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� A series of triaxial tests were implemented to exam the mechanical behavior of crumb rubber mortars.
� The necessity of incorporating the influence of the damage threshold into the damage evolution model was discussed.
� A damage constitutive model of crumb rubber mortars was established.
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There will be a lot of pollution in the process of production and degradation of rubber. It is imperative to
recycle rubber in order to build a green and saving environment. A new kind of mortar with rubber par-
ticles is an effective way to reuse the used rubber products. The crumb rubber mortar effectively resist
external stress through its own deformation. Therefore, it is of practical significance to study the strength
behavior of crumb rubber mortar. The stress-strain curves of crumb rubber mortars with 5 different
rubber contents under a triaxial stress condition are obtained through laboratory testing. The internal
variation law of the elastic modulus, Poisson’s ratio and damage variable are analyzed, and the necessity
of incorporating the influence of the damage threshold into the damage evolution model is discussed.
According to a rock damage model based on Lemaitre’s strain equivalence theory and the introduction
of the damage threshold based on the traditional Weibull random distribution, the damage constitutive
model of crumb rubber mortars under the influence of the damage threshold is established by consider-
ing two factors. The method of determining the model parameters is presented. The model can describe
the entire process of strain softening and deformation of crumb rubber mortars for various levels of
rubber content or confining pressure. The model can also fully reflect the linear elastic deformation char-
acteristics of rock under small deformations and the nonlinear mechanical behavior after the peak
strength is exceeded. The model is particularly suitable for describing the complex stress states in the
field of underground engineering, and it provides a reference for the design of supporting structures.
Finally, by comparing the measured results of three-axis compression tests of crumb rubber mortars with
various rubber contents, the rationality of the model is verified.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of the global transportation
industry, the number of used automobile tires has increased dra-
matically. Rubber, the main component of tires, features a strong
thermal degradation resistance; thus, the efficient recycling of
waste rubber has become a scientific and engineering challenge
that requires urgent solution [1,2]. In 2015, countries at the Paris
Climate Conference agreed on an energy consumption and carbon
emission reduction strategy and advocated policies to conserve
resources and protect the environment. At present, the civil
engineering materials industry is focused on the efficient use of
renewable materials and has advocated for green development.
To effectively improve the physical and mechanical properties of
mortars and improve its ductility and compressive deformation
capacity, rubber particles can be effectively combined with cement
and sand to form crumb rubber mortars. In this way, resources can
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be recycled to promote the sustainable development of nature, the
economy and society in general. Therefore, it is necessary to sys-
tematically study the mechanical properties of crumb rubber mor-
tars [3–5].

Crumb rubber mortars have been widely used in the fields of
building construction, road construction and underground engi-
neering. In particular, crumb rubber mortars can be introduced
into highways, high-speed railways, and airport pavements. Fur-
thermore, crumb rubber mortars have been used as a structural
material to enhance the dynamic performance and seismic perfor-
mance of concrete structures [6,7]. Scholars worldwide have
conducted substantial experimental research on the mechanical
properties and durability of crumb rubber mortars and have
achieved a series of valuable results [8–10]. For example, Li et al.
used various content and sizes of rubber particles filling high-
strength concrete (RHSC) to conduct mechanical experimental
research [11]. The results showed that adding rubber powder can
reduce the strength of high-strength concrete, increase energy
absorption capacity, reduce brittleness, and increase the ductility
of high-strength concrete. Shen et al. used scanning electron
microscope (SEM) to observe polymer–rubber aggregate-
modified porous concrete [12]. Their study found that the interfa-
cial transition zones between the rubber and cement slurry were
enhanced by the polymer and that the polymer films in the cement
hydrate and rubber particles lay in a staggered distribution,
increasing the flexibility of the crumb rubber concrete (CRC). By
changing the volume ratio of the rubber particles in crumb rubber
mortars, Khaloo et al. found that the brittle behavior of rubber
granule concrete decreases as the rubber content increases and
that its strength and tangential elastic modulus are greatly reduced
[13]. Liu et al. studied the fatigue properties of standard crumb
rubber mortar samples with 60 different rubber contents [14].
The results showed that under certain stress levels, the fatigue life
and dynamic strain of crumb rubber mortars are higher than that
of ordinary concrete. Li et al. conducted uniaxial compression tests
on rubber concrete (RC) with various rubber volume contents and
particle sizes [15]. A uniaxial compression constitutive model of
low volume RC was established and optimized. Zhang et al. used
acrylic acid (ACA) and polyethylene glycol (PEG) to treat rubber
particles [16]. The results showed that relative to unmodified RC,
the compressive and flexural strengths of modified rubberized con-
crete (MRC) with 10% rubber particle content can be increased by
25.9% and 26.4%, respectively. Su et al. used concrete particles of
various particle sizes in concrete instead of 20% of natural fine
aggregate in volume [17]. The results showed that rubber aggre-
gates with smaller or continuously graded size have relatively high
strengths and low water permeabilities. Feng et al. conducted uni-
axial compression tests on CRC [18]. The experimental results
showed that the uniaxial compressive strength of CRC decreases
as the colloidal rubber content increases, and a formula for the
estimation of CRC strength was also proposed. Osório et al.
Table 1
Chemical composition of P.O42.5-grade ordinary Portland cement.

