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Abstract. The use of rubber in concrete has been practiced in the engineering community for several years.
However, the poor mechanical properties of rubberized concrete are a serious hurdle. This innovative research
provides a closer look at improving the ﬂexural strength of rubberized concrete beams with high rubber content
using conﬁnement technique. FRP jackets with different conﬁnement thickness were used to recover the strength
loss of rubberized concrete beams. In this paper, 66 rubberized concrete (RuC) beams having 0–50% rubber
content were tested under four-point loading. RuC beams suffered up to 167% reduction in ﬂexural strength.
However, the FRP jackets were highly effective to improve the ﬂexural strength of RuC beams. The statistical
models were developed to predict the ﬂexural strength of FRP conﬁned rubberized concrete beams using
response surface methodology (RSM). In this regard, the effect of two principle variables; unconﬁned strength
and number of FRP layers on the ﬂexural strength of FRP conﬁned rubberized concrete beams was investigated.
The models were found signiﬁcant because the predicted and adjusted R2 was less than 0.2 (a limit proposed by
Design Expert software). The predicted and experimental results for FRP conﬁned rubberized concrete beams
were found in good agreement. The developed statistical models provide insights into the sensitivity of
parameters affecting the ﬂexural strength. The proposed models can improve the reliability of the experiments
and reduces the design and analysis time.
Keywords.

FRP; concrete; beams; response surface methodology; rubberized concrete.

1. Introduction
The management of scrap tires is a serious problem due to the
higher production of tires. It can cause severe public health
issues. It is a well-known fact that scrap tires are very difﬁcult
to recycle because of high vulcanized rubber content.
Moreover, the scrap tires can trap methane and other gases
resulting in a large increase in volume and catch ﬁre easily.
The rubber particles can be used in concrete as a partial
replacement of aggregates that is one of the best recycling
approaches. Previous studies reported advantages of rubber
such as good strength and ductility. However, the mechanical
properties can be seriously affected by the addition of rubber
in concrete. The use of rubber in concrete is advantageous as
it is environmentally friendly. Moreover, it can improve
ductility and deformation capacity of concrete because of its

*For correspondence

elastic nature. The serious drawback includes a reduction in
compressive and ﬂexural strength of rubberized concrete as
compared to the conventional concrete [1–5]. This reduction
in mechanical properties created a hurdle for using rubberized concrete in structural engineering applications [1].
Previous studies focused on the replacement of aggregates by
rubber content [1–10]. However, reduction in ﬂexural and
compressive strength was observed by the replacement of
rubber content in concrete [11, 12]. There are different factors involved in this reduction such as the replacement type
and properties of rubber content [13]. The addition of rubber
in concrete can also yield inconsistent results as reported in
the literature [11]. Poor bonding between rubber and cement
paste is responsible for the reduction in compressive and
ﬂexural strength of rubberized concrete [14]. High air content
is also responsible for the reduction in strength and poor
mechanical properties of rubberized concrete (RuC) [15, 16].
Extensive research has been published on FRP conﬁnement
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of concrete in recent years [17–22]. FRP conﬁnement can
increase the compressive and ﬂexural strength of concrete
due to the high strength and stiffness of FRP. The combination of FRP and rubberized concrete beams can improve the
ﬂexural strength and other mechanical properties of rubberized concrete.
Several types of research have been performed on FRP
conﬁnement of conventional concrete beams [23–26]. FRP
jacketing can signiﬁcantly improve the shear and ﬂexural
strength of conventional concrete beams. However,
according to the author’s knowledge, no previous research
has focused on the FRP conﬁnement of rubberized concrete.
Moreover, it is important to use a powerful tool for statistical modeling that can enhance the understanding of the
parameters affecting the strength of rubberized concrete
beams. Statistical models can be constructed using a very
useful RSM technique to develop a relationship between the
input and output variables [27]. This technique can reduce
the time to analyze and design the experiments without
using signiﬁcant effort. RSM technique can be performed
with a limited number of resources and a strength model can
be developed using input parameters affecting the product.
The sensitivity of the input parameters can be determined
which can provide useful insight into the behavior of the
system [28]. Furthermore, the best possible solution can be
derived using a limited number of experiments and resources. The usefulness of RSM method can be described as
(a) development of output using limited resources, (b) the
time required to complete the analysis and design of the
experiment is very less, (c) regression models can be
developed with high accuracy, and (d) the predicted and
experimental values can easily be statistically validated.
This technique is commonly used to design or analyze the
experiments and common in the engineering community.
However, its use in FRP conﬁnement of concrete is still
novel. RSM technique has been successfully used by
researchers to successfully optimize and analyze the
experiments [27, 29].
This research for the ﬁrst time uses the RSM technique to
analyze the FRP conﬁnement of rubberized concrete
beams. The experimental test results form this research will
contribute to the use of FRP conﬁned rubberized concrete
as a structural material with more conﬁdence. This paper
aims to investigate the FRP conﬁnement on rubberized
concrete beams for the ﬁrst time. The statistical models for
FRP conﬁned RuC beams will be developed using RSM
and regression analysis. The unconﬁned strength, aggregate
effect and conﬁnement thickness are the main parameters
of the study.

