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This study experimentally investigated the durability of rubberized mortar and concrete samples with
NaOH-solution treated rubber particles. The concrete samples without rubber particles were cast as con-
trol samples. The rubberized mortar or concrete samples were prepared with 15% as-received rubber and
different contents of NaOH treated rubber (15%, 25%, 35% and 50% by volume of fine aggregate). The elec-
trical resistivity, air-void measurement, and absorption tests were first conducted to evaluate the trans-
port properties of rubberized concrete samples. The freeze-thaw durability tests on different concrete
samples showed that the added rubber particles improved the freeze-thaw resistance of concrete. The
effect was more significant for NaOH treated rubber particles than that of as-received rubber particles.
The results of the alkali-silicate reaction (ASR) expansion test suggested that the ASR expansion was
decreased in rubberized mortar compared to plain mortar. The 15% NaOH treated rubber replacement
was most effective on reducing the ASR expansion among all of the rubberized mortar samples. The dry-
ing shrinkage increased with the content of rubber particles in mortar; however, the increased shrinkage
in rubberized mortar appeared to be reduced when the additional rubber was treated with NaOH solu-
tion. These test results indicated that the rubberized concrete or mortar (with 15% or 25% NaOH-
treated rubber replacement) samples have improved durability.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The durability of cement concrete can be described as the abil-
ity of concrete to retain its initial quality, form, and serviceability
when exposed to different environmental conditions [1–3]. A dur-
able cement concrete structure could have a long term service life,
which reduces the cost and environmental impacts of repair and
replacement of concrete structures [4]. The material used in con-
crete is one of the most important factors influencing the durability
of concrete structure [5]. The use of waste rubber in cement con-
crete has been researched by many authors since the 1990s. Some
authors suggested that incorporating waste rubber into concrete
could improve the durability of concrete [6–10]. In addition, since
the waste rubber is non-biodegradable, accumulation of waste
rubber has the potential to cause environmental problems. The
use of waste rubber in cement concrete provides an eco-friendly
way to recycle the waste rubber [11].

Electrical resistivity of concrete represent the ability of the con-
crete to resist the flow of an electrical current [12]. Since the
charged ions dissolved in pore solution of concrete can convey
the electrical current, the pore structures can be reflect by the flow
of the electrical current in concrete [13]. The connection of the cap-
illary pore space, which may allow the destructive media pene-
trated into concrete to decrease the durability of concrete, results
in a decrease of electrical resistivity of concrete. Consequently,
the electrical resistivity can be used as an indicator to access the
durability of cement concrete mixtures. The electrical resistance
of the concrete can be tested by direct current (DC) or alternating
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current (AC) resistance method [14]. Since the DC resistance test-
ing would result in the polarization effect which could cause the
serious error to the test results, the AC resistance method can be
applied to minimize the polarization results [15]. It is suggested
that an AC current with the frequency less than 30 Hz or at least
1 kHz can avoid polarization effects [16,17].

Freeze-thaw cycling could cause internal frost damage and
superficial damage in concrete which impacts the durability per-
formance of concrete [7,18,19]. The change in the volume of water
inside the concrete pore results in a change in internal stress [20].
The increasing internal stress causes deterioration of the concrete
structure [19]. Many studies have been conducted to research
the freeze-thaw durability of rubberized concrete. Topcu and
Demir [7] investigated the influence of rubber aggregate on the
freeze-thaw resistance of concrete. They concluded that the crumb
rubber with the size from 1 to 4 mm can improve the freeze thaw
durability of concrete when the content of rubber in concrete is
limited to 10% by volume. Benazzouk and Queneudec [21] found
that the improvement of the freeze-thaw durability can be
observed in rubberized concrete, even when the content of rubber
is up to 40% by volume of concrete, compared with the concrete
without rubber aggregate. Richardson et al. [22] used the crumb
rubber as an air entrainment agent in concrete to mitigate the
damage caused by freeze-thaw cycling. They summarized that
0.5% additional crumb rubber in concrete can provide effective
freeze-thaw protection to concrete structure.

Drying shrinkage of the concrete is described as the reduction in
the volume of concrete caused by the loss of moisture in the con-
crete [23,24]. The durability of concrete will be affected when
cracking occurs due to drying shrinkage of concrete [25,26]. Yung
et al. [27] investigated durability properties of concrete containing
waste tire rubber as the partial replacement of fine aggregate. They
concluded that the drying shrinkage increased with the increased
content of rubber aggregate. Huang et al. [28] found that although
the drying shrinkage increased with rubber content in rubberized
concrete, the shrinkage strain was far below the tensile strain
capacity of rubberized concrete even when the rubber content
was up to 40% by aggregate volume.

