force 
from Regression Pattern (kN)

Exp/RP

GS 51.80(±0.93) 3.78 17.15 17.1502 0.99998

GS-5.0FCR-5.0CCR 40.42(±0.82) 14.22 15.42 15.4642 0.99714

GS-7.5FCR-7.5CCR 34.66(±0.78) 9.48 12.62 12.6177 1.00018

GS-10TCR 38.23(±0.91) 5.82 16.63 16.5715 1.00353

GS-15TCR 33.26(±0.85) 22.56 13.26 13.2883 0.99787

GS-1.0SF-5.0FCR-5.0CCR 48.07(±0.95) 43.82 18.04 17.9571 1.00461

GS-1.0SF-7.5FCR-7.5CCR 43.59(±0.88) 45.38 19.02 19.2533 0.98788

GS-1.0SF-10TCR 46.52(±0.84) 33.38 18.75 18.8052 0.99706

GS-1.0SF-15TCR 42.65(±0.72) 50.75 20.54 20.5191 1.00101
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Moreover, it was claimed that the rubberized AAC spec-
imens with SF had a higher punching shear strength 
than the rubberized AAC slabs without SF. Also, the test 
results showed that slabs containing larger RTR particles 
had more punching shear strength than slabs contain-
ing smaller RTR particles. Parallel results were acquired 
for rubberized concrete slabs in former research  [33]. 
Also, results showed that SF made the rubberized slabs' 
punching shear strength higher. Because, RTR particles 
improved ductility, while the presence of SF increased 
bonding under cracks and ductility. Furthermore, the size 
and content of RTR influenced on the fibrous AAC slabs' 
punching shear resistance. The  punching shear strength 
of fibrous AAC slabs increased as the size and content of 
RTR increased. It was found that the use of RTR was par-
ticularly effective for post-peak performance, as shown in 
Fig. 3(a). According to the results, while GS-1.0SF-15TCR 
had the highest punching shear strength, the lowest 
punching shear strength was obtained from GS-15TCR. 
It means that the rising in the strength can be depends on 

the bond among the SF and matrix. It means that the rising 
in the strength can be depended on the adherence between 
the matrix and the SF. Moreover, because of its further 
elastic modulus, SF facilitate stress distribution, thereby 
restricting the formation of tension cracks and increasing 
punching performances. Another reason for the increase 
in punching shear strength in AAC slabs containing SF 
can be the increasing in the bond strength owing to the 
crack-stopping ability of SF. Further, the amount and type 
of binder, the amount and proportion of alkali-activator, 
aggregates, maximum grain size (Dmax), size and content 
of RTR, percentage of SF, and the dimension of the slabs 
were the main factors influencing the punching shear 
strength of AAC slabs.

According to earlier studies, the SF had a positive 
impact on the bond strength [34], fracture modes, and 
punching shear strength [35]. Also, studies revealed that 
as the CR ratio increased, the strength of the concrete 
dropped. The  decrease in concrete strength is based on 
the fact that the hardness and rubber density is less than 
that of fine aggregates. Compared to rubber particles 
and cement paste, fine aggregates and cement paste have 
a  larger interface transition area [36]. It was discovered 
that the shear strength of rubberized concrete beams was 
adversely affected by the addition of CR as a fractional 
replacement for natural aggregates [37]. In addition, 
it was presented that the using of CR in matris improved 
the cracking behavior, ductility and toughness of these 
structural elements [38]. The research results showed that 
rubberized AAC slabs containing SF possessed greater 
toughness and were more ductile than just rubberized 
AAC slabs, as shown in Fig. 4(a) and 4(b). Meanwhile, the 
force vs. mid-deflection graphs for rubberized with/out SF 
slabs were obtained to be parallel trends. Consequently, it 
was obviously observed RTR reduced the punching shear 
strength of the slabs, but it improved the toughness and 
ductility. In addition, the adding of SF to the rubberised 
slabs caused the improvement of ductility, toughness, and 
punching shear strength. 

