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� Replacement >3.5% of aggregates with crumb rubber decreased compressive strength.
� Using silica fume did not improve the compressive strength up to 28 days of age.
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� This has promising implications for the use of FRP confined CRC in seismic zones.
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a b s t r a c t

Due to the known loss of compressive strength experienced by crumb rubber concrete (CRC) compared
with conventional concrete, there have been few applications explored to date for the structural use of
these materials. This paper describes experimental work conducted to explore the possible future use
of CRC for structural columns by evaluating the use of fibre reinforced polymer (FRP) confinement as a
means of overcoming the material deficiencies (decreased compressive strength). The results indicated
that the use of FRP to confine rubberized concrete effectively negates the decrease in strength, and retains
the advantages of increased ductility that arise from rubberized concrete. This indicates promising poten-
tial for structural column applications, particularly in seismic zones.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Crumb rubber concrete (CRC) is similar to conventional con-
crete but uses shredded scrap tyre rubber as a partial substitution
for mineral aggregates. Scrap tyres are among the largest and most
problematic sources of waste of modern societies, due to their
durability and the huge volumes of discarded tyres every year.
When tyres are dumped to landfill they can cause numerous
environmental problems, such as becoming breeding grounds for
mosquitoes and other pests. In addition, when such tyre dumps
catch fire it is notoriously difficult and costly to extinguish [1].
The recycling of used rubber conserves valuable natural resources
and reduces the amount of rubber entering landfill [2]. Extensive
previous research has been undertaken on CRC that shows a
common problem, namely that replacing mineral aggregates in
concrete with rubber aggregates results in compressive strength
losses of up to 85% depending on the rubber size and content [3].
Moreover, CRC has lower tensile strength and modulus of elasticity
compared with equivalent conventional concrete [3–11]. However,
compared to conventional concrete, CRC has higher energy dissipa-
tion, ductility, durability, damping ratio, impact resistance, and
toughness [12–16]. These characteristics make CRC an ideal poten-
tial candidate for concrete members subjected to dynamic loading
conditions such as columns in earthquake zones.

Recently, a new type of concrete column consisting of concrete
segments encased in fibre reinforced polymer (FRP) tubes has been
developed (e.g. [17,18]). The FRP tube in this structure acts as a
stay-in-place structural formwork, shear reinforcement, and
confining reinforcement. This segmental column is able to resist
lateral forces without experiencing significant or sudden loss of
strength. In addition, the damage is very minor which indicates
low energy dissipation compared to a traditional reinforced
concrete column [17].

Researchers have recently shown that confining conventional
concrete using FRP increases its axial capacity and ductility [19].
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Combining the advantages of concrete filled fibre tube (CFFT) and
CRC may therefore result in a new type of bridge column that
has adequate strength, higher energy dissipation, higher damping
ratio, and higher ductility. To date there has been very limited
investigation of the behaviour of CRC encased in FRP tubes. A mea-
sure called confinement effectiveness, defined as the ratio between
ultimate confined and unconfined strengths, has been used to
determine the improved strength gained by confining the concrete
in FRP tubes. Li et al. [7] showed that FRP encased CRC had
confinement effectiveness 23% higher than that of FRP-confined
conventional concrete. Moreover, the ultimate axial strain of the
FRP-confined CRC cylinders was double that of the reference CRC
cylinders.

This paper investigates the mechanical properties of 12 CRC
mixes. In addition, the behaviour of 18 concrete cylinders consist-
ing of CRC or conventional concrete encased in FRP tubes having
different thicknesses was investigated. These data will provide
additional information necessary to support the further develop-
ment of the proposed bridge columns that are the subject of future
work by the authors.

2. Experimental program

In this research the performance of concrete mixes incorporating 0%, 5%, 10%,
and 20% of crumbed scrap tyre rubber as a partial volume replacement of fine
aggregates was experimentally investigated. The effects of rubber content, rubber
pre-treatment, and silica fume (SF) additives on concrete workability, compressive
strength, tensile strength, modulus of elasticity, and Poisson’s ratio were examined
by testing 101 standard concrete cylinders. In addition, 18 concrete cylinders en-
cased in FRP tubes having different thicknesses were subjected to uniaxial compres-
sion to determine the difference in behaviour, if any, between the confined CRC and
conventional concrete.

2.1. Materials

Table 1 summarises the different components of all concrete mixes used in this
study. The mixture code used starts with the letter ‘‘L’’ or ‘‘M’’ indicating limited
rubber-sizes (poorly-graded) or multiple rubber-sizes (well-graded), respectively.
This letter is followed by the rubber content (expressed in terms of the per cent
of sand volume replaced by rubber) and then the letter ‘‘P’’ or ‘‘N’’ standing for
pre-treated rubber or non-treated rubber, respectively. Finally the letters SF are
used for mixes where silica fume was included.

General purpose cement, in accordance with Australian Standard (AS) AS 3972
[20], was used as the binder material in the concrete mixes. Densified SF with spe-
cific gravity of 2.2 was used as a partial replacement of concrete cement (10% by
weight) in three mixes (M0-SF, M10-P-SF, and M20-P-SF) aiming to increase the
compressive strength of CRC. Dolomite stone having nominal maximum sizes of
10 mm and 20 mm was used as coarse aggregate. River sand with a maximum
aggregate size of 5 mm was used as fine aggregate. The crumb rubber used during
Table 1
Proportions of concrete mixes.