Alkali-Silicate Reaction (ASR) can deteriorate concrete with
internal pressure due to the expansion of Alkali-silicate gels [29–
32]. Afshinnia and Poursass [33] found that the ASR expansion of
concrete can be reduced by adding rubber aggregate into concrete.
Since the rubber has a lower stiffness and better capability of
deformation than stone aggregate, it will provide space for
Alkali-silicate gels to swell, thus diminishing the hydraulic pres-
sure which caused the expansion of concrete.

However, the hydrophobic nature of rubber leads to the weak
bonding strength between the rubber surface and cement paste
[34,35]. Thus, the strength of concrete would be decreased with
added rubber particles [36,37]. Particularly, Long et al. [38]
detailed analyzed the relationship between the rubber aggregate
volume ratio and the strength reduction. It was concluded that
the 1% increment of rubber aggregate volume fraction can lead to
4.5% compressive strength reduction. In order to reduce the nega-
tive effects of additional rubber on the performance of concrete,
the rubber could be modified to enhance its adhesion to cement
paste before adding it into concrete. Many studies [10,35,39–41]
have proven that treating rubber aggregate with NaOH solution
can improve the adhesion between rubber particles and cement
paste. Hence, the NaOH solution treatment of rubber could
improve the performance of rubberized concrete by mitigating
the reduction in the strength of rubberized concrete.

Although NaOH-treated rubber aggregate in concrete have been
investigated by many researchers, most of them focus on the
mechanical characteristics (such as compressive and flexural
strength). On the other hand, many studies suggested that the
addition of untreated rubber aggregate in concrete improved dura-
bility of concrete especially for freeze-thaw resistance [7,21,42].
However, the durability of the concrete containing NaOH-treated
rubber aggregate is seldom investigated. In order to develop highly
durable rubberized concrete, this study used the NaOH-treated
rubber aggregate in concrete to enhance rubber-cement bonding
and further improve the durability of rubberized concrete. The
durability properties of rubberized concrete including freeze-
thaw resistance, drying shrinkage, and ASR expansion were tested
to evaluate the durability of pre-modified rubberized concrete.
2. Material preparation

2.1 Materials

Type I Portland cement conformed to the ASTM C150 standard
[43] was used in this experimental study. Coarse aggregate with
the continuous grading from 1.19 to 25.4 mm as well as 0–4 mm
well graded sand were used for sample preparation. As received
rubber, the rubber particles without surface treatment, and
NaOH-treated crumb rubber with the size ranged between
1.44 mm and 2.83 mm were used in the experiment. The grain size
distribution of coarse aggregate, sand, and rubber particles is
shown in Fig. 1. The efficiency of the particles packing in concrete
can be influenced by grading of the aggregate [44]. Close-packed
aggregate could improve the fraction of aggregate in mix design
of concrete, thus decrease the requirement of cement and reduce
the cost for the concrete. Since the well-graded aggregate has the
higher efficiency of the particles packing than poor graded and
gap graded aggregate, in this study the well-graded aggregate
was used to keep the prize of concrete down. The commercially
available lignosulfonate based plasticizer was used as the water
reducer in this study to improve the workability of the mixture
without increase the water content of the mixture. The air entrain-
ment agent (AEA) from BASF Company were used in this study to
improve the air content and optimize the air void system of the
concrete. Sodium hydroxide (chemical purity grade, 95–98%) was
used for the pre-treatment of rubber particles.

2.2 Pre-modification of tire rubber particles

Since NaOH solution treatment could provide a weak alkali con-
dition around the rubber particles, cement hydration around rub-
ber can be improved when the treated rubber is incorporated
into cement concrete. In addition, the NaOH solution treatment
improves the hydrophilicity of rubber aggregate, reducing the
porosity of ITZ between rubber particles and cement paste. Thus,
the adhesion between rubber and cement paste could be enhanced
[45].

In this study, the crumb rubber particles were first soaked in
1 N NaOH solution for 40 min at room temperature as the pre-
modification. After treatment with the NaOH solution, the rubber
particles were washed with tap water for several times until the
pH of the washing water is close to neutral. At last, the treated rub-
ber particles were air dried at ambient temperature.