2. Experimental program
This research study is comprised of 66 rubberized concrete
beams. The program was divided into three groups:
(a) 0–50% ﬁne aggregate replaced by rubber content,
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(b) 0–50% coarse aggregate replaced by rubber content,
and (c) 50% ﬁne and coarse aggregate replaced by rubber
content coarse. The ﬂexural strength of rubberized concrete
beams was investigated and parameters were unconﬁned
strength, aggregate effect and conﬁnement thickness.

2.1 Materials
Ordinary Portland cement according to ASTM C1157 was
used having 42 MPa strength, 30% ﬂy ash and 70% pure
cement by mass. Locally available ﬁne aggregates (2.65
speciﬁc gravity) were procured from Chengdu, Sichuan
province. The admixtures i.e., silica fume and ﬂy ash were
used. Water absorption, Oven dry density, speciﬁc gravity
bulk density, and ﬂakiness index were measured. Table 1
shows the physical properties of mineral aggregate and
rubber content as reported in previously tested experiments
by the author [30]. Figure 1 shows the particle size distribution of rubber content and mineral aggregates used in this
research.

2.2 Statistical modeling using RSM technique
This paper uses commercial software (Design Expert) to
analyze the experiments for FRP conﬁned rubberized concrete. The relationship between input parametric variables
and output factors can be established. This RSM design tool
includes procedure as (a) input the parametric factors to
design the experiments, (b) response is achieved after the
experiments, (c) development of statistical models using
input and output factors, and (d) optimization of models
using the robust tool [31]. Different models can be used
such as linear or quadratic according to the output
requirements. These models are responsible for predicting
the response such as ﬂexural strength or other mechanical
properties of the product. The ﬂow chart for easy understanding of the response surface method is shown in ﬁgure 2. For this particular research, the quadratic model was
used to develop statistical models.

2.3 Specimen preparation
The concrete mix was prepared as (a) the aggregate and
rubber content were mixed for 30 s, (b) the water was
added and mixed, (c) the additional water was poured
after mixing with admixtures (Silica Fume and Fly Ash),
and (d) the concrete mixture was mixed for around 3 min.
In the casting procedure, the specimens were cast using
two layers in a vibration table for proper compaction. The
rubberized
concrete
beam
specimens
were
100 9 100 9 400 mm. The specimens were covered with
sheets and were cured in a curing tank for 24 h after
demoulding. Figure 3 shows the casting of rubberized
concrete beams.
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Table 1. Physical properties of mineral aggregate and rubber [30].
Material (size in
mm)

Apparent density (g/
cm3)

Rubber (0–5)
Rubber (5–10)
Rubber (10–20)
Sand (0–5)
Gravel (5–10)
Gravel (10–20)