Group Mix code Rs (%) Rt (%) Pre-treatment of rubber W/C M

C

L L0 0 0 – 0.35 4
L5-P 5 1.75 NaOH 0.35 4
L10-P 10 3.5 NaOH 0.35 4
L20-P 20 7.0 NaOH 0.35 4
L20-N 20 7.0 – 0.35 4

M M0 0 0 – 0.5 3
M5-P 5 2.37 NaOH 0.5 3
M10-P 10 4.75 NaOH 0.5 3
M20-P 20 9.5 NaOH 0.5 3
M0-SF 0 0 NaOH 0.5 3
M10-P-SF 10 4.75 NaOH 0.5 3
M20-P-SF 20 9.5 NaOH 0.5 3

Rs: Per cent of sand volume replaced by rubber.
Rt: Per cent of total aggregate volume replaced by rubber.
W/C: Water to cement ratio.
SP: Superplasticizer dosage.
the course of this study had two different grading categories, namely poorly-graded
and well-graded. The poorly-graded type had only two particle sizes of 1.18 and
2.36 mm, while the well-graded type had particle sizes that ranged between 0.15
and 2.36 mm. Both rubber types were used as a partial replacement of sand by vol-
ume (Table 1). The sieve analyses for all aggregates used are shown in Fig. 1. The
specific gravity, unit weight, and fineness modulus were 2.72, 1570 kg/m3, and
6.02 respectively for dolomite; 2.65, 1630 kg/m3, and 2.36 respectively for sand;
0.85, 530 kg/m3, and 4.53 respectively for poorly-graded rubber, and 0.85, 530 kg/
m3, and 3.51 respectively for the well-graded rubber. Polycarboxylic ether type
superplasticizer (SP) with a specific gravity of 1.08 was added to the concrete mix-
tures to achieve the required concrete workability.

Unidirectional carbon FRP sheets with a nominal thickness of 0.13 mm and two-
part epoxy resins were used during the course of this study. According to the man-
ufacturer’s data, the ultimate strength, elastic modulus, and failure strain were
4900 MPa, 230 GPa, and 2.1%, respectively for the carbon FRP sheets; and 30 MPa,
4.5 GPa, and 0.9%, respectively for the epoxy resin.

2.2. Concrete mixes design

The concrete mixes were designed according to Australian Standard AS 1012.2
[21]. Two groups of concrete mixes were used with target compressive strengths of
50 MPa (group L) and 60 MPa (group M). Group L was designed with a constant
water to cement (W/C) ratio of 0.35, SP of 0.5% (by cement weight), and cement
content of 425 kg/m3. The fine/coarse aggregate ratio was 1/2. Group M was de-
signed to achieve a slump of 130–150 mm. In group M, the W/C ratio and cement
content were held constant at 0.5 and 350 kg/m3, respectively. However, the SP dos-
age was varied to achieve the required slump (Table 1). The fine/coarse aggregate
ratio was 1/1.2. The mixing procedure for the control mixes was as follows: mix
dry sand and gravel for 1 min.; add half of the water and mix for 1 min.; rest for
2 min.; add cementitious materials, water, and admixtures, and then mix for
2 min. The same procedure was followed for the CRC mixes, except that the rubber
aggregate was first mixed with dry cementitious materials for 1 min in an external
container, aiming to increase the rubber–cement interface adhesion, which is one of
the main factors impacting on CRC strength.

2.3. Pre-treatment of rubber

Some studies have shown that pre-treatment of rubber particles can play an
important role in improving the rubber/cement interface adhesion. The poor adhe-
sion of rubber particles to cement is attributed to the existence of zinc stearate
which is present in tyre formulation during manufacturing. This zinc stearate mi-
grates and diffuses to the rubber surface creating a soap layer that repels water.
In addition, rubber has low hydraulic conductivity and a smooth surface which both
result in poor adhesion of the rubber to the cement [6,8,22,23]. Pre-treatment of
rubber by using a Sodium Hydroxide (NaOH) solution removes the zinc stearate lay-
ers from the rubber surface [24]. The NaOH solution is able to eliminate the addi-
tives on the rubber surface leaving voids on the rubber outer surface that lead to
a relatively rough and porous surface, compared with non-treated rubber. Because
of the eroding effect of this acid solution on rubber particles, the surface of these
particles is scraggy, which can improve the cohesion strength between rubber par-
ticles and cement [25]. In addition, it increases the hydraulic conductivity, rubber/
cement water transfer rate, and hydration at the interface which improves the rub-
ber/cement adhesion [3,4,26–31].
ix proportions (kg/m3) Rubber Water SP.

ement SF Sand Dolomite

10 mm 20 mm

25 – 628 1257 – – 148.8 2.125
25 – 597 1257 – 10.2 148.8 2.125
25 – 565 1257 – 20.4 148.8 2.125
25 – 502 1257 – 40.8 148.8 2.125
25 – 502 1257 – 40.8 148.8 2.125