2.3 Mixture design

Two groups of cementitious mixtures were prepared for the
experiment. The letter ‘‘C” and ‘‘M” stand for concrete group and
mortar group, respectively. A set of plain concrete (C0) and five sets
of rubberized concrete were prepared for the freeze-thaw test.
Concrete samples with fine aggregate replaced by 15% as-
received rubber (C-AS-15) and 15% (C-OH-15), 25% (C-OH-25),
35% (C-OH-35), 50% (C-OH-50) NaOH-treated rubber by volume



Fig. 1. Particle size distribution of the fine and coarse aggregates.
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were prepared as five sets of rubberized concrete. The detailed
mixture design is shown in Table 1.

Cement mortars were prepared for the ASR expansion test and
drying shrinkage test. For the mortar sample preparation, the fine
aggregate of the mortar was replaced with 0% (M0), 15% as-
received rubber (M-AS-15), 15% (M-OH-15) and 25% (M-OH-25)
NaOH-treated rubber by volume of the total fine aggregate. The
detailed proportional mortar mixture designs are shown in Table 2.

3. Experimental method

3.1 Electrical resistivity measurement

The uniaxial method was used in this study to measure the elec-
trical resistivity of the concrete [46]. Three cylinder samples were
cast for each type of concrete to conduct the electrical resistivity
tests. The samples were demolded after 24 h and soak the samples
in water immediately. The electrical resistivity tests were con-
ducted at the age of 28 days to make the sure the samples were
saturated. For the electrical resistivity measurement, the saturated
cylinder concrete sample was placed between two metal plates. To
ensure constant electrical connection of metal plates and concrete
samples, two sponges saturated with water were placed between
the metal plates and the surface of concrete sample. An alternating
current at 1000 Hz was applied for the test. The decrease in the
potential between two metal plates was measured to evaluate
the electrical resistivity of the concrete samples.

3.2 Water absorption and volume of permeable pore space

The water absorption and volume of permeable pore spaces of 3
by 4 by 15-in prism samples were measured based on the ASTM
Table 1
Proportions of the designed concrete mixture (unit: kg/m3).

Index Cement Water Coarse Sand Rubbe

C0 280 124 929 619 0
C-AS-15 280 124 929 526 40
C-OH-15 280 124 929 526 40
C-OH-25 280 124 929 464 67
C-OH-35 280 124 929 402 94
C-OH-50 280 124 929 309 134
C642 standard [35]. The oven-dry mass (d) of samples were mea-
sured after the samples were dried in an oven for 24 h at 110 �C.
The samples were immersed in water for 48 h after being oven
dried and the saturated mass (s) of the samples were obtained.
Then the samples were boiled in water for 5 h and cooled for
14 h until the temperature of the samples were between 20 and
25 �C to measure the saturated mass of the boiled samples (b).
The immersed apparent mass of the samples (i) were measured
while the prisms were in the water. The absorption (A) and volume
of permeable pore space (P) of the samples were determined
according to Eqs. (1) and (2):

A ¼ ðs� dÞ
d

� �
� 100 ð1Þ

P ¼ b� d
b� i

� �
� 100 ð2Þ
3.3 Air-void measurement

The Air-void system analyses of hardened concrete were per-
formed based on the ASTM C457 [47]. Each cylindrical sample
was cut into a longitudinal slab by a water-cooled continuous
rim diamond saw. The slab was then sectioned into two small rect-
angular slabs with the dimension of 3 by 4-in. The 240 and 420 grit
metal-bonded diamond discs were used to grind the slabs to
smooth and flatten the sections. The 600 and 1200 grit resin-
bonded diamond discs were applied to polish the sections. Slabs
were painted black with a wide-tipped black marker by drawing
overlapping parallel lines. After the ink dried, one spoon of wollas-
tonite white powder was worked into the surface of the slab. The
extra powder was removed by scraping and the remaining powder
r AEA (% by mass of water) Water reducer (% by mass of water)

0.13 0.27
0.13 0.27
0.13 0.27
0.13 0.27
0.13 0.27
0.13 0.27



Table 2
Proportions of the designed mortar mixture (unit: kg/m3).