The fracture crack width obtained from each AAC 
slab in the study. Since SF distributes tensile loads along 
the fracture, it may result in a narrowing of the crack. 
Therefore, SF enchanced the punching shear strength, 
load carrying capacity, ductility, and post-crack of slabs. 
Additionally, if the post-cracking load kept getting better, 
it increased the width of existing cracks and led to new 
cracks forming. Moreover, according to the test results, 
RTR and SF enhanced the slabs' post-cracking and 

(a)

(b)
Fig. 4 The AAC slabs' punching shear test results; (a) Effects of RTR 

on AAC slabs, (b) Effect of SF on rubberised AAC slabs
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ductility behavior, however RTR did not raise the punch-
ing shear load. Almost all slabs were totally failure, just 
for two slabs, GS-1.0SF-5.0FCR-5.0CCR and GS-1.0SF-
7.5FCR-7.5CCR, the ultimate crack width was observed, 
35mm and 15mm respectively. The reasons for these 
improvements or reductions were related to kinds, volume 
fraction and quantity of RTR also SF content. They were 
also impacted by the homogeneous distribution of RTR 
and SF in the matrix. Punching shear loads dropped as 
the size and amount of RTR in the mix increased, but the 
slabs' post-cracking and ductility behavior improved, as 
indicated in Fig. 4(a). Also, they were further enhanced by 
the presence of SF in the rubberized ones than just AAC 
slabs with RTR, as represented in Fig. 4(b).

3.3 Scanning electron microscopy (SEM) analysis
SEM photographs of rubberized AAC slabs with and with-
out SF were given in Fig. 5. The SEM findings demon-
strated that the microstructure of the SF-enhanced AAC 
samples was more uniform and denser. Also, gaps and angu-
lar slag grains were hardly seen. Additionally, the results 
showed that well-dispersed matrices with more reacted 
slag particles have a denser, more uniform and less porous 
microstructure, and therefore these samples have better 
mechanical properties. However, due to water evaporation, 
self-drying [39], and reaction product shrinkage [40], big-
ger interconnecting macrocracks were seen in the micro-
structure and shrinkage of reaction products. Therefore, the 
bond between the rubber pieces and the matrix weakened 
and the mechanical strength of the sample decreased. 

Fig. 5 SEM images of rubberized GC slabs with/out SF; (a) GS, (b) GS-7.5FCR-7.5CCR, (c) GS-1.0SF-7.5FCR-7.5CCR,  
(d) GS-15TCR, (e) GS-1.0SF-10TCR

(a) (b)

(c) (d)

(e)
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3.4 Failure modes of the AAC slabs under punching
The rubberized materials' cracking patterns AAC 
slabs under center punching load were shown in Fig.  6. 
Moreover, Fig. 6(a) represents prior to failure and Fig. 6(b) 
afterward failure. The fracture pattern photos of the rub-
berized AAC slabs fibrous and non-fibrous were given. 
The test results showed that RTR and SF influence the 
crack patterns of ACC slabs. Flexure type cracks and flex-
ure fractures were obtained for all slabs, as there were no 
conventional reinforced steel bars. One or more large main 
and microcracks were observed in the tension zone for the 
slabs, as shown in Fig. 6(b). Also, these cracks formed in 
the maximum moment zone. These cracks appeared from 
the center to the corners and edges. Also, they showed in 
Fig. 6(c) for after the front face fracture and Fig. 6(d) for 
after the back face fracture. For rubberized 

AAC slabs only, the crack propagation of GS-5.0FCR-
5.0CCR and GS-10TCR was similar, and the crack prop-
agation of GS-7.5FCR-7.5CCR and GS-15TCR, as shown 
in Fig. 5(d). When cracks reach the rubber particles, due 
to the elastic features and low elasticity modulus of the 
rubber, the rubber grains extend and sustain some of the 
applied force, causing in an increasing of the fracture sur-
face area. Moreover, for the fibrous rubberized slabs, the 
crack propagations are parallel to each other. Due to the 
sufficient bridging of cracks, hook-end SF continue pre-
venting the more advanced levels of crack propagation till 
the structural member failure.

