
Research Article
Performance Characteristics of Cemented Tailings Containing
Crumb Rubber as a Filling Material

Zhuoqun Yu , Nan Qin , Sa Huang, Jianguang Li , and Yongyan Wang

School of Mechanical and Electrical Engineering, Qingdao University of Science and Technology, Qingdao 266061, China

Correspondence should be addressed to Nan Qin; qinnan_qust@126.com

Received 29 October 2021; Accepted 10 January 2022; Published 25 January 2022

Academic Editor: Abı́lio De Jesus

Copyright © 2022 Zhuoqun Yu et al. -is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Increasing amounts of tailings and waste rubber tires have caused threats to the environment. In order to reuse these solid wastes,
this study proposed a cemented tailings material containing crumb rubber recovered from waste tires. Unconfined compression
tests and thermal conductivity measurements were conducted to evaluate the feasibility and performance of the proposed
cemented tailings. Results revealed that the stress-strain behavior of the cemented tailings changed by the inclusion of crumb
rubber.-e unconfined compressive strength of cemented tailings decreased with increasing crumb rubber content.-e inclusion
of crumb rubber increased the failure strain and nonlinearity index of the cemented tailings. It was found that the addition of 4%
crumb rubber provided the greatest improvement in ductility. -e increase of the rubber content further increased the thermal
insulation capacity of the cemented tailings. -e low stiffness and the dimpled surface of the crumb rubber were responsible for
the reduced compressive strength and thermal conductivity of the cemented tailings. In conclusion, the crumb rubber had both
positive and negative effects on the cemented tailings. In practical application, the rubber admixture amount should be flexibly
adjusted for different use case to make the cemented tailings material show the most suitable performance characteristic.

1. Introduction

-e huge demand for mineral resources has stimulated a
significant increase in mining volumes. Meanwhile, large
quantities of mine tailings were produced with the mining
and processing of ore. It was estimated that there were 25
billion tonnes of solid wastes in the mines of China, and this
number is continuously increasing year by year [1]. -e
improper disposal of the tailings may cause dangerous
environmental problems; more than 70 million Yuan was
spent every year on tailings disposal and risk monitoring in
China [2]. Most tailings were disposed of in tailings res-
ervoirs, which was a source of man-made hazards [3]. Waste
rubber tires constitute one major part of solid waste in a
modern society. -e total weights of waste rubber tires
generated in the United States and China were more than
100 million tonnes [4]. -e huge amounts of waste tires may
cause hazardous environmental problems such as fire haz-
ards and use of surface land resources [5]. Recently, China
still had 5.2 million tonnes of waste tires stacked in open-air

sites every year [6]. -erefore, the disposal of waste tires has
become a major challenge nowadays. It is necessary to pave
new ways for the tailings and waste tires disposal.

-e joint reuse of these solid wastes as aggregates of
cement-based materials may be an environmentally
friendly solution. Typical cement-based materials are
mixtures of aggregates, binder, and water. And they have
been widely utilized in various situations. However, huge
demands of aggregates for the cement-based materials
have led to the shortage of natural river sand [7]. In order
to alleviate the resource shortage, some researchers have
shown that iron tailings can be utilized for an alternative
to natural sand in concrete. Zhao et al. [8] reported that a
40% replacement of natural aggregate by the tailings had
a limited effect on the workability and mechanical
properties of the ultra-high performance concrete. Liu
et al. [9] found that a 20% replacement of natural river
sand by iron tailings in sprayed concrete achieved the best
performance. -ese studies have reflected the great value
of tailings as the aggregate of cement-based materials.
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However, there were few studies on the use of tailings as
the sole aggregate for cementitious materials. -ere were
only some studies that showed that the tailings were
suitable to be used as the sole aggregate of cemented
tailings backfill materials for backfilling the mining stope
and improving the ground stability and safety [10, 11]. A
typical cemented tailings backfill is a cement-based
material consisting of cement, tailings, and water. -e
cement content of the typical cemented tailings backfill
was relatively low. To ensure a high mechanical strength
and a good workability for backfilling operations, the
solid content of the cemented tailings backfill materials is
between 70% and 85% [12, 13]. For the past few years,
researchers have put great efforts to improve or modify
the ordinary cemented tailings backfill material by adding
additives [14–16]. For example, Guo et al. [17] found that
the sodium silicate gel could accelerate the binder hy-
dration process in cemented tailings and then increase
the strength of cemented tailings. Chen et al. [18] con-
ducted unconfined compressive strength tests on
cemented tailings containing polypropylene fiber and the
results indicated that the fiber can improve the ductility
and stiffness of cemented tailings. Festugato et al. [19]
added polypropylene fibers into cemented tailings to
improve the shear resistance. In addition, Koohestani
et al. [20] investigated the influence of maple-wood
sawdust on the compressive performance of cemented
tailings. It was reported that the addition of 12.5% maple-
wood sawdust could improve the strength of cemented
tailings.