Index Cement Water No. 8 No. 16 No. 30 No. 50 No.100 Rubber

M0 477 224 108 271 271 271 162 0
M-AS-15 477 224 108 108 271 271 162 71
M-OH-15 477 224 108 108 271 271 162 71
M-OH-25 477 224 108 0 271 271 162 118
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was slightly wiped by an oiled fingertip. Voids in aggregates were
darkened with a fine-tipped black marker. The surface treated slab
was scanned with a high-resolution flatbed scanner. The scanned
pictures, as shown in Fig. 2, were used to analyze the air-void sys-
tem of the prepared samples according to the method described by
Peterson et al.[48].
Fig. 3. Setup for resonant frequency test of concrete prism samples.
3.4 Freeze-thaw test

To prepare the samples for the freeze-thaw test, three concrete
prism samples with a dimension of 3 by 4 by 15-in were cast and
cured according to the ASTM C192 standard [49] for each type of
concrete mixture. The samples were cured for 28 days before the
test. The freeze-thaw tests were conducted according to ASTM
C666 standard procedure B rapid freezing in air and thawing in
water [50] in the freeze-thaw chamber. During the freezing and
thawing procedure, the temperature of the center samples in the
freeze-thaw chamber ranged from 0 �F to 40 �F (�18 �C to 4 �C).
The mass of the samples was measured during the freeze-thaw
cycles. After the selected freeze-thaw cycles, the transverse fre-
quency of tested samples was measured according to the ASTM
C215 standard [51]. The set up for the fundamental transverse fre-
quency test was shown in Fig. 3. The sample was placed on a thick
sponge rubber support to allow the sample vibrate freely. The
accelerometer was attached to the end of the sample as shown
in Fig. 3 with glue to ensure good contact between accelerometer
and sample. Struck the middle of the sample with the impactor
and recorded the resonant frequency. The dynamic modulus of
elasticity was calculated with Eq. (3):
Fig. 2. Scanned image of surface treated slab samples (a) Scanned image of control samp
received rubber particles; (c) Scanned image of surface treated sample with 15% NaOH-tr
treated rubber particles.
E ¼ CMn2 ð3Þ
where E is dynamic modulus of elasticity; C is a parameter related
to the dimension of the tested samples; M is the mass of the sam-
ples; n is the fundamental transverse frequency.

3.6 Drying shrinkage test

Drying shrinkage tests were conducted in accordance with the
ASTM C596 standard [52]. The mortar prisms with the dimension
le with surface treatment; (b) Scanned image of surface treated sample with 15% as-
eated rubber particles; (d) Scanned image of surface treated sample with 25% NaOH-



500 R. Si et al. / Construction and Building Materials 153 (2017) 496–505
of 1 by 1 by 11.25-in were used for this test. Three of the mortar
prisms were prepared for each mixture. The mortar samples were
removed from the molds after 24 h and cured in lime-saturated
water for 48 h. Then the lengths of the mortar prisms were mea-
sured based on the ASTM C157 standard [53]. The samples were
placed in air storage at a relative humidity of 50 ± 4% and a temper-
ature of 73 ± 3 �F (23 ± 2 �C). The lengths of the samples were mea-
sured at 3, 7, 14, 21, and 28 days.

3.5 Alkali-silica reaction (ASR) test

For the ASR expansion test, three mortar prism samples with
dimensions of 1 by 1 by 11.25-in were prepared with each mixture.
According to the ASTM C1260 standard [54], the mortar prisms
remained in the molds for 24 h, then cured in water for another
24 h and the lengths of the prisms were recorded following the
ASTM C157 standard [53]. The samples were immersed in a 1 N
NaOH solution at 80 �C for 28 days after the initial lengths of the
samples were measured. In this study, the lengths of the samples
were recorded at 1, 4, 7, 14, 16, and 28 days.
4. Results and discussion