3.5 Regression pattern
Due to this experimental study; a numerical pattern was 
developed to determine the punching shear force for the 
rubberized AAC slabs used in the study. For this reason, 
the following numerical pattern was generated by using 
the compressive strength, steel fiber ratio, sizes of the AAC 
slab element, FCR, CCR and TCR ratios as variables. This 
pattern is produced handling the principle of least squares 
and is shown below as a pattern with a correlation coeffi-
cient of 0.999429. Additionally, the data obtained from the 
pattern are shown in Table 6. It was figured out that the 
pattern was changed by almost 2%. According to the data 
obtained from the pattern, it was observed that acceptable 
results were obtained from the produced numerical pat-
tern. Notations are taken as: 

V xSF xf xCCR

xTCRxf
PL ck

ck

� � �

� �

10 786 9 7489 6 9276

0 09712 190 59

. . .

. . 88 0 20603

0 11078 0 002789
2 2

�

� �

.

. .

xCCRxf

xf xTCRxf

ck

ck ck

	 (1)

Where
VPL: Ultimate punching shear force in kN
SF: Ratio of SF fibers
FCR: Ratio of fine crumb rubber
CCR: Ratio of coarse crumb rubber
TCR: Ratio of tire crumb rubber
fck: Compressive strength at day 28 in Mpa

4 Conclusions
In the scope of the research, the punching shear strength of 
RTR and/or SF slag-based AAC slabs were investigated. 
Moreover, evaluation of the effects of SF and RTR on 
punching shear. Additionally, the effects of RTR size and 
quantity on the punching shear and failure modes of AAC 
slabs were researched. The following conclusions can be 
derived from the data acquired based on the outcomes of 
the tests conducted here:

The results showed that the presence of RTR has a neg-
ative impact on compressive strength. According to the 
results, as the size and content of RTR increased, the com-
pressive strength of non-fibrous AAC slabs decreased. 
This reducing in compressive strength can be expressed by 
the weakness of the cohesion and poor bond between the 
rubber pieces and the AAC matrix, as well as the increase 
of voids that may have formed due to the FCR particles. 
Moreover, the existence of SF improved the compres-
sive strength of rubberized AAC slabs, but they were less 
than the compressive strength of GS. Because these slabs 
included the RTR. Additionally, as the size and volume of 
RTR increased in the fibrous rubberized AAC specimens, 
the compressive strength of AAC decreased. Furthermore, 
the maximum and minimum compressive strengties were 
obtained from GS and GS-15TCR, respectively.

The results showed that both RTR and SF also influenced 
the punching shear strength. The size and amount of RTR 
in the AAC slabs impacted the punching shear strength. 
As  the size and amount of RTR increased, the punching 
shear strength decreased. RTR due to their elastic features 
and poor elasticity modulus caused the pore volume of 
AAC slabs. While they decreased the compressive strength, 
the punching shear strengties were improved. Moreover, 
sametime RTR enhanced the ductility. Additionally, the 
addition of SF in the rubberized AAC slabs increased both 
the compressive and punching shear strengthes. This was 
because, the hook-end SF provided adequate bridging of 
cracks and this effect persisted until fracture.
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Fig. 6 Failure modes of AAC slabs after punching shear tests; (a) Before failure, (b) After failure, (c) Front surface after failure, 
(d) Back surface after failure

GS

GS-5.0FCR-5.0CCR
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Fig. 6 Failure modes of AAC slabs after punching shear tests; (a) Before failure, (b) After failure, (c) Front surface after failure, 
(d) Back surface after failure
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