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Crumb Rubber Concrete (CRC) can exhibit high freeze-thaw resistance, but its long-term creep behavior under various freezethaw conditions remains unclear, which is essential for the safety of pavement engineering in the severe cold zone. In this study,
the freeze-thaw eﬀects on the creep behavior of CRC under diﬀerent stress levels were systematically analyzed by testing the
compressive strength, the uniaxial creep under diﬀerent stress levels, and the dynamic elastic modulus. To simulate real conditions
of the road environment in the cold area, the lowest temperature of −20°C, six freeze-thaw cycles of 0, 30, 60, 90, 120, and 150, and
seven diﬀerent stress levels of 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 of the compressive strength were employed in this study. The test results
showed that the mass loss rate was 6%–11.2% and the compressive strength decreased by 6.51%–47% after 30–150 freeze-thaw
cycles. When the stress level reached its critical value, the relative dynamic elastic modulus decreased with the number of freezethaw cycles. After 150 freeze-thaw cycles, failure did not appear when the stress level was lower than 50%, above which the creep
failure was determined by the stress level and the number of the freeze-thaw cycles. Meanwhile, it was found that the cracking and
interfacial debonding between the matrix and the crumb rubber particle were the main reasons for the degradation of CRC creep
performance. Finally, a Weibull distribution-based empirical creep damage model was established to predict the failure of CRC,
which can enhance its application to related engineering.

1. Introduction
The number of waste tires has been increasing with a speed
of 1000 million per year, and there will be 5000 million tires
in total by the year 2030 [1], which imposes a challenge to the
disposal of waste tires. Traditional disposal methods such as
landﬁlling, burning, and fuel may cause air, water, and soil
pollution [2–5]. The addition of rubber particles produced
from waste tires into concrete may be an eﬃcient way [6–9]
to develop a type of rubberized concrete called Crumb
Rubber Concrete (CRC), in which the highly elastic and
stable rubber particles with a size of 0.425–4.75 mm were
incorporated. However, replacing the sand or stone with