Previous researchers have also investigated the fea-
sibility of adding waste tire crumb rubber in the cement-
based materials such as concrete and cement treated clay
[21, 22]. For instance, Eldin and Senouci [23] examined
the strength and toughness properties of concrete con-
taining crumb rubber; they reported that the concrete
containing rubber particles had lower strength and more
ductile behavior than the ordinary concrete. Atahan and
Yvcel [24] found that the incorporation of crumb rubber
in concrete decreased the compressive strength and in-
creased the impact resistance. -ey suggested that the
flexible concrete with rubber aggregate could be used as
highway barriers. However, there have been few re-
searchers in the past who carried out the feasibility study
on cemented tailings containing crumb rubber.

In this paper, cemented tailings containing waste tire crumb
rubber were proposed to pave new ways for the tailings and
waste tires disposal. Compared to the low strength cemented
tailings backfill used solely for underground voids filling, the
investigated cement contents of cemented tailings material were
set relatively higher in this study to study the feasibility as a
more widely used filling material. A series of cemented tailings
samples containing various contents of crumb rubber were
prepared. Scanning electron microscopy (SEM) analysis was
used to investigate the morphological properties of the crumb
rubber. Unconfined compression tests and thermal conduc-
tivity measurements were conducted on cemented tailings
samples. -e performance of the cemented tailings was opti-
mized by changing the content of crumb rubber.

2. Materials and Methods

2.1. Materials. -e tailings for the sample preparation were
taken from an iron mine in the central part of Shandong
province, China. Its specific gravity was 2.45. -e miner-
alogical composition of the tailings was determined using
X-ray diffraction (XRD; Bruker AXS D8 Advance Diffrac-
tometer), and the grain size distribution of the tailings was
analyzed using a laser particle size analyzer (Mastersizer
3000, Malvern). Tests results are shown in Figure 1. It can be
seen that the particle size distribution of the tailings is
mainly concentrated in 200 to 1000 μm.-emain substances
of the tailings are quartz sand, ferric oxide, and calcium
oxide. Main chemical properties of the tailings are shown in
Table 1.

Crumb rubber obtained from the waste tires was used in
this study. Its specific gravity was 1.09. -e iron wire and
polymer fiber were reclaimed during the shredding process
of waste tires.-emain component of the crumb rubber was
the waste tire rubber. Mechanical properties of waste tire
rubber could be found in Table 1. -e average diameter of
the rubber particle was about 2mm. -e rubber content of
cemented tailings samples in this study was determined to be
0%, 2%, 4%, and 6% (by the weight of dry tailings). Besides,
ordinary Portland cement P. O. 42.5 was used as the binder.
In this study, the cement contents of cemented tailings
samples were determined to be 10% and 25% by the dry
weight of the tailings. City tap water was utilized as the
mixing water for the sample preparation of cemented tail-
ings samples.

2.2. Samples Preparation. -e cylindrical samples with a
diameter of 50mm and a height of 100mm were prepared
for the unconfined compression tests. -e mass concen-
tration of cemented tailings was determined to be 75%
according to the accumulated experience of previous studies
and mine sites to fit the pumping requirements [18]. Tail-
ings, crumb rubber, cement, and water with various pro-
portions were mixed in a laboratory mixer for at least 10
minutes. After the mixing process, the cemented tailings
slurry was cast into cylindrical moulds (50mm in diameter
and 100mm in height). -e slump value of fresh cemented
tailings slurry in this investigation was between 190mm and
195mm, which is acceptable. After 12 hours of resting, the
samples were demoulded and transferred into a humidity
chamber to be cured at a temperature of 20°C and a relative
humidity of 95% for 28 days. -e curing condition was
determined according to [15, 25]. Cemented tailings samples
in this study and their mix proportions are shown in Table 2,
and three identical specimens were prepared for triplicate
tests.

2.3. Unconfined Compression Tests. -e unconfined com-
pression tests for the cemented tailings samples were carried
out to investigate the mechanical properties of the proposed
material serving as underground backfill structures or above
ground filling structures. According to the accumulated
experience of cemented tailings backfill test methods [26, 27]
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and the guideline of ASTM C39 [28] standard, the samples
were tested immediately after reaching the curing aging.
During the compression test, cemented tailings samples will
be loaded at a constant displacement rate of 0.2mm/min.

2.4. Measurement of (ermal Conductivity. -e transient
line heat source method was used to measure the thermal
conductivity of cemented tailings samples. -e basic theory
of the line heat source method was based on a thermal
conductivity model of a cylinder. -e thermal conductivity
can be calculated using the following equation:

λ � P ·
ln t2/t1( 

4πL θ1 − θ2( 
, (1)

where λ is the thermal conductivity of thematerial (W/(m·k)),
P is the heating power at a particular section of the heat line

(W), t is the heating time of the corresponding temperature
(s), L is the length of the heat line (m), and θ is the tem-
perature of the heat line (oC). -e test device is a KD2 Pro
thermal analyzer (Decagon Device, Inc.) with the TR-1
sensor. -e test was carried out based on the guideline of
ASTM D5334 [29].