50 – 866 311 727 – 175 6.30
50 – 823 311 727 13.8 175 6.30
50 – 779 311 727 27.7 175 6.37
50 – 693 311 727 55.5 175 6.65
15 35 865 311 727 – 175 8.40
15 35 778 311 727 27.7 175 8.90
15 35 692 311 727 55.5 175 9.45

mashalla
Highlight

mashalla
Highlight

mashalla
Highlight

mashalla
Highlight

mashalla
Highlight



Fig. 1. Sieve analysis of the used aggregates.
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In the present study, pre-treatment of the rubber particles with NaOH was used
for all but one mix containing rubber. The process commenced with the rubber par-
ticles being washed by tap water to remove any impurities and dust. They were
then submerged in 10% NaOH solution for 30 min in a container. Finally, the rubber
particles were washed again by stirring in water until its pH became 7, and then
they were left to air dry. The final washing is essential to remove any remaining
NaOH solution to prevent any negative effect on the concrete durability. Fig. 2
shows the procedure of the rubber pre-treatment process. It was observed that sub-
merging the rubber into the NaOH solution increased its pH to 14. Every 5 min, the
pH of rubber was recorded using a pH meter. The total time that was needed to
wash the rubber, to remove NaOH solution, after the process of treatment was
about 30 min.
2.4. Variables and specimen preparation

The variables in this investigation were: rubber content (0%, 5%, 10%, and 20% as
a replacement of sand volume), pre-treatment of rubber particles (with and without
NaOH), SF content (0% and 10% by weight of cement), and number of confinement
FRP layers (1, 2, and 3 layers). Eight 100 � 200 mm cylinders were prepared from
each mix: three for evaluating the compressive strength at 7 days; three for evalu-
ating the compressive strength at 28 days; and two for evaluating the modulus of
elasticity, Poisson’s ratio, and stress–strain behaviour at 28 days. This resulted in
a total of ninety-six cylinders from the 12 mixes. In addition, eighteen
100 � 200 mm cylinders (three from L0, three from L20-N, six from M0, and six
from M20-P) were cast in FRP tubes having different FRP thicknesses to determine
the confined stress–strain behaviour. Moreover, one 150 � 300 mm cylinder for
each of the L-mixes was prepared and tested to determine the indirect tensile
strength at 28 days.
Fig. 2. Rubber particles pr
The FRP tubes were manufactured by wrapping FRP sheets around steel cylin-
ders having an outer diameter of 100 mm and height of 200 mm. A thin sheet of
baking paper was first wrapped around the steel cylinder to provide easy detach-
ment of the FRP tube after its curing time. The FRP fabric had a width of 200 mm,
thickness of 0.13 mm, and was cut to the required length to wrap each cylinder,
including an overlap of approximately 100 mm (about 30% of the tube circumfer-
ence [19,32]). The epoxy was prepared according to the manufacturer’s instruc-
tions. Using a brush and a roller, the fabric sheets were first fully saturated with
the epoxy, and then were wrapped around the prepared cylinder. Additional epoxy
was applied as an overcoat to ensure full saturation of the fabric. Excess epoxy and
potential voids were rolled out on the surface. The fibres in the tubes were oriented
in the hoop direction. Fig. 3 shows the procedure of FRP tube fabrication. After 24 h,
the internal steel template was detached and the FRP tube was left to cure at room
temperature for 7 days. The bottoms of all FRP tubes were plugged using plastic
caps, allowing them to act as concrete moulds, as shown in Fig. 4.

The concrete mixes were poured into the tubes (Fig. 4), as well as, the steel
moulds. The traditional compaction method for the cast concrete was done using
a standard compaction rod and hammer. All unconfined specimens were de-moul-
ded after 24 h and labelled for the various tests. Then all unconfined and confined
specimens were cured in a water bath at 23 ± 2 �C, according to AS1012.8.1 [33]. All
test specimens, except the indirect tensile test ones, were capped according to Aus-
tralian Standard AS 1012.9 [34] using sulphur caps.

2.5. Instrumentation and test setups

All specimens were tested according to the appropriate Australian Standard
(AS) under monotonic loading until failure occurred. The compression test was car-
ried out using an 1800 kN capacity testing machine with a constant loading rate of
20 ± 2 MPa/min. Determination of the modulus of elasticity, Poisson’s ratio, and
stress–strain curve data were carried out at a constant loading rate of 15 ± 2 MPa/
min. Indirect tensile tests were performed using a constant loading rate of
1.5 ± 0.15 MPa/min.

The axial strains for all specimens were measured using two linear variable dis-
placement transducers (LVDTs), at 180� apart and covering 130 mm of the mid-
height region. The hoop strains of the concrete were measured using electrical
strain gauges with a gauge length of 60 mm and gauge resistance of 120 ± 0.3 ohms.
These gauges were bonded at 180� apart at the mid-height of each cylinder. Fig. 5
shows the arrangement of the LVDTs and strain gauges. For the FRP confined spec-
imens, the strain gauges were bonded outside the overlapping zone. Loading the
test specimens was controlled using computer software (LABVIEW 8.6) and the data
were recorded using a data acquisition system.