rubber particles may weaken the compressive strength,
elastic modulus, and tensile strength due to the low modulus
of rubber and the weak interface between the matrix and the
rubber particle [10–14]. Zhang et al. [15] used FA and GGBS
as cement-based materials and used rubber particles to
replace 10% of the ﬁne aggregate to study the mechanical
properties and freeze-thaw properties of CRC concrete. The
results show that CRC concrete has good frost resistance due
to the energy absorption and dissipation of CRC. Nevertheless, these disadvantages can be overcome by surface
treatments upon rubber particles and optimization of mix
proportion. Besides, CRC can exhibit better performance
upon the impact resistance, ductility, energy dissipated
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energy capacity, high-temperature resistance, and thermal
and sound insulation, particularly the frost resistance
[16–19]. Wang et al. [20] summarized the principles and
classiﬁcations of seven fractal dimensions commonly used in
cement-based materials and discussed the application of
these fractal functions in the study of macroscopic properties
of cement-based materials (including durability, permeability, and frost resistance).
In the cold zone, the cyclic frost and freeze-thaw cycles
can seriously damage the concrete, cause spalling, and
coarsen the pore structure, a process of making the material
change from dense to lose. When concrete is seriously
damaged, the structural durability and mechanical properties safety and reliability of engineering structures can be
reduced and cause sudden hazards [14, 21–23]. Wang et al.
[24] discussed the inﬂuence of diﬀerent ﬁneness and content
of PHS instead of ﬂy ash mixed into cement on hydration,
mechanical strength, concrete pore structure, and fractal
dimension. The results showed that PHS with high ﬁneness
is more prone to pozzolanic reaction, consumes more Ca
(OH)2, and makes the concrete structure denser. Wang et al.
[25] studied the eﬀects of diﬀerent reactivity and diﬀerent
dosages of MgO on the shrinkage and crack resistance of
panel concrete through the slab test system. The test results
show that the reactive MgO with a relatively high dosage is
suggested to eliminate the early shrinkage and improve the
cracking resistance of face slab concrete. Huang et al. [26]
used multiscale modeling to simulate the hydration and pore
structure of MOS cement and used MATLAB to visualize the
pore structure state of the cement system before and after
hydration based on the microstructure method. The axial
compressive properties of rubber concrete at low temperatures (−30°C) were investigated by Xue and Pei [27]. They
found that the strength and deformation ability of rubber
concrete could be obviously improved compared with that of
ordinary concrete. Meanwhile, Hora and Reiterman [28]
noted that limited degradation in elastic modulus and
ﬂexural strength after 200 freeze-thaw cycles could be observed when the rubber-based powder was employed. When
the rubber particle was treated in NaOH solution, after 246
freeze-thaw cycles, the reduction in the mass loss and dynamic modulus could be pronouncedly relieved [29–31].
Also, properly adjusting the size of rubber particles can
obtain a signiﬁcant improvement in the frost resistance of
concrete [32–34]. The main reason for the improvement in
the frost or freeze-thaw resistance is that the thermal conductivity of rubber is much lower than that of concrete.
Moreover, rubber particles are soft, which is beneﬁcial to
accommodate incompatible deformation [30, 35, 36].
Bompa and Elghazouli [37] investigated the creep response of unconﬁned and FRP-conﬁned rubberized concrete materials with relatively high rubber contents; it was
found that both conﬁned and unconﬁned rubberized concrete materials tended to develop higher creep coeﬃcients
than that of ordinary concrete. The creep tests of CRC with
diﬀerent strength levels were carried out by Youssf et al. [38],
and they found that CRC could exhibit higher creep strains
compared to conventional concrete. Adamu [39] reported
that around an 81% increase in the creep strain and about
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double the creep coeﬃcient could be obtained when 10 vol %
sand was replaced by crumb rubber. Srubar [40] established
a random service life model through the natural chloride ion
migration test. Due to the randomness of the creep damage
of rubber concrete, conventional concrete damage models
are unable to reﬂect its true state, but the Weibull probability
distribution function has a prominent advantage of describing the random damage and is widely used in the ﬁeld of
reliability evaluation [41]. Chen and Qiao [42] and Pham
et al. [43] applied the Weibull probability distribution
function to study concrete under diﬀerent conditions. Gao
et al. [44] and Lu et al. [45] conducted orthogonal experiments on self-compacting concrete roads with nanomolecules and ﬁtted concrete fatigue equations with
diﬀerent survival rates based on the two-parameter Weibull
probability fatigue equation. Therefore, an appropriate
probability damage model is of great signiﬁcance to comprehensively and eﬀectively evaluate the creep damage of
rubber concrete under the action of cyclic freeze-thaw.
However, for road and bridge engineering, investigations
upon the material creep characteristics of CRC under the
eﬀect of freeze-thaw cycles are not suﬃcient.
This paper aims to study the eﬀects of freeze-thaw
cycles on the creep behavior of CRC subjected to diﬀerent
stress levels. Rubber particles with a diameter of 3∼6 mm
were incorporated into C40 ordinary concrete by
replacing 10% of the ﬁne aggregates in the volume. After
30, 60, 90, 120, and 150 freeze-thaw cycles, the compressive strength, uniaxial creep, and dynamic elastic
modulus were comprehensively measured. Furthermore,
the microstructural change was observed by scanning
electric microscope (SEM) test. Moreover, to take the
randomness of the material damage into account, a
Weibull distribution-based empirical creep damage
model was established to predict the creep failure of CRC,
which provides an experimental and theoretical basis for
applying CRC in road engineering in cold areas.

2. The Sample Preparation and Test Scheme
2.1. Raw Materials. In this study, rubber particles are produced by crushing waste rubber tires. At the microscale, they
exhibit a porous, layered, and loose structure, as shown in
Figure 1.
The ordinary Portland cement (P·O 42.5) was used as the
basic cement-based blinder; for ingredients, see Table 1. The
river sand with a ﬁneness modulus of 2.8 was used as the ﬁne
aggregate, and crushed stones with 5–20 mm continuous
gradation were selected as the coarse aggregate, following the
requirement of Chinese Standard GB/T50081-2019. The
Grade I ﬂy ash was obtained from a thermal power plant in
China. In addition, the standard high-performance polycarboxylic acid water reducer (HPWR) was adopted to get
good workability.
2.2. Mix Proportion. The test specimens were made by
mixing the cement, sand, stone, water, ﬂy ash, and water
reducing agent following the benchmark ratio of 310 : 791 :
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Figure 1: Snapshots of rubber particles: (a) macrorubber particles and (b) microstructure by electron microscope photo.
Table 1: Detailed parameters of P·O 42.5.
Water consumption of standard
consistency (%)
25.9