CaO SiO2 Al2O3 Fe2O3 SO3

63.57 20.97 5.21 5.03 2.18

Table 2
Physical and mechanical properties of P.O42.5-grade ordinary Portland cement.

Specific surface area (cm2/g) Density (g/cm3) Setting time

Initial (min) F

3450 ± 50 3.00 ± 0.02 120 ± 5 3
[19,20] analyzed the effect of rubber content on the mechanical
properties and porosity of cement mortars and focused on the
interrelation of strength/porosity in the rubberized cement and
mortars. Through SEM micrographs of the fractured surface of
the rubberized cement mortar, spheroidal and irregular porous
morphologies were clearly observed.

By analyzing the above documents, research on RC focuses on
strength, brittleness and durability. Research on the mechanical
properties and constitutive model of crumb rubber mortars is rel-
atively limited and confined to uniaxial compression at present.
However, in the field of underground engineering, crumb rubber
mortars as a support structure are often placed under a triaxial
stress state. Therefore, to determine whether crumb rubber
mortars can be used as a structural material, it is important to
determine the stress-strain relation of crumb rubber mortars
under the triaxial stress state.

In this paper, a series of triaxial tests have been carried out to
exam the strength and deformation behavior of crumb rubber
mortars with 5 different rubber proportions. The necessity of
incorporating the influence of the damage threshold into the dam-
age evolution model has been discussed. Moreover, a constitutive
model of triaxial compression for crumb rubber mortars has been
proposed that can be used to predict their stress-strain response.
And the method for determining parameters of the constitutive
model is also described. Through comparison with the experimen-
tal results, the rationality of the model was verified. This study is
intended to promote the application of crumb rubber mortars in
underground engineering stabilization.

2. Experimental study of physical mechanics

2.1. Materials and mixing ratio

The chemical composition and physical and mechanical proper-
ties of P.O42.5-grade Portland cement produced in Ji’nan are
shown in Tables 1 and 2. The fine aggregate includes sand and rub-
ber particles. The sand used is local river sand, with a maximum
particle size of 5 mm and a continuous gradation. The particle size
of the rubber is 6–8 mm, and the apparent density is 1200 g/cm3.
Recycled used rubber products were pre-treated, including sorting,
removal of impurities, cutting, cleaning, drying and other process-
ing procedures. In the end, rubber particles with pure color,
uniform particles, and qualified technical indicators were selected
as test materials. Additives include a water reducer and binders.
The water reducer is naphthalene-reducing superplasticizer DC-
WR1 with a water-reducing rate of 15%–25%, with the appearance
of yellowish brown powder. The binder adopted DC-W10 polyacry-
late emulsion. The test water is ordinary tap water. The specific
experimental materials are shown in Fig. 1.