3. Experimental results and discussion

3.1. Properties of fresh concrete

The workability of the different mixes was determined using
the slump test according to Australian Standard AS 1012.3.1 [35]
e-treatment process.



Fig. 4. FRP confined specimens filled with concrete.
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and the results are given in Table 2. As shown in the table, the
slump values in the L set of mixes were not affected by increasing
the rubber content up to Rt = 1.75%. Beyond that, the slump
showed a significant decrease. The slump losses at 1.75%, 3.5%,
and 7.0% rubber content were about 0%, 72.5%, and 92.5%, respec-
tively. The slump reduction with the increase of rubber content is
related to the clear difference in the shape and texture of rubber
particles compared to the shape and texture of the replaced sand
particles. The rubber particles are poorly shaped with rough sur-
faces compared to the spherical shaped, smooth surface natural
sand particles. This leads to slow relative movement of rubber par-
ticles in the concrete matrix compared with the relative movement
of sand particles, which results in an incompatible mix and reduces
the concrete slump. As stated earlier, in the M group of mixes the
SP content was varied in order to hold the slump at a consistent,
workable value. The viscosity of the SP is able to offset the slow
motion of the concrete matrix containing rubber particles. This is
demonstrated by the increased dosing of SP required to maintain
constant slump (Table 1).
3.2. Properties of hardened concrete

3.2.1. Compressive strength
Generally, increasing the rubber content in concrete reduced its

7 and 28 day compressive strength as shown in Table 2. Fig. 6
shows the loss pattern of 28 day compressive strength for L and
M CRC mixes. As shown in the figure, at any rubber content as a
per cent of total aggregates (Rt), group M with well-graded rubber
had compressive strength losses higher than those of group L with
poorly-graded rubber. This is attributed to the fineness modulus of
the hydride aggregates overall (sand and rubber) in each group.
Using poorly-graded rubber with 4.53 fineness modulus in group
L increased the fineness modulus of the hydride aggregates com-
pared to the well-graded rubber with 3.51 fineness modulus in
group M. Increasing the concrete aggregates’ fineness modulus in-
creases its compressive strength [36], or in another words, reduces
the compressive strength losses.

For L-mixes, using rubber content up to 3.5% volume had no sig-
nificant effect on the average 28 day compressive strength. On the
other hand, for M-mixes at similar rubber content the compressive
strength losses reached 19%. This is again attributed to the higher
Fig. 3. FRP tubes
overall aggregate fineness modulus of L-mixes compared to
M-mixes. Beyond 3.5% rubber content, as the rubber content in-
creased, the compressive strength decreased for both L and M
mixes. The maximum reduction in both 7 and 28 day compressive
strength was about 37%, for the 9.5% rubber content mix compared
to the control mix (Table 2).

In CRC mixes, aggregates fineness modulus is not the only factor
affecting the compressive strength. Other factors of importance are
the particle texture and stiffness. The texture of the rubber parti-
cles affects the bond between the particles and the cement mortar
which affects the strength. Although the roughness of the rubber
surface is supposed to increase the bond to the cement paste, the
compressive strength still decreased. This is attributed to the bad
absorption of the rubber particle which reduced the penetration
of the rubber aggregate by the cement paste and thus resulted in
bad rubber/cement interface adhesion. In addition, the low stiff-
ness of rubber particles produces high internal tensile stresses that
cause early failure in the cement mortar. Thus, increasing the vol-
ume of rubber will exacerbate the weak points at the interfacial
transition zone, leading to strength reduction.
3.2.2. Indirect (splitting) tensile strength
The tensile strength of the concrete mixes at 28 days was only

determined for the L group mixes using the indirect tensile
(splitting) test and the results are shown in Fig. 7 and Table 2. As
fabrication.



Fig. 5. Arrangement of LVDTs and strain gauges.

Table 2
Experimental results.

Group Mix code Rs (%) Rt (%) Slump (mm) Compressive strength Tensile strength (MPa) Modulus of elasticity (MPa) Poisson’s ratio

7 Days 28 Days

(MPa) (%) (MPa) (%)

L L0 0 0 200 44.8 100 53.5 100 4.6 42,508 0.20
L5-P 5 1.75 200 45.5 102 55.6 104 4.9 44,075 0.20
L10-P 10 3.5 55 45.3 101 53.9 101 4.8 42,097 0.21
L20-P 20 7.0 15 40.4 90 48.1 90 4.2 40,964 0.21
L20-N 20 7.0 20 38.1 85 41.6 78 4.8 36,434 0.21