Initial setting time
(min)
165

Final setting time
(min)
220

1115 : 150 : 50 : 3.4, as tabulated out in Table 2. The designed
concrete strength grade is C40. The rubber particles with a
particle size of 3 ∼ 6 mm were used to replace 10% medium
sand in the concrete. The concrete production process is
shown in Figure 2; ﬁrstly, the rubber, gravel, sand, ﬂy ash,
and cement were mixed and stirred for 60 seconds; the
mixture should be removed from the mold and put into the
curing box (SHBY-90B) at a temperature of 20°C and a
humidity of 95% for 28 days.

Burning rate
(%)
3.5

MgO
(%)
2.18

SO3
(%)
1.93

Cl−(%) Stability
0.009 Qualiﬁed

Table 2: Mix proportions of CRC (kg·m−3).
Cement
310

Water
150

Sand
593

Stone
115

QS �

M
,
A

Fly ash
50

WRA
3.4

Rubber
36

(2)

where Qs (kg/m2) is the amount of spalling per unit area; A
(m2) is the area of each face of the CRC specimen; M (kg/m2)
is the cumulative spalling amount after the freeze-thaw test.

2.3. Test Scheme
2.3.1. Compressive Strength. Cubic plastic molds with an
edge length of 70.7 mm were used to cast specimens. The
casting process of specimens is in accordance with Chinese
Standard GB/T50081-2019 [46]. Afterwards, all specimens
were transferred to the curing box with a constant temperature of 20 ± 1°C and relative humidity of no less than
95%. After 28-day curing, the specimens were subjected to 0,
30, 60, 90, 120, and 150 freeze-thaw cycles, respectively, and
three specimens were prepared for each cyclic freeze-thaw
test. In the test, the displacement loading with a rate of
3 mm/min was adopted to monotonously load until the
specimen failed. The strength was evaluated by multiplying
the strength of the nonstandard specimen by the size
conversion factor of 0.9, as shown in
F
fcu � 0.9 × .
A

(1)

2.3.2. Determination of Spalling Quantity. The spalling
quantity refers to the ratio of the spalling quantity of surface
mortar to the surface area of the specimen after the freezethaw test, as shown in

2.3.3. Uniaxial Creep Test. In this test, the cylindrical
specimen with 25 mm in radius and 100 mm in height was
adopted. Moreover, the standard curing condition as
aforementioned was employed. After curing, these specimens were put into the DWR-4 concrete freeze-thaw test
machine, as shown in Figure 3. The temperature control
range of the test machine is from −40 to 50°C, and the
cooling rate is greater than 20°C/h. During freezing and
thawing, the minimum and maximum temperature in the
center of the specimen should be controlled at −18 ± 2°C
and 5 ± 2°C. Each freeze-thaw cycle shall be completed
within 4～6 h, and the thawing time should not be less than
one-quarter of the duration of each freeze-thaw cycle. After
diﬀerent freeze-thaw cycles, the CLY15016 electronic creep
relaxation tester was used to conduct uniaxial compressive
and graded creep tests on the CRC specimens. A loading rate
of 0.5 kN/s was applied to obtain the uniaxial compressive
strength, denoted as fc .
In the compression creep test, a graded equal increment
test method with the loading rate of 0.5 MPa/s was used, and
the ﬁrst-level stress was designed as 40% of the uniaxial
compressive strength, recorded as σ � 0.4fc ; then each level
of the stress was gradually increased by 10% the compressive
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Figure 2: The production process for rubber concrete.
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Figure 3: Concrete rapid freezing and thawing test machine.

strength and maintained for 12 h. Besides, the loading
system can automatically adjust the stress according to the
data feedback so as to ensure that the applied load keeps
constant during the creep process. The loading device can be
illustrated in Figure 4.

Deformation measurement bracket
Specimen
Download platform

Figure 4: Uniaxial creep load test device.

After 60 freeze-thaw cycles, the CRC surface began to spall
oﬀ, and the surface became rough, while the edges and
corners became unclear and the surface was uneven after 150
freeze-thaw cycles.