A mixing ratio of M-0% is used as the control group, the ratio of
water to cement (W/C) is 0.35, and the ratio of sand to cement (S/C)
MgO Na2O K2O Ignition Loss

1.31 0.35 0.13 1.25

Compressive strength (MPa) Flexural strength (MPa)

inal (min)

10 ± 10 48.5 ± 2.0 9.2 ± 0.5



Fig. 1. Test materials: cement, sand, rubber particles, water reducer, binders and water.

Table 3
Mortar mixture proportions (by weight).

Mix Cement Sand Rubber particles Water reducer Binders Water

M-0% 1 1.5 0 0.015 0 0.35
M-5% 1 1.5 0.152 0.015 0.023 0.35
M-10% 1 1.5 0.324 0.015 0.049 0.35
M-15% 1 1.5 0.519 0.015 0.078 0.35
M-20% 1 1.5 0.744 0.015 0.112 0.35

Note: the error range for weight proportion values in this table is ±0.001.
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is 1.5. The rubber particles are introduced into the mortar mixture
at various mass ratios (0%, 5%, 10%, 15%, 20%); the mixing ratio of
the crumb rubber mortars is shown in Table 3. Taking into account
the mixing ratio of rubber particles, the mortar mixture is speci-
fied, making it easy to reference. For example, a mixture specifica-
tion of M-10% means that the mass of the rubber particles is 10% of
the total mass of the mixture of crumb rubber mortars.
2.2. Sample preparation and test methods

Five groups of rubber particle mortars specimens are designed
in this experiment. Each group contains 9 specimens, and the total
number of specimens is 45. The specimen is a U50 mm � 100 mm
cylinder. The samples were molded and demolished after 24 h.
They were maintained for 28 d at laboratory temperatures of 20
�C ± 2 �C and a relative humidity of 95% RH. The cross section dia-
gram of the rubber particle mortars sample and the locally magni-
fied drawing diagram obtained through the test are shown in Fig. 2.
Then, an MTS rock servo test machine was used to conduct uniaxial
and three-axis compression tests. The loading process was
controlled by displacement, the load speed is 0.1 mm/min. In order
to ensure repeatability of test, 3 same rubber particle mortar spec-
imens were tested repeatedly in the same stress state in each
group. The experimental operation process is based on Chinese
standards (GB/T 50266-1999 for rock mass test methods and
GB/T 50081-2002 for standard test methods of the mechanical
properties of ordinary concrete).
2.3. Results and discussion

By averaging the results of 3 tests in each group, the stress-
strain curves of crumb rubber mortars with various rubber con-
tents under various confining pressures are shown in Fig. 3. The
strength of the crumb rubber mortars increases with the confining
pressure for samples with the same rubber particle content. When
the peak strength is reached, the crumb rubber mortars gradually
transition from brittle to ductile, and the softening characteristics
of the rock plastic strain decrease gradually. Under the same
confining pressure, the strength of crumb rubber mortars
decreases gradually as the rubber particle content increases. The
gap between the peak strength and the residual strength gradually
decreases, and the crumb rubber mortars gradually exhibit ideal
plasticity characteristics. Further analysis shows that the elastic
modulus, E, and Poisson’s ratio, l, of crumb rubber mortars also
exhibits a characteristic response. Through data fitting of the
elastic modulus of mortars with various rubber particle contents,
the following relationship is observed, as shown in Fig. 4.
E ¼ �0:60M3 þ 29:75M2 � 509:70M þ 4068:47 ð1Þ
Here, M is the percentage value of the rubber particle content,

i.e., the amount of rubber in the samples is M%.
By analyzing the radial and axial strains of the experimental

data, it is found that the Poisson’s ratio, l, of crumb rubber mortars
changes approximately linearly with the axial strain, e1, before the
peak strain. After the peak strain, Poisson’s ratio, l, increases



(a) The cross section diagram of the rubber 
              particle mortars sample.

(b) The locally magnified drawing diagram of 
      the rubber particle mortars sample.