M M0 0 0 – 51.0 100 62.5 100 – 45,627 0.21
M5-P 5 2.37 – 42.2 83 51.5 82 – 45,295 0.21
M10-P 10 4.75 – 40.4 79 50.0 80 – 46,908 0.22
M20-P 20 9.5 – 32.2 63 39.2 63 – 43,272 0.25
M0-SF 0 0 – 41.9 100 60.1 100 – 50,566 0.22
M10-P-SF 10 4.75 – 35.5 85 50.0 83 – 48,098 0.23
M20-P-SF 20 9.5 – 29.4 70 40.3 67 – 45,953 0.22
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expected, the pattern of the concrete tensile strength was similar
to that of the corresponding compressive strength (Fig. 7, group L
– 28 days). In addition, the tensile strength of each mix was about
8.7% of the corresponding compressive strength. This indicates that
the tensile behaviour of CRC is similar to that of conventional con-
crete. The tensile strengths of concrete incorporating 0%, 1.75%,
3.5%, and 7.0% rubber content are 4.6, 4.9, 4.8, and 4.2 MPa, respec-
tively. Factors affecting the CRC tensile strength are similar to
those affecting its compressive strength.
Fig. 6. 28-day compressive strength losses of L and M CRC mixes.
3.2.3. Static modulus of elasticity and poison’s ratio
The measured static modulus of elasticity (Es) values are shown

in Table 2 for the various mixes. As shown in the table, the Es of
each mix correlated to the corresponding compressive strength
although the maximum reduction in Es for both L and M mixes
was only 5%. Youssf and ElGawady [3] have shown that the reduc-
tion in the CRC static modulus of elasticity depends on the rubber
size and content in a given mix. The concrete aggregate character-
istics affect its Es; the higher the Es for aggregates the higher the Es

of the resulting concrete. Moreover, the higher the volume of total
aggregates in the concrete mixture, the higher the Es of the result-
ing concrete. Since the Es of rubber aggregates is relatively low
compared to that of mineral aggregates, the Es of concrete incorpo-
rating rubber is anticipated to be lower than that of conventional
concrete.

The measured Poisson’s ratios (Table 2) for L-mixes were 0.20,
0.20, 0.21 and 0.21 for concrete incorporating 0%, 1.75%, 3.5%,
and 7.0% rubber content, respectively. However, for M-mixes, the
measured Poisson’s ratios were 0.21, 0.21, 0.23, and 0.25 for
concrete incorporating 0%, 2.37%, 4.75%, and 9.5% rubber content,
respectively. Thus, it can be concluded that Poisson’s ratio
increased with increasing rubber content. The reason for that is
attributed to the high Poisson’s ratio of tyre rubber and its ability
to deform under stress.
3.3. Effect of rubber pre-treatment using NaOH

As mentioned above, NaOH solution was used as a pre-treat-
ment of rubber particles aiming to improve the rubber/cement
adhesion and then the concrete strength. For concrete durability
protection, the NaOH solution was totally removed by washing
the rubber particles at the end of the pre-treatment process as de-
scribed previously. The effect of rubber pre-treatment using NaOH
solution on concrete slump, compressive strength, tensile strength,
and modulus of elasticity was determined through comparison of
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the results of mixes L20-P (pre-treated rubber) and L20-N (non-
treated rubber) in Fig. 8. As shown in Fig. 8(a), pre-treatment of
rubber particles had a negative effect on the concrete slump by
approximately 25%. This is attributed to the relatively rough sur-
face of pre-treated rubber compared to non-treated rubber that re-
sulted in relatively slow movement of rubber particles in the
concrete matrix. However, as demonstrated in the M mixes the
slump can be improved by the use of Super Plasticiser so this is
not a major issue. Fig. 8(b) shows that the compressive strength in-
creased due to pre-treatment by approximately 6% and 15% at 7
and 28 days, respectively. In addition, the rubber pre-treatment in-
creased the concrete Es by about 12.5%, Fig. 8(c). This is attributed
to the effect of the pre-treatment on the rubber outer surface
which increases the adhesion between rubber and the surrounding
cement paste. Although mix L20-P showed tensile strength lower
than that of L20-N, Fig. 8(d), which was not expected, this may just
be within the normal range of test values that would be expected
for any mix, since only 1 cylinder was tested for tensile strength for
each mix.

3.4. Effect of silica fume additive

Adding SF to the concrete mix reduces its workability due to its
small particle size which increases the tendency of the cement par-
ticles to agglomerate in the paste, trapping some of the mixing
water. Therefore, SP was used to achieve the required workability
instead of increasing the water content. In the present study, using
SF in the concrete mix increased the amount of SP required when
compared to concrete without SF to maintain the same slump
(Table 1). For example, the required SP for M0-SF and M20-P-SF
were 33% and 42% higher than that required for the corresponding
M0 and M20-P, respectively.

Fig. 9 shows the effect of SF additives on concrete compressive
strength. As shown in the figure, at 7 days, SF mixes had compres-
sive strengths lower than those of mixes without SF. However, at
28 days, mixtures with and without SF reached approximately
the same compressive strength. This indicates that the pozzolanic
effect of SF is slower in nature initially. Hence, testing of compres-
sive strength at 56 days may have provided more useful informa-
tion on the effect of SF addition. Fig. 10 shows the variation of Es

for mixes with and without SF. As shown in the figure, all SF mixes
showed higher Es than mixes without SF. The mean Es for SF mixes
was 6.5% higher than that of non-SF mixes.