3. Test Results and Analysis
3.1. Appearance and Spalling of CRC Caused by Freeze-Thaw
Cycles. The durability of CRC can be directly reﬂected by the
development of the cracks and the spalling degree. Therefore, the surface spalling was analyzed to present the
macrodamage by carrying out CRC freeze-thaw tests and
observing surface characteristics. The appearance of CRC
specimens after 6 diﬀerent numbers of freeze-thaw cycles is
shown in Figure 5.
From this ﬁgure, it can be seen that after 0–30 freezethaw cycles, the surface of the CRC specimens was relatively
ﬂat, and the edges and corners can be clearly distinguished.

3.2. Analysis of Compressive Strength. Figure 6 shows the
variation of compressive strength with the number of freezethaw cycles. It can be found that the CRC compressive
strength decreased with the number of freeze-thaw cycles
and exhibited an obvious downward trend. Compared with
the CRC without experiencing freeze-thaw cycles, after
30–150 cycles of freeze-thaw, the uniaxial compressive
strength decreased from 6.51% to 47%. Compared to the
specimen after 0 freeze-thaw cycles, the spalling amount of
CRC surface gradually increased with the freeze-thaw cycle,
the spalling quantity was increased by 6%–11.2%, especially
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0 Freeze-thaw cycles

30 Freeze-thaw cycles

60 Freeze-thaw cycles

90 Freeze-thaw cycles

120 Freeze-thaw cycles

150 Freeze-thaw cycles

Figure 5: Appearance of CRC after diﬀerent freeze-thaw cycles.
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Figure 6: Variation curve of CRC spalling amount.

after 60 freeze-thaw cycles, and the surface erosion phenomenon became signiﬁcant. The greatly changed appearance and morphology of the CRC specimens and the spalling
amount that reached the maximum indicate the serious
damage of CRC.
Because of the hydrophobicity of the rubber particle, the
wall eﬀect can appear at the fresh state of CRC, as a result of
which the interfacial performance between the rubber
particle and the concrete matrix is usually weak. When the
large temperature diﬀerence appears, the interface can be
easily damaged, and cracking may occur, particularly under
serious freeze-thaw conditions as discussed in this study. The

initiation of new cracks can help absorb more water in the
defects, which can further weaken the CRC specimen on the
basis of the osmotic pressure theory. Ultimately, the compressive strength decreases until losing its bearing capacity.
3.3. Creep Behavior Analysis. The relationship between the
stress level and the instantaneous strain of CRC after freezethaw cycles is shown in Figure 7(a). It can be seen that the
CRC creep curve rose stepwise with the applied stress. The
elastic instantaneous deformation occurred ﬁrst. Thereafter,
the stress level was kept constant, and the creep deformation
increased almost linearly with time. Under low-level stress,
the initial elastic strain was dominant, and the strain
gradually increased with axial stress, which mainly displayed
a low-speed creep or constant speed creep. At the failure
stage, creep mainly showed three stages: low-speed creep,
constant speed creep, and speed increasing creep.
After the CRC freeze-thaw test, the relationship between
the stress level and the instantaneous strain is shown in
Figure 7(b). With the increase of the number of freeze-thaw
cycles, the instantaneous deformation of CRC under the
action of diﬀerent horizontal stress increased linearly. Under
the impact of the ﬁrst-level stress (σ � 0.4fc ), compared
with the initial instantaneous strain of CRC without experiencing freeze-thaw cycles, the initial instantaneous strains
of CRC after 30, 60, 90, 120, and 150 freeze-thaw cycles
increased by 7.98%, 25.24%, 56.23%, and 89.96%, respectively. It took 70 hours to fail for the CRC specimen without
being subjected to cyclic freeze-thaw, while it was 40 hours
for the CRC specimens after experiencing 150 freeze-thaw
cycles under the stress level of 0.7 fc. This indicates that, with
the increase of freeze-thaw cycles, the more serious and the
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Figure 7: Relationship between stress level (a) and instantaneous strain (b) of CRC after cyclic freeze-thaw. (a) CRC-graded compression
creep curve after freeze-thaw cycles. (b) Relationship between stress level and instantaneous strain of RC after a freeze-thaw cycle.

earlier damage of CRC can occur. Meanwhile, the instantaneous deformation increases, but the creep damage degree
decreases. The relationship can be ﬁtted by equation (3), and
parameters in equation (3) are listed out in Table 3.
F(x, y) � ax + b.