0.78
1.08–1.24
2.60
2.60
2.67
2.67

–
1.0–1.10
2.54
2.54
2.56
2.56

Water absorption
(%)
–
4.90–7.90
0.78–1.26
0.5
1.22
1.22

Speciﬁc
gravity
–
1.08
1.08
1.08
2.60
2.60

Bulk density (g/
cm3)
0.42
0.46
0.48
1.74
1.48
1.54

Flakiness
Index
–
6.3–7.9
9.8–15.5
–
6.80
9.70

Sand (0-5)
Rubber (0-5)
Gravel (5-10)
Rubber (5-10)
Gravel (10-20)
Rubber (10-20)

100

80

Percent Passing (%)

Oven dry density (g/
cm3)

60

40

20

0

0

I
0.1

I
1

I
10

10

Particle size (mm)
Figure 1. Particle size distribution of mineral aggregates and
rubber.
Figure 2. Response surface method approach.

2.3a FRP fabrication and properties: The unidirectional
FRP sheets were used to conﬁne rubberized concrete
beams. The properties of FRP with epoxy are shown in
table 2. The properties of FRP and epoxy were provided by
the manufacturer. The tensile strength of cured laminate
(FRP and epoxy) was 894 MPa. The tensile elastic modulus
and percentage elongation were 65402 and 1.7%
respectively.
2.3b Specimen conﬁnement and test setup: Carbon ﬁber
reinforced polymer (CFRP) jackets with 1, 2 and 3 layers
were used to conﬁne rubberized concrete cylinders in
groups 1, 2 and 3. The CFRP was wrapped on rubberized
concrete beams with 50% rubber replacement levels. The
experimental program consisted of 66 standard-sized rubberized concrete beams (10091009400 mm). A total of 27
beams were wrapped with CFRP to investigate the behavior
and effectiveness of FRP conﬁnement on rubberized concrete. One, two, and three layers of FRP were used to
determine the effectiveness of FRP sheets for rubberized
concrete for compressive strength and deformability. Wet
layup technique was used to wrap FRP sheets on rubberized
concrete beams. FRP fabrication for rubberized concrete
beams is shown in ﬁgure 4. The dust particles were

Figure 3. Casting of rubberized concrete beams.

removed from the surface of the beams before the application of FRP and epoxy. The epoxy had two components
A and B, they were mixed according to the data sheet
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Table 2. Properties of FRP jackets (fabric and laminate).
Property

FRP fabric

Orientation of ﬁbers
Tensile strength (MPa)
Tensile elastic modulus (MPa)
Elongation (%)
Primary ﬁber direction

0

O
4100
231000
1.7
Unidirectional

Laminate
–
894
65402
1.33
–

Figure 5. General view of the test setup.

Figure 4. Fabrication of FRP jackets.

provided by the manufacturer. The adhesive hardened after
5 h. The specimens were tested under a four-point loading
test using a 300 kN capacity universal testing machine. An
overlap of 100 mm for FRP jacketing was provided to avoid
de-bonding and premature failure of beams. The cylinders
were loading up to failure using a loading rate of 0.25 MPa/
s. Figure 5 shows the general view of the test setup. Each
loading segment in the test setup had round edges to
accurately transfer the load from the testing machine to the
concrete beams.

Figure 6. Failure modes of unconﬁned RuC beams with (a) 0%
rubber, (b) 50% ﬁne rubber, (c) 10% coarse rubber, and (d) 40%
ﬁne and coarse rubber content.

3. Results and discussion
3.1 Failure modes
The plain and less rubberized concrete beams containing
0–30% rubber content in all groups showed a typical failure
pattern of under-reinforced concrete beams. The brittle
failure was observed with vertical ﬂexural cracks in the
pure bending region. However, the cracking pattern was
observed to be different in group 3 (ﬁne and coarse rubber
replacement) with high rubber content (50%), showed
higher deformation and delayed cracking. Cracks initiated
from mid of the beams and spread towards the supports in a
gentle manner. Crack widths increased considerably after
the load increased. The crack waves propagated towards the

top of the beams. The failure modes of unconﬁned RuC
beams are shown in ﬁgure 6.
The failure modes of CFRP-conﬁned rubberized concrete
were more ductile in nature as compared to the unconﬁned
RuC cylinder. The group 3 showed delayed cracking and
more ductility as compared to group 1 (ﬁne rubber
replacement) and 2 (coarse rubber replacement) with the
same reinforcement ratio of FRP. A detachment of FRP in
group 1 was observed as shown in ﬁgure 7. The detachment
of FRP could be due to rough surface of rubber particles
that decreases the effectiveness of adhesive. However, no
considerable difference in failure pattern was observed with
increasing layers of FRP. Overall, FRP successfully
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BC
BF-10
BF-30
BF-50