Fig. 2. The cross section diagram of the rubber particle mortars sample and the
locally magnified drawing diagram.
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slowly with increasing axial strain, e1. Further analysis shows that
the ratio conforms to the changing law of a logarithmic function.
Therefore, it is assumed that Poisson’s ratio, l, is related to the
axial strain, e1, as follows:

l ¼ Ae1; ðe1 6 epkÞ
B ln e1 þ C; ðe1 > epkÞ

�
ð2Þ

here A is determined by the peak axial strain, epk, and the peak Pois-
son’s ratio, l. B and C require two sets of data to determine. The first
set of data is taken from the vicinity of the initial load, and it is
assumed that when a = 0.001, then c = 0.001. The second set of data
is taken from the peak.

According to the Poisson’s ratio, l, calculated using Eq. (2), the
axial strain–radial strain curve under theoretical conditions is
obtained, which is compared with the data obtained under the
experimental conditions as shown in Fig. 5. For example, Exp-0
and Fit-0 refer to the data of crumb rubber mortar samples
obtained through the experiment at a confining pressure of 0
MPa and are obtained by fitting the parameters at a confining pres-
sure of 0 MPa. As shown in Fig. 5, the theoretical fit of Poisson’s
ratio is in good agreement with the experimental data at the initial
deformation stage, but errors appear in the late deformation stage.
These errors are all limited to a reasonable range, however. As a
whole, the results of fitting the Poisson’s ratio can accurately
describe the experimental data.

3. Establishment of the constitutive model

3.1. The change law of damage factors

The entire process of compressive deformation of crumb rubber
mortars can be divided into an elastic stage (OA segment), plastic
deformation stage (AB segment) and failure stage (BC segment),
as shown in Fig. 6. In the elastic stage, the stress-strain curve of
the crumb rubber mortars is linear, and the elastic modulus is con-
stant. That is, the crumb rubber mortars do not cause damage dur-
ing the deformation stage [21].

The above rock deformation process is actually a continuous
damage process of rock under loading. Generally, the damage
model based on the Lemaitre strain equivalence assumption is
used to describe the process [22], i.e.,

ri ¼ r0
ið1� DÞ ð3Þ

where ri and r0
i are the macroscopic nominal stress and micro-

scopic stress of the undamaged part of the rock, respectively, and
D is the damage factor. Since r0

i is the microscopic stress of the
undamaged parts of the rock, it can be assumed that its deformation
obeys the linear elastic Hooke’s law:

r0
i ¼ Ee0i þ l0ðr0

j þ r0
kÞ ð4Þ

where i, j, and k = 1, 2, and 3, respectively; e0i is the microscopic
strain of the undamaged parts of the rock, and l0 is the Poisson’s
ratio of the undamaged material in the rock. According to the defor-
mation compatibility condition of the damaged and undamaged
materials in the rock, the following results can be obtained:

e0i ¼ ei ð5Þ
here ei is the macro strain of the rock. The Poisson’s ratio, l, of the
rock and the Poisson’s ratio, l0, of the undamaged part of the rock
can be obtained using the physical interpretation of the Poisson’s
ratio of the material. The results are as follows:

l ¼ je3=e1j ð6Þ

l0 ¼ je03=e01j ð7Þ
Thus, the following result can be obtained using Eqs. (5)–(7):

l ¼ l0 ð8Þ
We substitute Eq. (8) into Eq. (4), and the following result can

be obtained by combining Eqs. (3) and (5):

ri ¼ Eeið1� DÞ þ lðrj þ rkÞ ð9Þ
This equation is the damage model that describes the process of

rock strain softening deformation.
To establish a more realistic model of rock damage evolution, it

is necessary to discuss the change law of the rock damage variable
with the test curve to understand the value of the rock damage
variable or damage factor [23]. For this reason, the following equa-
tion is obtained by transforming Eq. (9):

D ¼ ½Ee1 � r1 � lðr2 þ r3�=ðEe1Þ ð10Þ
The D-e1 curves are obtained using the r1 values and e1 values

of each measuring point in the stress-strain curve obtained by lab-
oratory testing and Eq. (10). The D-e1 curve is shown in Fig. 7.