(3)

3.4. The Critical Stress of CRC Creep Failure and Dynamic
Elastic Modulus. Previous studies mainly focus on the eﬀect
of freeze-thaw cycles on the change of peak stress, but the
characteristics of the deformation are ignored. Here, to
explore the inﬂuence of freeze-thaw cycles on the CRC creep
parameters, the ratio of CRC creep strain εc to the total strain
εt after diﬀerent numbers of freeze-thaw cycles was deﬁned
as β in equation (4). The increase of β indicates the occurrence of CRC creep behavior.
ε
β � c × 100%.
(4)
εt
Figure 8(a) shows the variation of β with the stress level.
We can ﬁnd that, at low-level stress, β decreased with the
stress level. When the stress level reached a critical value, β
gradually increased with the stress level. This is mainly
because the elastic instantaneous strain ε0 dominates the
total strain εt before the stress level reaches its critical value.
Beyond this critical value, the internal damage of CRC was
aggravated, which led to the signiﬁcant increase of εc , and β
showed an exponentially increasing trend. By contrast, regarding the CRC experiencing 0 cycles of freeze-thaw, when
the stress level σ/fc increased from 0.4 to 0.7, the β value
decreased from 6.48% to 5.14%. Seriously, when the stress
degree σ/fc increased to 0.8, β increased to 12.59% in the end.
On the other hand, the critical stress for the creep failure
decreased with the increase in the number of freeze-thaw

Table 3: Fitting parameters under diﬀerent freeze-thaw cycles.
Fitting parameters
a
b
R2

Number of
30
60
−0.1985 0.1902
1.2585 1.2987
0.9993 0.9983

the freeze-thaw cycles
90
120
150
−0.1471 −0.1709 −0.1313
1.3575 1.5583 1.6070
0.9983 0.9969 0.9989

cycles. Furthermore, Figure 8(b) shows that the increase of
the stress level can decrease the relative dynamic elastic
modulus of CRC. When the stress level was σ/fc � 0.5, the
decreasing rate became more sharply. For example, when the
stress level increased to 0.6, the relative dynamic elastic
modulus of the CRC specimens decreased by 4.17%, 7.53%,
9.89%, 11.11%, 14.94%, and 31.58% after experiencing 0 to
150 cycles of freeze-thaw, respectively. Referring to the
literature and test data, it can be concluded that when the
creep stress of the CRC specimen is less than 50% of the
compressive strength, creep failure cannot occur, and the
specimen is safe. When this critical value is exceeded, the
safety should be evaluated according to the stress level, the
loading time, and the number of freeze-thaw cycles.

4. Microstructural Analysis
The microstructural change determines the macrodamage
evolution of materials [47–50]. In this section, SEM was
applied to observe the development of internal creep damage
of CRC under freezing and thawing conditions, and the
results are displayed in Figures 9–14.
Figure 9 displays the micrographs of CRC specimens
before and after exposure to the freeze-thaw cycles. As for
CRC specimens, the CRC rubber particles are well bonded to
the concrete matrix (see Figure 7), and the constituents of
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Figure 8: Variations of β (a) with the stress level and the relationship between the stress level and the relative dynamic elastic modulus
(b). (a) β and stress level. (b) Stress level and relative dynamic elastic modulus.
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Figure 9: 0 freeze-thaw cycles. (a) SEM image of CRC. (b) Partially enlarged view of matrix cohesiveness.

Figure 10: 30 freeze-thaw cycles.

Figure 11: 60 freeze-thaw cycles.

the cement paste are relatively tightly bonded, such as a large
amount of CSH gel, after ettringite crystals and Ca (OH)2.
After 30 cycles of freeze-thaw, it can be seen from Figure 10

that loose began to appear in the concrete matrix and the
debonding between the matrix and the rubber particles was
observed. After 60 cycles, as shown in Figure 11, more pores
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(a)
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Figure 12: 90 freeze-thaw cycles. (a) SEM image of CRC. (b) Partially enlarged view of matrix cohesiveness.
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Figure 13: 120 freeze-thaw cycles. (a) SEM image of CRC. (b) Partially enlarged view of matrix cohesiveness.
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Figure 14: 150 freeze-thaw cycles. (a) SEM image of CRC. (b) Partially enlarged view of matrix cohesiveness.