25

20

Figure 7. The typical failure mode of CFRP-conﬁned RuC
beams (a) 50% ﬁne and coarse rubber, (b) detachment of FRP
from RuC beam (50% ﬁne rubber).

Load (kN)

15

10

5

0

delayed the onset of cracking and reduced the brittle nature
of concrete beams.

Table 3 shows the ﬂexural strength of unconﬁned RuC
beams. Equation 1 was used to calculate the ﬂexural
strength of concrete beams.
FL
bd2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Displacement (mm)
Figure 8. Load displacement curves of CFRP-conﬁned rubberized concrete beams (Group-1).

3.2 Aggregate effect on ﬂexural strength
of rubberized concrete beams

r¼

-0.2

ð1Þ

Where , = Flexural stress (MPa), L = length of the span
in (mm)
F = load (N)
b = width of the beam (mm)
d = depth of the beam (mm)
The rubberized concrete mixes BF-10, BF-30 and BF-50
achieved 5.1, 4.44 and 2.43 MPa ﬂexural strength. Strength
reduction of 8.2, 24.3 and 127.2% was observed for 10, 30

and 50% replacement levels of rubber content in the concrete mix. The mix BF-50 showed the highest reduction in
ﬂexural strength with 50% rubber content. The ﬂexural
strength of rubberized concrete beams was compared with
the existing literature [10, 32]. The comparison between the
predicted and experimental ﬂexural strength shows variation in results with the same rubber content in concrete. The
reason is attributed to different sources and nature of rubber
content. The specimen BC-10, BC-30 and BC-50 achieved
4.86, 3.93 and 2.4 MPa ﬂexural strength. Strength reduction
of 8.2, 24.3 and 127.2% was observed for 10, 30, and 50%
replacement levels of rubber content in the concrete mix.
The predicted results by Moh et al were close to the
experimental test values in this group. The mix BC-50

Table 3. Flexural Strength of rubberized concrete beams.

ID
C
BF10
BF30
BF50
BC10
BC30
BC50
BCF50

Ultimate failure load
Pu (kN)

Unconﬁned ﬂexural strength
Exp (MPa)

Predicted Batayneh
et al (MPa)

Predicted Moh et al
(MPa)

Flexural strength
reduction (%)

21
18.7

5.52
5.1

5.52
4.59

5.52
4.896

–
8.2

14.80

4.44

2.886

3.33

24.3

10

2.43

1.215

1.3365

127.2

16

4.86

4.374

4.6656

8.2

13.1

3.93

2.5545

2.9475

24.3

10.5

2.4

1.2

1.32

127.2

6.8

2.07

1.5111

1.656

167
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showed a more pronounced reduction in strength with 50%
rubber content. The recorded ﬂexural strength of rubberized
concrete mix BCF-50 was 2.07 kN. The strength reduction
of 167% was observed for 50% replacement levels of
rubber content in the concrete mix. The mix BCF-50,
similar to group 1 and 2, showed a higher reduction in

BC
BC-10
BC-30
BC-50
BCF-50

25

20

Load (kN)

15

10

5

0

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Displacement (mm)
Figure 9. Load displacement curves of CFRP-conﬁned rubberized concrete beams (group 2 and 3).