4.1 Electrical resistivity measurement

The electrical resistivity of the samples was measured to assess
the durability of concrete [46]. The results of electrical resistivity of
the samples at 28 days are shown in Table 3. As it can be seen, the
electrical resistivity in rubberized concrete was higher than that of
plain concrete. It indicates rubberized concrete has less transport
connections and better durability than plain concrete. The average
size of 2.16 mm for rubber particles used to replace the fine aggre-
gate is larger than the average size of 0.67 mm for replaced sand in
this study. Since the rubber particles with a relatively large size
replaced the same volume of sand in concrete, the quantity of
the rubber particles would be reduced compared with graded
sands in concrete. The reduction in quantity of fine aggregates
decreases the potential internal transport connection through less
interfacial transition zones between fine aggregate and cement
paste. In addition, the rubber is a non-porous solid compared to
sand. Thus the electrical resistivity of the rubberized concrete
increased. The samples with surface treated rubber appeared to
have a higher electrical resistivity than untreated rubberized con-
crete at the same rubber replacement level. It happened due to less
porosity around NaOH treated rubber aggregate than that of as-
received rubber aggregate, which further diminished the transport
connection in concrete. This implied that the NaOH-treated rubber
particles achieved a better adhesion with cement paste than the
untreated rubber particles. In terms of rubber content, the electri-
cal resistivity of rubberized concrete tends to increase with
increased rubber content. However, the electrical resistivity
started to decrease when the rubber content reached 50%. The high
content of replacement rubber in C-OH-50 samples reduced the
workability of fresh concrete, which generated a large amount of
air-voids in C-OH-50 samples [45]. The internal transport connec-
tion of concrete increased with increased connected air-voids.
Thus, the electrical resistivity of the samples with a high content
of rubber aggregate (as high as 50%) would decrease.
Table 3
Results of electrical resistivity measurement and absorption tests.

Sample types C0 C-AS-15

Electrical Resistivity (X*m) [45] 69.39 ± 2.41 84.84 ± 1.75
Water absorption (%) 2.40 1.79
Volume of permeable void (%) 5.38 4.84
4.2 Water absorption and volume of permeable pore space

The water absorption values of samples after 48 h of immersion
and the volume of permeable voids in the mixture are shown in
Table 3. It is obvious that the rubber aggregate decreased the water
absorption and permeable voids. As expected, the water absorption
and permeable voids decreased with increased rubber aggregate
replacement level. However, the water absorption values tend to
increase when the rubber content was higher than 35%. These
results are in accordance with the results of electrical resistivity
tests as the connected air-voids in samples increased with
increased porosity in concrete with a high rubber content. As can
be seen in Table 3, the amount of absorbed water and permeable
voids of C-OH-15 was less than C-AS-15, indicating a lower perme-
ability of treated rubberized samples and better adhesion between
treated rubber and cement paste.
4.3 Air-void measurement

The air content of C0, C-AS-15, C-OH-15, and C-OH-25 samples
was measured in the hardened stage. The results of the air content
are reported in Table 4. As it can be seen in Table 4, the air content
increased with increasing rubber content in concrete. It indicated
that the added rubber particles were able to introduce air bubbles
into the cement mixture as the function of air- entrainment agent.
In terms of rubber aggregate pre-modification, the air content of C-
OH-15 is 0.2% lower than that of C-AS-15. This result indicates less
porosity in the interfacial transition zone between NaOH-treated
rubber particles as well as tight bonds of pretreated rubber parti-
cles and cement paste.

The results of the air-void size distribution in concrete samples
are illustrated in Fig. 4. Compared with the air-void distribution of
C0, as shown in Fig. 4(a), the ratio of the small size air voids (less
than 3 mm) increased in C-As-15, C-OH-15, and C-OH-25. The
results of the air-void distribution of C-As-15, C-OH-15, and C-
OH-25 are illustrated in Fig. 4(b)–(d), respectively. The increase
in small air bubbles can potentially improve the freeze-thaw dura-
bility of concrete [55]. It indicated a better freeze-thaw resistance
of rubberized concrete than that of normal concrete.

The spacing factors of the prepared samples were measure and
the result shown in Table 4. The spacing factors for all of the sam-
ples are within 0.2 mm which is the limitation for the freezing and
thawing resistance of concrete [56,57]. The spacing factors of C-AS-
15 and C-OH-15 have no significant difference with C0 samples,
however, it is obvious that the spacing factors of C-OH-25 has
smaller spacing factors than other mixtures. The results of spacing
factor in consistence with the results of the air content measure-
ment, indicating C-OH-25 has the potential to obtain the better
freeze-thaw resistance than other tested mixtures.
4.4 Freeze-thaw cycles tests

4.4.1 Mass change
The mass of samples was measured throughout the freeze-thaw

test, the results are shown in Fig. 5(a). Fig. 5(b) illustrates the
change in mass during the freeze-thaw test. The results show that
the mass of the freeze-thaw samples tended to increase over the
first 246 cycles. The increase of the mass may be for the reason that
C-OH-15 C-OH-25 C-OH-35 C-OH-50

98.96 ± 4.25 103.87 ± 1.49 108.16 ± 5.00 103.82 ± 4.69
1.55 1.41 1.44 1.79
4.33 3.87 3.82 4.46



Table 4
Results of air-void measurement for fresh and hardened concrete.