4. Confined stress–strain relationship

All confined specimens in this study were made to investigate
the behaviour of CRC filled FRP tubes compared with conventional
concrete filled FRP tubes in order to simulate confined segmental
Fig. 7. Tensile strength of group L CRC mixes with pre-treated rubber.
column segments under monotonic axial compression. All confined
specimens failed by rupture of the FRP tube at mid-height of the
specimens. Failure was also accompanied by a loud snapping
sound. The mode of failure of the confined specimens is shown
in Fig. 11. Table 3 summarizes the results of the confined and ref-
erence specimens. In Table 3, f 0c is the unconfined compressive
strength, f 0cc is the ultimate confined strength, ec is the unconfined
axial strain at peak stress, ecc is the ultimate confined axial strain,
and f 0l is the ultimate confinement pressure. The confinement pres-
sure was calculated as ½f 0l ¼ 2f t � t=D�, where ft is the FRP sheet ten-
sile strength reported by the manufacturer, t is the FRP tube
thickness, and D is the concrete core diameter. As expected, the
FRP tubes ruptured before reaching the manufacturer reported fail-
ure strain (2.1%). Such rupturing is typically attributed to the fol-
lowing reasons: (1) the tube curvature, non-uniform expansion
of the core and the overlapping areas of the fabric [32,37], (2)
the confinement pressure acting on the internal surface of the jack-
et as well as axial stress in the jacket, causes a tension stress state
that is not strictly a pure tension condition compared with the
manufacturer’s flat coupon tension tests, and (3) concrete cracking
and crushing beneath the jacket causes local stress concentrations
in the jacket [38].

Fig. 12 shows the relationship between the applied compressive
stress and the measured axial strains (positive values represent
compressive strains), as well as the applied compressive stress
and the measured hoop strains (negative values represent tensile
strains) for the confined concrete. All stresses and strains were
taken as the average of the available similar measurements. Gener-
ally, the behaviour of confined CRC, Fig. 14(b) and (d), was similar
to that of the confined conventional concrete. The stress–strain
relationship consists of three distinguishable stages. In stage one,
the behaviour of confined concrete is similar to that of the corre-
sponding unconfined concrete until the concrete reaches the
unconfined peak strength (f 0c). During this stage, the Poisson’s ratio
of the FRP tube is higher than that of the concrete, which allows
the FRP tube to deform easily in the hoop direction with the con-
crete. Stage two, the transition stage, starts just beyond f 0c when
concrete cracks become significant and the concrete Poisson’s ratio
becomes higher than that of the FRP tube. The FRP confinement is
engaged and activated during this stage. The third stage involves a
linear increase in the FRP strains until the FRP ruptures. The gen-
eral behaviour of the hoop stress–strain relationship for CRC was
similar to that of the conventional concrete. However, due to a
malfunction of the data acquisition system during testing of the
L20-N specimens, only strains up to 6000 micro-strains were
measured. Thus, the FRP encased conventional concrete can be suc-
cessfully replaced by FRP encased CRC without any difference on
its stress–strain relationship; however, the lower strength of the
CRC can be compensated for by increasing the confinement
thickness.

4.1. Confinement dilation rate

The dilation rate of a concrete specimen under axial loading is
the rate of change of its hoop strains with respect to its axial
strains [39]. Fig. 13 shows the axial-hoop strain relationships for
all confined specimens (dotted lines). The solid lines slopes in
the figure represent the initial dilation rates mi which were very
close to the typical Poisson’s ratios measured for the corresponding
unconfined specimens (Table 2). The slope of the dotted lines rep-
resents the final dilation rate mf for each confinement thickness.
Increasing the confinement thickness decreased the concrete final
dilation rate (mf values in Fig. 13). In comparison with the specimen
confined by 1 FRP layer, the final dilation rate of specimens con-
fined by 2 and 3 FRP layers respectively decreased by 31.1% and
46.1% in the case of L0, 24.6% and 42.4% in the case of L20-N,



Fig. 8. Effects of rubber pre-treatment on concrete: (a) slump, (b) compressive strength, (c) modulus of elasticity, and (d) tensile strength.

Fig. 9. Effect of SF on concrete compressive strength.

Fig. 10. Effect of SF on concrete modulus of elasticity.

Fig. 11. Failure mode of confined specimens.

528 O. Youssf et al. / Construction and Building Materials 53 (2014) 522–532
41.2% and 57.5% in the case of M0, and 39.3% and 53.7% in the case
of M20-P. in other words, the lower the concrete strength, the
lower the final dilation rate. Rousakis et al. [40] indicated that a
decrease in concrete dilation rate occurs with a decrease in uncon-
fined concrete strength. Moreover, as the confinement stiffness
(thickness) increases the concrete dilation decreased.

Fig. 13 also indicates how the crumb rubber affects the ratio be-
tween initial and final dilation of the confined specimens. For 1, 2,
and 3 FRP confinement layers, these ratios were 5.53, 3.81, and
2.98 for the L0 mix compared with 4.66, 3.51, and 2.68 for the
L20-N mix, respectively. In addition, these ratios were 7.71, 4.53,
and 3.27 for the M0 mix compared with 5.90, 3.58, and 2.73 for
the M20-P mix. Therefore, using crumb rubber in concrete reveals
a smoother transition between the initial and final dilations. This is
attributed to the ability of rubber particles to deform easily
without failure which reduces the concrete micro cracks in the
transition zone.