strength with 50% rubber content. The ﬂexural strength
prediction by Moh et al was close to the experimental test
results in this group.
The addition of rubber resulted in reduced strength of
RuC beams as compared to conventional concrete beams.
The results of ﬁne, coarse, and combined ﬁne and coarse
aggregate replacement by rubber content are shown in
table 3. A percentage reduction of 8–127% in compressive
strength was observed for ﬁne rubber replacement in RuC.
The mix BF-50 showed the highest reduction in compressive strength with 50% rubber content in group 1. It is
worth mentioning that the addition of rubber content in
concrete leads to early cracking and premature crack formation. These factors lead to low ultimate strength for
rubberized concrete beams. Higher reduction in strength
compressive strength was recorded in the mixes with coarse
aggregate replacement as compared to the ﬁne rubber
replaced counterparts. A reduction of compressive strength
up to 130% was recorded for coarse aggregate replacement
in RuC (group 2). The highest percentage loss in strength
was observed for 50% rubber replacement in the mix (BC50). The strength loss in the range of 14–130% was
observed for coarse aggregate replacement with rubber
content in RuC. The decrease in compressive strength was
slightly more pronounced for coarse aggregate replacement
by rubber content over the corresponding ﬁne aggregate
replaced RuC. The highest reduction in strength was

Figure 10. Predicted versus actual results by RSM (Group-1).
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Design-Expert® Software
P

113

Normal Plot of Residuals

Color points by value of
P:
130

99
95

Normal % Probability

0

90
80
70
50
30
20
10
5
1

-1.34

-0.65

0.04

0.72

1.41

Internally Studentized Residuals
Figure 11. Predicted versus actual results by RSM (Group-2).

Table 4. Analysis of variance table (ANOVA) for response surface quadratic model (G-1).
Source
Model
x-Unconﬁned Strength (kN)
x^2
x^3

Sum of Squares

df

Mean Square

F value

11977.24
3094.63
120.65
23.32

3
1
1
1

3992.41
3094.63
120.65
23.32

24270.80
18812.99
733.45
141.77

Table 5. Analysis of variance table (ANOVA) for response
surface quadratic model (G-2).

Model
A-fc’ (kN)
A^2
A^3

Sum of squares

df

Mean square

F value

10830.00
4401.85
111.20
19.49

3
1
1
1

3610.00
4401.85
111.20
19.49

32006.86
39027.54
985.96
172.80

observed for combined ﬁne and coarse rubber replacement
in RuC (group 3). The reduction in strength up to 167% was
recorded in this group i.e., higher than the group 1 and 2.
The highest reduction in strength was observed for the mix
(BCF-50), where the mineral aggregate in concrete was
replaced with a combined 50% ﬁne and coarse rubber
content. Rubberized concrete shows higher lateral dilation
than conventional concrete. The rubber particles also show
higher lateral dilation when subjected to loading [33, 34].

2.5

Flexural strength (MPa)

Source

Unconfined
Confined

2.0

1.5

1.0

0.5

0.0
1

2

3

Number of FRP layers

Figure 12. Load carrying capacity of CFRP-conﬁned rubberized
concrete beams (Group-1).
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Unconfined
Confined

3.0

Table 6. CFRP-conﬁned RuC (ﬂexural strength).

Flexural strength (MPa)

2.5

ID

2.0

BF-50FRP1L
BF-50FRP2L
BF-50FRP3L
BC-50FRP1L
BC-50FRP2L
BC-50FRP3L
BCF-50FRP1L
BCF-50FRP2L
BCF-50FRP3L

1.5

1.0

0.5

0.0
1

2

3

Unconﬁned
ﬂexural
strength
(MPa)

Conﬁned
ﬂexural
strength
(MPa)

Conﬁnement
ratio

2.50
2.50
2.50
2.62
2.62
2.62
1.70
1.70
1.70

2.53
2.56
2.67
2.64
2.67
2.78
1.75
2.07
2.30

1.01
1.02
1.06
1.00
1.01
1.06
1.02
1.21
1.35

Number of FRP layers

Figure 13. Load carrying capacity of CFRP-conﬁned rubberized
concrete beams (Group-2).

BF-50
BF-FRP(3L)
BC-50
BC-FRP(3L)
BCF-50
BCF-FRP(3L)

12

Unconfined
Confined

2.4

10

2.2

8

1.8

Load (kN)

Flexural strength (MPa)

2.0

1.6
1.4
1.2
1.0

6

4

0.8

2

0.6
0.4

0

0.2
0.0
1

2

3

Number of FRP layers

Figure 14. Load carrying capacity of CFRP-conﬁned rubberized
concrete beams (Group-3).