Sample type C0 C-AS-15 C-OH-15 C-OH-25

Measured Air Content of Hardened Concrete (%) 5.5 ± 0.26 6.3 ± 0.28 6.1 ± 0.09 8.4 ± 0.15
Spacing Factor (mm) 0.0778 ± 1.44e�3 0.0756 ± 7.18e�4 0.0764 ± 7.75e�5 0.0532 ± 6.41e�4

Fig. 4. Air-void distribution in concrete samples with different content of rubber aggregate (a) Air-void distribution of concrete without rubber aggregate; (b) Air-void
distribution of concrete with 15% as-received rubber; (c) Air-void distribution of concrete with 15% NaOH-treated rubber; (d) Air-void distribution of concrete with 25%
NaOH-treated rubber.

Fig. 5. Results of the mass change of concrete prisms (a) Mass of the concrete prisms with different content of NaOH-treated crumb rubber during freeze-thaw cycles; (b)
Mass change of concrete prisms with different contents of NaOH-treated crumb rubber during freeze-thaw cycles.
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the tested samples absorbed water or were even hydrated during
the first 246 freezing and thawing cycles. Since the air-
entrainment agent was used in this study, the time for the samples
to reach a critical degree of saturation would increase significantly
[18]. Thus, the samples absorbed water during the thawing process
until they reached to the critical degree of saturation. As can be
seen in Fig. 5, the gain in mass in C-AS-15 samples was 0.03% lower
than that of C0 samples at 246 cycles. The additional rubber parti-
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cles decrease the mass gain caused by water absorption of con-
crete, which is consistent with the result of the water absorption
tests.

Particularly, at the same rubber replacement level, the mass
gain of NaOH treated samples C-OH-15 decreased 0.19% compared
with untreated samples C-AS-15. The reduction of increased mass
in C-OH-15 samples indicated a low porosity in the interfacial tran-
sition zone between rubber particles and cement paste. As the rub-
ber content increased in the concrete samples, the mass gain of the
samples reduced overall during the first 246 cycles.

However, the mass gain of the samples finished at about the
first 264 cycles. The mass of the tested samples decreased from
cycle 246 to cycle 508. The loss of the mass was due to the deteri-
oration of the samples during the freezing and thawing process.
The mass loss of the C0 and C-AS-15 samples were 0.80% and
0.76%, respectively, during cycle 246 to cycle 508. The decrease
in mass could be lowered by the additional rubber in concrete.
Compared with C-AS-15 samples, C-OH-15 showed less mass
reduction. It indicated that the bonding strength of NaOH-treated
rubber particles was higher than that of the untreated rubber par-
ticles. The high bonding strength between NaOH treated rubber
particles and cement paste prevent the loss of mass of the samples
during freeze-thaw deterioration. The mass loss percentages of C-
OH-15, C-OH-25, C-OH-35, and C-OH-50 samples from cycle 246
to cycle 508 were 0.59%, 0.59%, 0.65%, and 0.74%, respectively. As
it can be seen, the mass loss increased slightly with the increased
rubber content in concrete. Although the adhesion between rubber
particles and cement paste increased after treatment with NaOH
solution, the compatibility of rubber aggregate with cement paste
was still lower than traditional aggregated due to the low stiffness
of the rubber particles. However, the results show that the mass
loss of the C-OH-25 was same as C-OH-15. This indicated that rel-
ative low percentage (up to 25%) of rubber replacement in concrete
would not increase the potential for mass loss of rubberized con-
crete during freeze-thaw cycles.