Table 3
Summary of confined specimens test results.

Mix code No. of FRP layers f 0c (MPa) f 0l (MPa) f 0l /f 0c f 0cc (MPa) f 0cc/f 0c ec (Micro strain) ecc (Micro strain) ecc/ec ey at 0.65 f 0c (micro strain)

L0 0-Layer 53.5 0.00 0.00 53.5 1.00 2430 2430 1.00 911
1-Layer 12.74 0.23 77.6 1.45 11,250 4.62
2-Layers 25.48 0.47 113.0 2.11 18,135 7.46
3-Layers 38.22 0.71 137.0 2.56 21,306 8.46

L20-N 0-Layer 41.6 0.00 0.00 41.6 1.00 2064 2064 1.00 873
1-Layer 12.74 0.30 66.2 1.59 11,248 5.44
2-Layers 25.48 0.61 90.0 2.16 15,702 7.60
3-Layers 38.22 0.91 108.0 2.60 18,091 8.76

M0 0-Layer 62.5 0.00 0.00 62.5 1.00 2249 2249 1.00 965
1-Layer 12.74 0.20 76.5 1.22 7333 3.26
2-Layers 25.48 0.40 106.5 1.70 12,612 5.60
3-Layers 38.22 0.61 138.2 2.21 17,439 7.75

M20-P 0-Layer 39.2 0.00 0.00 39.2 1.00 1671 1671 1.00 692
1-Layer 12.74 0.32 61.7 1.57 7451 4.45
2-Layers 25.48 0.65 89.2 2.27 14,559 8.71
3-Layers 38.22 0.97 112.5 2.86 18,376 10.99

Fig. 12. Stress–strain relationship for confined specimens. (a) L0 mix (b) L20-N mix (*malfunction of the data acquisition system). (c) M0 mix (d) M20-P mix.
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4.2. Confinement effectiveness and ultimate strain

Fig. 14 shows the variation of concrete confinement effective-
ness (CE) with respect to the number of FRP layers. The CE is de-
fined as f 0cc/f 0c . As shown in the figure, the higher the confinement
thickness, the higher the CE. The CE of all CRC mixes was higher
than that of their control mixes, especially for high rubber content
(M-mix). The confinement of the M20-P mix by 1, 2, and 3 FRP lay-
ers resulted in CE of 1.57, 2.27, and 2.86, respectively. However,
confinement for the M0 had CE of 1.22, 1.70, and 2.21, respectively.
Thus, using 9.5% rubber content increased the CE by 28%, 33%, and
29% for specimens confined by 1, 2, and 3 FRP layers, respectively.

The ultimate axial strain ratio (ecc/ec) of CRC mixes was higher
than that of the control mixes, as shown in Table 3. The ecc/ec ratios
for the L20-N mix confined by 1, 2, and 3 FRP layers were 5.44,
7.60, and 8.76, respectively; however, confinement for the L0 mix
resulted in ecc/ec of 4.62, 7.46, and 8.46, respectively. Similarly,
the ecc/ec ratios for the M20-P mix confined by 1, 2, and 3 FRP layers
were 4.45, 8.71, and 10.99, respectively; however, confinement for
the M0 mix resulted in ecc/ec of 3.26, 5.60, and 7.75, respectively.

The ability of rubber particles to increase the concrete CE and its
ecc/ec ratio is related to their low modulus of elasticity and high
Poisson’s ratio which results in a relatively deformable concrete
with lower crushing beneath the FRP jacket compared to the con-
fined conventional concrete crushing. This decreases the local
stress concentration in the jacket and thus delays the FRP fracture.

4.3. Ductility

Concrete ductility (l) is defined as the ratio of concrete ultimate
strain to its yield strain. Markovich et al. [41] mention that the
yield stress (fy) and the yield strain (ey) occur at about 0.33–0.65



Fig. 13. Axial strain versus hoop strain for confined specimens. (a) L0 mix. (b) L20-N mix (*malfunction of the data acquisition system). (c) M0 mix. (d) M20-P mix.

Fig. 14. Confined concrete confinement effectiveness. Fig. 15. Confined concrete ductility.
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of the unconfined concrete strength. In the present study, the yield
strength corresponding to 0.65 f 0c is adopted. Thus, ey was found to
be 911, 873, 965, and 692 micro strain for L0, L20-N, M0, and M20-
P, respectively, as shown in Table 3. Fig. 15 shows the variation of l
with the increase of FRP tube thickness. As shown in the figure,
increasing the confinement thickness increased the concrete duc-
tility. This is attributed to the high tensile strain capacity of the
FRP tubes in the hoop direction which increases the axial strain
capacity of the confined specimen. Moreover, the increase in the
confinement thickness decreased the increasing rate of the ductil-
ity. This is attributed to the increase in the tube stiffness, which
leads to a reduction in the FRP strain at ultimate loads.