This phenomenon produces higher tensile stresses near
rubber content in concrete. The load displacement curves
for unconﬁned RuC are shown in ﬁgures 8 and 9. Figures 10 and 11 show the predicted versus recorded test
results for unconﬁned RuC for groups 1 and 2. The parametric variable factor for this statistical model was the
percentage of rubber content. Tables 4 and 5 show the
theoretical versus experimental results for groups 1 and 2.
The output response parameter for this model was the
percentage axial compressive strength loss in RuC. The
predicted and recorded test values were in good agreement
because the value of R2 was less than 1. The regression
equations 1 and 2 were developed to predict the reduction
in strength of rubberized concrete beams in groups 1 and 2.
The statistical graph for RuC with both ﬁne and coarse
rubber replacement was not plotted. The reason was less
number of parametric values for percentage rubber

0

1

2

3

4

Displacement (mm)
Figure 15. Load displacement curves of unconﬁned and CFRPconﬁned rubberized concrete beams.

replacement in that group. Equations 2 and 3 were developed for groups 1 and 2.
P ¼ 84:89  170:24fc0 þ 131:43fc02  50:02fc03

ð2Þ

P ¼ 85:32  169:77fc0 þ 129:44fc02  48:82fc03

ð3Þ

Where P and fc’ are percentage reduction in strength and
unconﬁned strength respectively.

3.3 Effect of conﬁnement thickness and unconﬁned
strength on FRP-conﬁned rubberized concrete
beams
The test results of CFRP conﬁned rubberized concrete
beams are indicated in ﬁgures 12, 13 and 14. The conﬁned

Sådhanå (2020)45:113
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Figure 16. Contour plot of FRP conﬁned rubberized concrete beams (RSM technique).
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Figure 17. Interaction diagram of FRP conﬁned rubberized concrete beams (RSM).
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ﬂexural strength of 2.53, 2.56 and 2.67 MPa was reported
for mixes BF-50FRP1L, BF-50FRP2L, and BF-50FRP3L
respectively. The conﬁnement ratios were 1.01, 1.02 and
1.07 for 1, 2 and 3 layers of CFRP conﬁnement. Strength
increment of 2, 3 and 7% were recorded for 1, 2 and 3
layers of CFRP-conﬁned rubberized concrete over the
unconﬁned RuC. The conﬁned compressive strength of
2.64, 2.67 and 2.78MPa was reported for mixes BC50FRP1L, BC-50FRP2L, and BC-50FRP3L respectively.
The conﬁnement ratios were 1.00, 1.02 and 1.06 for 1, 2
and 3 layers of CFRP conﬁnement. Strength increment of
0.64, 1.8 and 5.71% was recorded for 1, 2 and 3 layers of
CFRP-conﬁned rubberized concrete over the unconﬁned
RuC. The test results of CFRP conﬁned rubberized concrete
beams are summarized in table 6. The conﬁned compressive strength of 1.75, 2.075 and 2.30 MPa was recorded for
mixes BCF-50FRP1L, BCF-50FRP2L, and BCF-50FRP3L
respectively. The conﬁnement ratios were 1.02, 1.22 and
1.35 for 1, 2 and 3 layers of CFRP conﬁnement. Strength
increment of 2.9, 22.05 and 35.29% was recorded for 1, 2
and 3 layers of CFRP-conﬁned rubberized concrete over the
unconﬁned RuC. It is worth highlighting that Group 3 was