in the needle-like crystals and the interface between the
rubber particle and the matrix were found. Compared with
the 0-cycle CRC, the compressive strength decreased by
22.6%, and the relative dynamic elastic modulus decreased
by 31.59%.
The CRC matrix is a heterogeneous composite, which is
composed of rubber particles, sand, stone, cement hydration
mechanism, and matrix-free water. Each constituent has a
diﬀerent thermal expansion coeﬃcient. Under the inﬂuence
of cyclic freeze-thaw conditions, the incompatible deformation between constituents can result in the initiation,

propagation, and coalescence of microcracks. Figure 12(b)
shows the morphology of CRC specimens after 90 cycles of
freeze-thaw tests; it can be seen that the microcracks developed and coalesced compared to CRC experiencing 0
cycles. Under this condition, its compressive strength and
relative dynamic elastic modulus decreased by 28.75% and
36.87%, respectively.
When the specimens were subjected to more cyclic
freeze-thaw, their bonding performance was further degraded or even completely debonded. From the partially
enlarged view in Figure 13(b), it can be found that the
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internal pores and small cracks in CRC became obvious after
120 freeze-thaw cycles. The internal pores of the CRC increased, and the strength decreased. As for specimens
subjected to 150 freeze-thaw cycles, as shown in
Figure 14(b), the increasing porosity and serious cracking
were observed in the structure of the CRC specimens.

5. Creep Damage Model of CRC under FreezeThaw Conditions
As discussed above, it can be concluded that as the number
of freeze-thaw cycles increases, small defects randomly
develop in the rubber concrete. Furthermore, these defects
can eventually penetrate the concrete during the long-term
service of the CRC structures. This microscopic damage is
unrecoverable and can reduce the eﬀective force area, signiﬁcantly aﬀecting the macroscopic mechanical properties
of the material. In order to analyze the rubber concrete’s
relationship between the nonlinear mechanical behavior and
the mesouniformity in the process of creep damage, it is
necessary to use the statistical method of probability to
establish the empirical formula of the creep damage of the
rubber concrete, which has very important practical
signiﬁcance.
Based on the chain model, the structure is supposed to be
composed of many unrelated microunits in Weibull theory,
and the destruction of each unit is random; besides, each
unit area is quantiﬁed by a set of independent variables
obeying a certain random distribution, and the failure
strength of the entire structure is determined by the weakest
unit using the chain eﬀect model. To predict the structure
duration, this paper used the two-parameter continuous
distribution model based on the Weibull probability theory
to ﬁt the empirical formula for creep failure under diﬀerent
stress levels and the diﬀerent number of freeze-thaw cycles,
providing a reference for the application of CRC in related
projects.
Assume that f(t) is the probability density function of
the time of concrete creep damage failure:
β t β−1
t β
f(t) �   exp−  ,
α α
α

(5)

where α is the scale function; β is the Weibull shape parameter; t is the creep failure time under diﬀerent strains and
diﬀerent freeze-thaw cycles. After the corresponding CRC
undergoes creep damage in a freeze-thaw environment, its
life distribution function can be expressed as
t β
P(t) � 1 − exp−  .
α

(6)

It can be found that when β < 1, the service life of the test
piece decreases with the creep damage time; when β � 1, the
service life of the test piece tends to be constant; when β > 1,
the service life of the test piece increases with the creep
damage time.

After shifting term and taking the logarithm, equation
(7) can be rephrased as
ln(ln(1/1 − p(t))) � β ln t − β ln α.
By deﬁning y � ln(ln(1/1 − p(t))),
x � ln t, and a � β, it can be simpliﬁed to
y � ax + b.