4.4.2 Dynamic modulus of elasticity
The dynamic modulus of concrete with different content of rub-

ber aggregate was obtained during the freezing and thawing cycles
and the results are illustrated in Fig. 6(a). The rubberized concrete
appeared to have a lower dynamic modulus than plain concrete.
With surface treated rubber aggregate, the dynamic modulus in
rubberized concrete improved approximately 3% when the replace-
ment ratio was 15% of fine aggregate. In terms of rubber content,
the results show that the dynamic modulus decreased with
Fig. 6. Results of Dynamic modulus. (a) Transverse dynamic modulus of concrete prisms
Relative dynamic modulus of concrete prisms with different content of NaOH-treated c
increased rubber replacement ratio. Notably, the dynamic modulus
decreased more than 40% when the rubber content reached 50% of
fine aggregate in concrete mixture. It indicated that the added rub-
ber aggregate in concrete decreased the stiffness of concrete mixer
and the degree of the stiffness reduction with respect to the content
of rubber aggregate in the mixture. During the freeze-thaw process,
the dynamic modulus of the samples increased over the first 246
cycles as the stiffness of the concrete improved [58]. However,
the most important aspect of the freeze-thaw test is the decrease
in the dynamic modulus in samples from 246 cycles to 508 cycles.
The detailed change in the dynamic modulus of the samples during
the test was presented by the relative dynamic modulus (RDM).
Fig. 6 shows the results of the RDM of the tested samples during
508 freezing and thawing cycles. The concrete samples were cured
during the freeze-thaw process until cycle 246, as indicated by the
increase in the RDM. As shown in Fig. 6, The RDM started to
decrease after cycle 246. The reduction of resonant frequency due
to internal microcracks developed in prism samples results in the
decrease of RDM [59]. The reduction percentages of RDM of C0
and C-AS-15 samples from cycle 246 to cycle 508 were 7.69% and
7.48%, respectively. The reduction of RDM slightly decreased in
the rubberized concrete compared to plain concrete. It indicated
that the additional rubber in concrete has a positive effect on reduc-
ing freeze-thaw deterioration. In the case of pre-modified rubber-
ized concrete, the reduction of RDM in C-OH-15 samples
decreased 2.43% compared to C-AS-15. It is due to the enhanced
adhesion between NaOH-treated rubber and cement paste that pre-
vented the internal microcracks of concrete from developing. The
RDM of C-OH-15, C-OH-25, C-OH-35, and C-OH-50 reduced by
5.05%, 5.69%, 6.96%, and 9.80% from cycle 246 to cycle 508. Increas-
ing rubber content led to an increased reduction of RDM in con-
crete. However, there is no significant influence of the change of
RDM when the rubber content did not exceed 25% in concrete.
The RDM of C-OH-50 decreased rapidly after cycle 246. The signif-
icantly decreased stiffness of concrete with high rubber content
makes the concrete structure deform easily. The deformation of
the concrete structure has potential to cause internal microcracks
in concrete during the freeze-thaw process. In another word, too
high of a rubber content in rubberized concrete has a negative effect
on resistance to freeze-thaw deterioration.

4.5 Drying shrinkage

Results of drying shrinkage of cement mortar samples are
shown in Fig. 7. The shrinkage of mortar samples increased with
with different content of NaOH-treated crumb rubber during freeze-thaw cycles. (b)
rumb rubber during freeze-thaw cycles.



Fig. 7. Shrinkage behavior of mortar with different rubber content.
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the addition of crumb rubber. The length changes of M-AS-15,
M-OH-15, and M-OH-25 rubberized mortar samples were 0.003%,
0.002%, and 0.006% higher than the control samples M0 at 28 days.
The low stiffness of rubber particles led to a lower internal
restraint of the rubberized mortar than that of plain mortar. The
increased shrinkage deformation of rubberized mortar was due
to the reduced internal restraint of the structure. In terms of rubber
aggregate pre-modification, the average length change of treated
samples M-OH-15 was 0.003% less than that of untreated samples
M-AS-15. The enhanced adhesion between rubber particles and
cement paste due to NaOH surface treatment contributed to the
increase in the internal restraint in treated rubberized samples.
In addition, the low transport connection in NaOH treated samples
decreased the loss of moisture content in the rubberized mortar.
Thus, for the same rubber replacement level, the shrinkage of the
treated rubberized samples was lower than that of untreated rub-
berized samples.

In terms of rubber content, the shrinkage of the rubberized
mortar was increasing with the increased rubber content in mor-
tar. Since more fine aggregate was replaced by low stiffness rubber
particles in mortar, the internal restraints could be further
decreased and result in higher shrinkage. However, the increasing
range of the length change in all rubberized mortar samples was so
small that it will not cause shrinkage damage. All samples have less
than 0.03% length changes at 28 days, which indicates less shrink-
age damage potential for cement concrete.