When the axial deformation is small (for the example in this
study, e1 is less than approximately 0.005), the damage factor is
generally 0.6–12. In addition, D < 0 in some cases. This result is
not consistent with a reasonable range of the damage factor (0 �



(a) 0% rubber particle content. (b) 5% rubber particle content.

(c) 10% rubber particle content. (d) 15% rubber particle content.

(e) 20% rubber particle content.

Fig. 3. Stress-strain curves of crumb rubber mortars with various rubber particle contents under conventional triaxial compression.
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D � 1) and the range of values. No damage can occur on the crumb
rubber mortars during the elastic stage (as shown in Fig. 7). The
damage factor, D, of mortars should be constant at 0, which shows
Fig. 4. Relationship between rubber particle content and the elastic modulus of
crumb rubber mortars.
the influence of the damage threshold of mortars. This condition
explains the influence of the damage threshold of crumb rubber
mortars. When the deformation of crumb rubber mortars is large
(for example, when e1 is more than approximately 0.005), the dam-
age variable or damage factor is always in the range of [0, 1], which
is reasonable.

Thus, a threshold problem exists for crumb rubber mortars. The
damage mechanism and characteristics of crumb rubber mortars
noted above must be reflected when the damage constitutive
model of crumb rubber mortars is established.
3.2. Establishment of the constitutive model and the method of
parameter determination

A single element is taken in any cross section of the crumb rub-
ber mortar specimen under uniaxial or triaxial compression.
Although we assume that the element size is sufficiently large to
contain many microscopic cracks and microscopic voids, it is also
sufficiently small to remain compatible with continuum damage



(a) 0% rubber particle content. (b) 5% rubber particle content.

(c) 10% rubber particle content. (d) 15% rubber particle content.

(e) 20% rubber particle content.

Fig. 5. Relationship between the axial strain and radial strain of crumb rubber mortars with various rubber particle contents.

Fig. 6. The complete process of compression deformation of crumb rubber mortars.
Fig. 7. Relationship between the axial strain and damage factor of crumb rubber
mortars with various rubber particle contents.
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Fig. 9. Theoretical curves of D-e1 of crumb rubber mortars in group B and D with
the confining pressure of 5 MPa.

Fig. 10. Comparison of theoretical curves with experimental curves under different
k values.
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mechanics. That is, we assume that the CRC exhibits a continuous
distribution, as discussed previously [24]. Therefore, we hypothe-
size that 1) the micro-element obeys generalized Hooke’s law, 2)
the damage of the micro-element conforms to the Mises yield cri-
terion, and 3) the intensity of the micro-element is randomly
drawn from the Weibull distribution [25–27].

D ¼ R k
0 UðxÞdx ¼ 0; ðe < kÞ

D ¼ R e
k UðxÞdx ¼ 1� exp � e�k

a

� �mh i
; ðe P kÞ

9=
; ð11Þ

In Eq. (11) [28,29], e is the strain, m is the shape parameter, and
a is the scale parameter. These values are nonnegative. On this
basis, the damage threshold parameter k is introduced as above.

In this way, the damage variable is consistent with the three-
stage characteristics of the complete process of the compressive
deformation of crumb rubber mortars as shown in Fig. 6. Substitut-
ing Eq. (11) into Eq. (9), we obtain the following results:

r ¼
Eeþ lðr2 þ r3Þ; ðe < kÞ

Ee exp � e�k
a

� �mh i
þ lðr2 þ r3Þ; ðe P kÞ

(
ð12Þ

The following geometric boundary conditions are determined
from the full stress-strain curve [28]: ① e ¼ 0, and r ¼ 0. ②
e ¼ 0, and dr

de ¼ E. ③ r ¼ rpk, and e ¼ epk. ④ r ¼ rpk, and dr
de ¼ 0,

as shown in Fig. 8.
For the derivation of the strain of the second type in Eq. (12), the

following can be written:

dr
de

¼ E exp � e� k
a

� �m� �
1� me

ðe� kÞ
e� k
a

� �m� �
ð13Þ

Boundaries① and② are in full compliance with the above con-
ditions. Substituting condition ③ into the second equation in Eq.
(12) and substituting condition ④ into Eq. (13), we obtain the
following:

rpk ¼ Eepkexp � epk�k
a

	 
mh i
þ lðr2 þ r3Þ

E exp � epk�k
a

	 
mh i
1� mepk

ðepk�kÞ
epk�k

a

	 
mh i
¼ 0

9>=
>; ð14Þ

In Eq. (14), epk and rpk are the peak strain and peak stress under
the uniaxial or triaxial load, respectively.

From Eq. (14), E–0 in the second formula, and

exp � epk�k
a

	 
mh i
–0; the following result can be obtained:

1� mepk
epk � k

epk � k
a

� �m

¼ 0 ð15Þ

Substituting Eq. (15) into the first equation in Eq. (14), we
obtain
Fig. 8. Geometrical boundary conditions of the complete stress-strain curve.
m ¼ epk � k
epk

1

ln Eepk
rpk�lðr2þr3Þ

ð16Þ

Then, the following results can be obtained from Eq. (15):

a ¼ epk � k
epk�k
mepk

	 
1
m

ð17Þ

When k is taken as a fixed value, the unknown model parame-
ters of Eq. (12) are all obtained. Thus, the damage constitutive
model of crumb rubber mortars considering the damage threshold
is established. Using the equations, E, epk, rpk, a andm can be deter-
mined from the experimental results.
4. Analysis and discussion

The parameters m and a are determined by substituting the
experimental data into Eqs. (16) and (17). Then, the parameters
m and a are substituted into Eq. (11) to obtain the parameters of
the damage variable or the damage factor. If the damage threshold
parameter is taken as k ¼ 0:6epk, then Fig. 9 is obtained. In contrast
to the behavior shown in Fig. 9 and Fig. 7, the damage variable can
reflect the three stages of compression deformation of crumb rub-
ber mortars shown in Fig. 3 through the damage constitutive
model established by considering the influence of the damage
threshold.

The two parameters m and a in the constitutive model are
determined by expressions and have well-defined physical mean-
ings. The damage threshold parameter k is determined by the



Table 4
k0 values and k00 values of crumb rubber mortars with different rubber particle
content.

Mix Confining pressure/MPa k0 k00

M-0% 0 0.89 0.880
5 0.75 0.756
10 0.65 0.632

M-5% 0 0.75 0.740
5 0.60 0.616
10 0.49 0.492

M-10% 0 0.60 0.600
5 0.45 0.476
10 0.34 0.352

M-15% 0 0.44 0.460
5 0.30 0.336
10 0.20 0.212

M-20% 0 0.34 0.320
5 0.20 0.196
10 0.10 0.072

(a) 0% rubber particle content.

(c) 10% rubber particle content.

(e) 20% rubber p

Fig. 11. Comparison between the exp
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properties of the different materials. Therefore, the influence of the
damage threshold parameter, k, on the constitutive model is dis-
cussed here. The change rule of the damage parameter, k, of crumb
rubber mortars under various confining pressure conditions is
determined, which augments the constitutive model. Taking M-
10% crumb rubber mortars as an example, the confining pressure
is 5 MPa. Based on the damage statistical constitutive model of
crumb rubber mortars established in this model, various damage
threshold parameters, k, are determined. The theoretical curves
of stress-strain curves are obtained and compared with the exper-
imental curves, as shown in Fig. 10.

When the damage threshold, k, is 0.4 epk, the test curve can be
more accurately described than the conditions for which k is 0.3
epk, 0.5 epk or 0.6 epk. Thus, the optimum damage threshold k0 of
crumb rubber mortars under various contents and confining pres-
sure conditions can be determined. Linear fitting is achieved by
obtaining the best damage threshold, k0. The relationship between
(b) 5% rubber particle content.