superior to group 1 and 2 in terms of gain in strength by
using CFRP conﬁnement on rubberized concrete beams.
Figure 15 shows the load displacement curves for CFRP
conﬁned rubberized concrete beams and its comparison
with unconﬁned beams.
The effect of fc’ (unconﬁned compressive strength of
concrete) and a number of FRP layers on the compressive
strength of FRP conﬁned-RuC beams is investigated. The
addition of rubber content resulted in reduced strength of
rubberized concrete beams. The jacketing of rubberized
concrete (RuC) by FRP recovered and further enhanced
the strength of rubberized concrete beams. Strength
increment of 2.9, 22.05 and 35.29% was recorded for 1, 2
and 3 layers of CFRP-conﬁned rubberized concrete beams
over the unconﬁned RuC. The RSM technique was
employed to investigate the effect of parameters (a) effect
of unconﬁned axial compressive strength and (b) number
of FRP layers on strength enhancement for FRP conﬁned
RuC beams. The statistical parametric comparison (contour plot) for strength enhancement of FRP conﬁned RuC
beams is shown in ﬁgure 16. The graphs were plotted
using the response surface method (RSM). The obtained

Table 7. Analysis of variance table (ANOVA) for response surface quadratic model.
Source

Sum of squares

df

Mean square

1.17
1.16
0.010
0.15
1.17

2
1
1
3
2

0.58
1.16
0.010
0.049
0.58

Model
A-FRP layers
B-fc’ (kN)
Residual
Model

F value
11.98
23.74
0.21
–
11.98

Design-Expert® Software
fcc' (kN)
11.1
8.25
11.2

X1 = A: FRP layers
X2 = B: fc' (kN)

fcc' (kN)

10.45

9.7

8.95

8.2

8.10

3.00
8.07

2.50
8.05

2.00
8.02

B: fc' (kN)

1.50
8.00

1.00

Number of FRP layers

Figure 18. 3D plot of FRP conﬁned rubberized concrete beams (RSM technique).

p-value
0.0371
0.0165
0.6752
–
0.0371
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models show a reliable correlation between the response
and parametric factors. The interaction plot shown in
ﬁgure 17 depicts how the factors collaborate for the
output response. These statistical models reveal that the
unconﬁned strength (fc’) highly affects the CFRP-conﬁned strength of rubberized concrete beams and is a
highly
sensitive
factor.
Analysis
of
variance
table (ANOVA) for the response factor is shown in
table 7. The regression equation ‘‘fcc’ = 4.37 ? 0.54
n-4.58fc’’’ from the statistical model was developed.
Conﬁned strength is designated by the response factor
fcc’. The parametric factors fc’ and n show the unconﬁned concrete compressive strength and number of FRP
layers respectively. The 3D diagram of two parametric
factors and a response factor involved in the statistical
model are depicted in ﬁgure 18.

4. Conclusions
This research for the ﬁrst time investigates the FRP conﬁnement of rubberized concrete beams. RSM technique was
utilized to develop statistical models and analyze the
experiments. The principle variables utilized in this research
were conﬁnement thickness and unconﬁned strength. The
following conclusions were drawn from this research.
• FRP successfully delayed the onset of cracking and
reduced the brittle nature of concrete beams. The
failure modes of CFRP-conﬁned rubberized concrete
were more ductile in nature as compared to the
unconﬁned RuC cylinder.
• The RuC beams suffered ﬂexural strength reduction up
to 167% with 50% rubber content.
• The highest reduction in ﬂexure strength was observed
for combined ﬁne and corase aggregate replacement
with rubber content in RuC beams. The inclusion of
rubber content in concrete resulted in premature microcracking.
• CFRP jacketing enhanced the ﬂexural strength up to
35% of unconﬁned rubberized concrete beams. Batayneh’s model was close to the experimental results for
predicting the ﬂexural strength of RuC beams.
• The statistical models revealed that the unconﬁned
strength (fc’) highly affects the CFRP-conﬁned
strength of rubberized concrete beams and is a highly
sensitive factor.

5. Recommendations
Further research should be directed towards the durability of
rubberized concrete for practical engineering applications.
Moreover, the usage of rubberized concrete in extreme
weather conditions in long term should also be evaluated.
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Nomenclature/notations
b
Width of the beam (mm)
d
depth of the beam (mm)
F
load (N)
fc’
unconﬁned compressive strength of concrete
fcc’ FRP-conﬁned compressive strength of concrete
,
ﬂexural stress (MPa)
L
length of the span in (mm)
n
number of FRP layers
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