(7)
b � −β ln α,
(8)

The empirical formula for the failure possibility of CRC
specimens can be given by [51]
p�

i − 0.3
,
m + 0.4

(9)

where i is the sequence number of the CRC specimen’s creep
failure time from small to large; m is the number of specimens in each group, m � 6. Furthermore, equation (7) can
be drawn in Figure 15 based on the test results.
It can be seen that there were big diﬀerences when the
stress was in the range of 0.5–0.8, indicating that the creep
damage of CRC varies signiﬁcantly with the train level.
Besides, R2 is maintained above 0.9, indicating that ln(ln(1/
1 − p(t))) and lnt have a high correlation and the empirical
formula is highly reliable; the characteristic parameters are
shown in Table 4.
Because the CRC creep damage is discrete and the relationship curve between creep damage and failure time is
not a single correspondence, the survival rate p needs to be
taken into account. Generally, the S-t curve with the median
survival rate p � 50% is used in the prediction models;
however, to guarantee the reliability of CRC, the P-S-t curve
can be used to express the creep damage life curves with
diﬀerent survival rates; by setting the survival rate to be 95%,
90%, 80%, 70%, 60%, and 50% as the matrix, the creep failure
behavior of RC can be determined by using the double
logarithmic creep failure equations (equations (10) and (11))
and the ﬁtted P-S-t curve is shown in Figure 16.
lgS � lga − blgt,
ta �

ln(ln(1/1 − p(t))) + β ln α
,
β

(10)
(11)

where S is the maximum strain level; a and b are the intercept
and slope of the P-S-t curve, respectively; t is the time of
creep damage. It can be found that the larger a, the higher
the CRC resistance to creep damage, and the larger b, the less
sensitivity of the CRC creep damage to changes in strain.
It can be seen from Figure 16 that the ﬁtted curve was
approximately straight, and the correlation coeﬃcient R2
was greater than 0.95, indicating that the double logarithmic
P-S-t equation can better describe the relationship between
CRC creep damage and strain level. If the survival rate is
determined in the actual engineering, the corresponding
P-S-t creep damage empirical formula can be calculated by
equation (11), as shown in Table 5.
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Figure 15: ln(ln(1/1 − p(t))) curves under diﬀerent stress levels: (a) σ-0.5, (b) σ-0.6, (c) σ-0.7, and (d) σ-0.8.
Table 4: Characteristic parameters of Weibull distribution.
Strain level
0.5
0.6
0.7
0.8

β
1.8949
2.9257
4.1157
4.6147

B
−6.1614
−10.7248
−16.2196
−18.6738

α
372.41
273.14
228.15
217.02

R2
0.9473
0.9283
0.9416
0.9760
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Figure 16: P-S-N curves under diﬀerent survival rates: (a) p-95%, (b) p-90%, (c) p-80%, (d) p-70%, (e) p-60%, and (f ) p-50%.
Table 5: CRC creep damage and failure prediction equation parameters.
Survival rate
0.05
0.1
0.2
0.3
0.4
0.5

b
−0.7182
−0.8047
−0.8996
−1.0595
−1.2630
−1.5094

lga
1.7938
1.9884
2.1824
2.5353
2.9798
3.5157

R2
0.95830
0.95778
0.96670
0.95603
0.96555
0.95354
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6. Conclusions
(1) The amount of spalling of Crumb Rubber Concrete
(CRC) specimens gradually increased with the
number of freeze-thaw cycles, especially after 60
freeze-thaw cycles. Meanwhile, the edges and corners
of the specimens were no longer distinct, and the
surface signiﬁcantly became rough after 150 freezethaw cycles. Ultimately, the maximum mass loss rate
was around 11.2%.
(2) The compressive strength decreased with the freezethaw cycle. After 30–150 freeze-thaw cycles, the
compressive strength declined by 6.51%–47%.
(3) Under freeze-thaw conditions, the microcracks of
the CRC matrix gradually developed and penetrated,
and the interfacial bond between the rubber particles
and the concrete was gradually weakened or even
completely deboned. The internal pores and cracks
in the bonding surface of the CRC are visible, which
are the main reasons for the decrease of the mechanical and creep properties.
(4) According to experimental data of the CRC creep
damage, an empirical creep damage model for CRC
under cyclic freeze-thaw conditions was established
by using the two-parameter Weibull probability
distribution function. The results show that the
correlation coeﬃcient between the test data and the
empirical model is above 0.9, which shows a high
degree of ﬁt. It can provide a reference for the study
of CRC creep damage under similar engineering
conditions. However, this semiempirical model is
founded on the speciﬁc type of CRC, and the eﬀects
of mixture proportions (i.e., the water/cement ratio,
the content of aggregates and rubbers, and the cement type) and curing conditions are not taken into
consideration, which needs further study.
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