4.6 ASR expansion

The results of the expansion of plain and rubberized mortar
samples due to alkali-silica reaction are shown in Fig. 8. As shown
in Fig. 8, the expansion values of all the mortar samples containing
rubber particles were less than plain mortar samples. The plain
mortars M0 and rubberized mortar M-AS-15, M-OH-15, and
M-OH-25 were expanded 0.22%, 0.20%, 0.18%, and 0.19%, respec-
tively, at the age of 28 days. The flexible rubber particles could
absorb the internal expansion stress caused by ASR gel in the
mortar. Thus, the ASR damage of the cement mortar can be
reduced. It can be seen in Fig. 8, for the same rubber content, that
the pre-modified samples exhibited better performance than
untreated samples. The expansion of M-OH-15 was 0.02% less than
M-AS-15. This happened because the treated rubber particles have
better adhesion with cement paste than as-received rubber parti-
cles [10,35,39,60,61]. As mentioned before in transport property
tests, the lower transport connection of the samples with NaOH-
treated rubber contributed to the better resistivity of pre-treated
samples than that of samples with untreated rubber.

In terms of rubber content, the expansion of higher rubber con-
tent samples M-25-OH is less than the lower rubber content sam-
ples M-15-OH before 16 days. This is consistent with the results of
the transport property tests. However, after 16 days, the expansion
of the M-25-OH tend to exceed that of M-15-OH. It is due to the
increased rubber content in the mortar that decreased the stiffness
of the cement structure. When a certain amount of ASR gel swelled
in the structure after 16 days, the lower stiffness of structure led to
a larger length change in M-25-OH compared to M-15-OH.

5. Conclusions

To assess the durability of the rubberized concrete or mortar
with NaOH solution treated rubber aggregate, durability tests were
conducted in this study. As-received crumb rubber and NaOH solu-
tion treated crumb rubber was used to replace a portion of fine
aggregate in concrete for the comparison. The results of this study
can be summarized as follows:

� Compared to plain concrete, the absorption and volume of
permeable void decreased for the rubberized concrete. The
water absorption was further decreased in the samples with
NaOH treated rubber as compared with samples containing
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as-received rubber particles. It indicates less porosity as well as
better rubber-cement adhesion of NaOH treated rubber than
that of untreated rubber.

� The results of electrical resistivity are in line with the results of
absorption and permeable void volume tests. NaOH treatment
of rubber aggregate could also decrease the electrical resistivity
in rubberized concrete. The electrical resistivity of concrete
decreased with the increased content of rubber aggregate. How-
ever, too much rubber (as much as 50% by volume) in concrete
demonstrated opposite effects, which would slightly increase
the electrical resistivity of concrete.

� The air-void content of the rubberized concrete is higher than
that of plain concrete. The air-void content of the samples with
NaOH-treated rubber aggregate slightly decreased compared
with samples with untreated rubber at the same rubber aggre-
gate replacement level. It demonstrated reduced porosity
around NaOH-treated rubber particles as well as a tighter con-
nection between NaOH-treated rubber particles and cement
paste.

� Rubber aggregate improves the freeze-thaw deterioration resis-
tance of concrete since the loss of mass and decrease of dynamic
modulus reduced in rubberized concrete after 246 freeze-thaw
cycles. The effect was more pronounced in the NaOH treated
rubber samples. C-OH-15 presents the best freeze-thaw resis-
tance among all of the samples. With the increase in rubber
content in concrete, the resistance to freeze-thaw damage
slightly decreased. Particularly, the freeze-thaw deterioration
of C-OH-50 increased significantly compared with other NaOH
treated rubberized concrete due to the huge decrease of stiff-
ness in concrete with a large amount of rubber aggregate.

� The drying shrinkage of rubberized mortar was slightly higher
than that of the plain mortar. The increased content of rubber
aggregate led to the increased shrinkage in rubberized mortar.
However, as the results showed, the range of increased shrink-
age is too small to cause drying shrinkage damage when the
rubber content was less than 25% in mixture. In addition, the
NaOH treated rubber samples presented a smaller length
change due to drying shrinkage than samples with as-received
rubber.

� The expansion caused by the alkali-silica reaction can be
reduced with the addition of rubber particles in mortar. The
NaOH-treated samples could further decrease the expansion
due to the low transport properties and increased rubber-
cement bonding strength of samples with NaOH treated rubber.
C-OH-25 samples have a smaller length change than C-OH-15 at
first due to its lower transport connection that reduces the
alkali-silica reaction in mortar mixture.

In summary, the proper content of rubber aggregate in concrete
improves the durability of cement concrete and mortar. The NaOH
solution treated rubber with enhanced adhesion with cement
paste can further improve the durability of rubberized cement con-
crete and mortar. The results showed that the NaOH-treated rub-
berized concrete is promising to be used in engineering projects
such as driveway or sidewalk construction.
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