(d) 15% rubber particle content.

article content.

erimental and theoretical curves.
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the optimum damage threshold, k0, and the rubber particle content,
m%, and the confining pressure, r3, is as follows:

K 0 ¼ �0:0248r3 þ ð�0:028M þ 0:88Þ ð18Þ
The goodness of fit of this equation is greater than 0.99. There-

fore, the optimum damage threshold, k0, is accurately determined.
To better distinguish the variables, the damage threshold calcu-
lated for this equation is defined as the fitting damage threshold,
k00. The optimum damage threshold, k0, and the fitting damage
threshold, k00, are shown in Table 4.

As the rubber particles in the crumb rubber mortars increase in
concentration, the damage threshold, k, is gradually reduced. Thus,
as the rubber particle content increases, the space of coarse aggre-
gates (such as sand) decreases gradually in crumb rubber mortars,
increasing the material’s susceptibility to damage. In addition, as
confining pressure increases, the damage threshold, k, gradually
decreases. The confining pressure increases the strength and limits
the radial deformation while reducing the damage threshold of
crumb rubber mortars. When the confining pressure increases
from 0 MPa to 5 MPa, the damage threshold decreases by approx-
imately 0.15. When the confining pressure increases from 5 MPa to
10 MPa, the damage threshold decreases by approximately 0.10.
For the damage threshold, the latter changes less with respect to
the former. The variation law of k0 values and k00 values in Table 4
tends to be generally consistent; thus, the value of the damage
threshold k is reasonable.

r ¼
Eeþ lðr2 þ r3Þ; ðe < k00Þ

Ee exp � e�k00
a

	 
mh i
þ lðr2 þ r3Þ; ðe P k00Þ

8<
: ð19Þ

where

E ¼ �0:60M3 þ 29:75M2 � 509:70M þ 4068:47

k00 ¼ �0:0248r3 þ ð�0:028M þ 0:88Þ
Using the model developed in this study, the theoretical curves

of stress-strain relationship are obtained and compared with the
experimental curves, as shown in Fig. 11. The model can accurately
describe the linear elastic characteristics of crumb rubber mortars
undergoing small deformation and nonlinear mechanical behavior
after the point of peak strength. The complete process of strain
softening deformation of crumb rubber mortars obtained by this
model is in good agreement with the experimental curves.
Therefore, the model is reasonable and practical.

5. Conclusions

In this study, crumb rubber mortars with different rubber
particle contents are prepared, and physical and mechanical exper-
iments are conducted. Based on the Lemaitre equivalent strain the-
ory of rock damage, by incorporating the influence of the damage
threshold of crumb rubber mortars, the damage evolution model
of crumb rubber mortars and the damage constitutive model of
crumb rubber mortars are discussed for the entire process of sim-
ulating the strain softening deformation. The following conclusions
can be drawn.

(1) The stress-strain curves of crumb rubber mortars obtained
from experiments show that the peak strength of the rubber
particles decreases as the rubber particle content increases.
After the peak strength is reached, the strain softening prop-
erty decreases gradually, and the elastic modulus decreases
exponentially. The Poisson’s ratio shows dynamic variation.
Before the peak strain, this parameter increases linearly.
After the peak strain, it increases logarithmically.
(2) A damage constitutive model of crumb rubber mortars con-
sidering the effect of damage threshold is established that
can accurately describe the stress-strain relationship of
crumb rubber mortars with various rubber contents under
triaxial compression state. Relative to the experimental
results, the model in this paper can accurately describe the
entire process of the strain softening deformation of crumb
rubber mortars under a complex stress state.

(3) The range of the value of damage threshold, k, is discussed.
The damage threshold, k, of CRC is generally between 0.1
and 0.9. The lower the rubber particle content, the lower
the confining pressure and the greater the damage thresh-
old. When the confining pressure increases from 0 MPa to
5 MPa, the damage threshold decreases sharply. When the
confining pressure increases from 5 MPa to 10 MPa, the
damage threshold exhibits a smaller variation relative to
the former response, indicating that the damage threshold
is more sensitive in the initial stage of the confining
pressure.
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