The concrete l of all CRC mixes was higher than that of their
control mixes. Increasing rubber content increased the l of the
concrete, especially at higher levels of confinement. For example,
mix M20-P contains 9.5% rubber content and revealed l of 16%
and 26% higher than that of mix L20-N which contains 7.0% rubber
content using 2 and 3 FRP confinement layers, respectively.
Therefore, using confined CRC in structures that are subject to seis-
mic effects, where ductility demands govern more than strength,
looks potentially promising.
4.4. Volumetric behaviour

Fig. 16 shows the volumetric strain versus axial compressive
strength for the confined and unconfined specimens. The volumet-
ric strain (ev) was calculated as [ev = ea + 2eh], where ea is the axial
strain and eh is the hoop strain. In this formula, ea and eh are posi-
tive for tensile strains and negative for compressive strains. Thus, a
negative value of ev means that the concrete specimen is in con-
traction and vice versa. ea was calculated using the average values
of the two vertical LVDTs, and eh was calculated using the average
values of the two hoop strain gauges. As shown in the figure, all
unconfined specimens were in contraction until they reached their
f 0c . After that, the volumes of the specimens increased, due to
cracking, until failure occurred. The behaviours of the confined



Fig. 16. Concrete volumetric behaviour. (a) L0 and L20-N mixes. (b) M0 and M20-P mixes.
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specimens closely followed those of the unconfined specimens
until the specimens reached f 0c . Beyond that, the specimens were
subjected to higher axial stresses resulting in more cracking and
a substantial increase in the expansion rate of the test specimens.
The expansion rate decreased with increasing confinement thick-
ness. This is attributed to the restriction caused by increasing the
confinement thickness which decreases the hoop strains, as shown
in Fig. 12 where, at a given axial stress, the hoop strains decreased
with increasing FRP tube thickness.

The Confined CRC displayed similar volumetric behaviour to the
confined conventional concrete. However, the rate of expansion for
CRC mixes was less than that of conventional concrete as clearly
shown in Fig. 16(b). This figure shows that, at a given axial stress
and confinement thickness, the ev of CRC is higher than that of con-
ventional concrete. This also confirms the higher ductility of CRC
compared with conventional concrete.

5. Conclusions

This paper presents an experimental investigation of confined
and unconfined crumb rubber concrete (CRC). The results of this
investigation are summarized in the following points:

(1) CRC showed lower workability than the conventional con-
crete. However, its workability can be controlled using
superplasticizer in the range recommended by the ASTM
494 standard (1–3% of cement weight) so this is not a signif-
icant issue.

(2) Using limited (or poorly graded) sizes of rubber (1.18–
2.36 mm) as a replacement of sand while maintaining
acceptable workability using superplasticizer, will provide
suitable CRC mixes for the purpose of CFFT columns.

(3) Mineral concrete aggregates can be replaced by crumb rub-
ber with limited grading sizes up to 3.5% replacement by
volume without any significant effect on the concrete
strength. However, increasing the rubber content beyond
this amount results in a drop in compressive strength up
to 37% for 9.5% replacement.

(4) Pre-treatment of rubber using NaOH solution increases the
concrete compressive strength by 6% and 15% at 7 and
28 days, respectively, compared with non-treated rubber
concrete and hence this is a feasible way to overcome some
of the loss of compressive strength.

(5) Adding silica fume as a replacement of 10% of cement weight
did not improve the concrete compressive strength at early
ages (up to 28 days).

(6) Confining both conventional concrete and CRC with FRP lay-
ers resulted in significant overall increases in compressive
strength of the confined specimens compared with
unconfined ones, and the thicker the FRP the greater the
increase in strength.

(7) Increasing the confinement thickness decreased the con-
crete final dilation rate. Using crumb rubber in concrete
reveals a smoother transition between the initial and final
dilations which reduces the concrete micro cracks in the
transition zone.

(8) The confinement effectiveness was consistently higher for
the confined CRC specimens than for the confined conven-
tional concrete specimens, especially with high rubber con-
tent (9.5%).

(9) The ductility of all CRC mixes was higher than that of their
control mixes. Increasing the rubber volume in concrete
increased its ductility, especially at higher levels of confine-
ment. Therefore, the use of confined CRC in structures sub-
ject to seismic loads, where ductility demands are more
critical than strength, looks promising.

(10) The Confined CRC displayed similar volumetric behaviour to
the confined conventional concrete. However, the rate of
volume expansion for CRC mixes was less than that of con-
ventional concrete. At a given axial stress and confinement
thickness, the volumetric strain of CRC is higher than that
of conventional concrete. This also confirms the higher duc-
tility of CRC compared to conventional concrete.

(11) The confined CRC can be used as a promising alternative to
the confined conventional concrete in a CFFT segmental col-
umn. The CRC can enrich the structure ductility, damping
ratio, and the energy dissipation which are the most impor-
tant parameters in structures resisting earthquakes.

The research demonstrated that confinement using FRP layers
effectively negates the decrease in strength that occurs in CRC
compared with conventional concrete and retains the advantages
of increased ductility that arise from CRC. This has promising
implications for the use of confined rubberized concrete in applica-
tions such as bridge columns in seismic zones. This is the subject of
further ongoing research by the authors.
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