3. Results and Discussion

3.1. SEM Analysis. SEM analysis for the crumb rubber was
conducted as shown in Figure 2. It can be seen from
Figure 2(a) that a crumb rubber particle is usually a tetra-
hedral structure. A long crack at the edge of the rubber
particle can be observed from Figure 2(b), which may cause
the reduction in strength and stiffness of the rubber particle.
-e lower stiffness and strength of the crumb rubber may
cause the reduction in peak strength of cemented tailings.
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Figure 1: Curves of (a) particle size distributions and (b) XRD of tailings.

Table 1: Main chemical and physical properties of the rubber fiber and tailings.

Chemical component (%) Waste tire rubber Tailings
Styrene butadiene rubber 62.10 —
Extender oil 1.90 —
Carbon black 31.0 —
Zinc oxide 1.90 —
Stearic acid 1.20 —
Sulfur 1.10 —
MgO — 12.93
Al2O3 — 8.89
SiO2 — 27.41
CaO — 18.68
Fe2O3 — 27.32

Table 2: Designation and mix proportions of cemented tailings samples used in this study.

Sample designation C10 C10R2 C10R4 C10R6 C25 C25R2 C25R4 C25R6
Cement content (%) 10 10 10 10 25 25 25 25
Rubber content (%) 0 2 4 6 0 2 4 6
Mass concentration (%) 75 75 75 75 75 75 75 75
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Cavities and microcracks can be observed on the surface of
the rubber particle as shown in Figure 2(c). -e dimpled
surface may entrap air and create microvoids around the
crumb rubber particles in the cemented tailings. -is may
cause the pronounced pore compaction stage in the stress-
strain curves and the reduction in thermal conductivity.
During the compression test, the stress will be concentrated
on the voids in cemented tailings and produce many small
cracks around the crumb rubber to alleviate the stress
concentration in the cemented tailings. -ese effects will
prevent the sudden failure of the cemented tailings caused by
the stress concentration on the major cracks and improve
their ductility. However, they will reduce the peak strength
of cemented tailings due to the early development of small
cracks. On the plastic stage during the compression test, the
dimpled surface of crumb rubber (Figure 2(c)) may increase
the friction between internal particles and improve the
nonlinear behavior of the cemented tailings.

3.2. Stress-StrainCurves. Typical stress-strain curves of the
cemented tailings samples are shown in Figure 3. It can be
seen that there were pore compaction stage, elastic de-
formation stage, plastic deformation stage, and postpeak
stage in a stress-strain curve. -e pore compaction stage
was more obvious for the higher rubber content
cemented tailings samples. -is indicated that the
cemented tailings containing a higher rubber content had
more pores in the structure. -e physical properties of
crumb rubber could be responsible for the formation of
voids; reasons will be explained in the following sections.
It can also be found that when the rubber content was
constant, the pore compaction stage was more obvious
and long for the lower cement content sample. -is can be
explained by the fact that more cement could produce
more hydration products that could fill the pores [30–32].
-e increase in rubber content caused a slight decrease in
the elastic modulus of the cement-based tailing.
Cemented tailings samples containing crumb rubber
generally had a higher axial strain at peak stress (i.e.,
failure strain) and a lower unconfined compressive
strength (UCS). It can also be seen that there were more
obvious plastic stages on the cemented tailings samples
containing 4% of crumb rubber. As shown in Figure 3,

after the elastic deformation, a long plastic deformation
occurred on C10R4 and C25R4. Cemented tailings
samples containing crumb rubber had a larger failure
strain and a lower UCS than ordinary cemented tailings
samples. When the rubber content was constant, the
sample with 25% cement content had a higher UCS and a
smaller failure strain than the samples with 10% cement
content. -e inclusion of crumb rubber provided a
limited relief from the sudden reduction in stress at the
postpeak stage.

3.3. Unconfined Compressive Strength. -e UCS values of
cemented tailings samples are summarized in Figure 4.
-e compressive strength values of the samples C10,
C10R2, C10R4, and C10R6 were 1.22MPa, 1.17MPa,
1.13MPa, and 0.93MPa, respectively, while the com-
pressive strength values of sample C25, C25R2, C25R4,
and C25R6 were 5.38MPa, 5.20MPa, 4.01MPa, and
3.79MPa, respectively. It can be observed that the
compressive strength of 10% cement content samples was
lower than that of 25% cement content samples. -is may
have been due to the fact that the higher volume of ce-
ment can produce more hydration products and increase
the strength of cement-based materials [31]. It can also be
seen that, for both 25% cement content and 10% cement
content samples, the compressive strength of cemented
tailings containing crumb rubber was lower than that of
cemented tailings without crumb rubber. For instance,
the compressive strength of 10% cement content sample
C10R6 was 0.93MPa, which was 23.7% lower than that of
dried sample C10. Similarly, the compressive strength of
25% cement content sample C25R6 was 3.79MPa, which
was 26.2% lower than that of undried sample C25.

Figure 5 depicts the variation in unconfined com-
pressive strength for 10% cement content and 25% ce-
ment content cemented tailings samples with rubber
content of 0%, 2%, 4%, and 6%. As shown in Figure 5(a)
the UCS of the 10% cement content sample decreased as
the rubber content increased. And a similar trend can be
found in the 25% cement content samples as shown in
Figure 5(b). A linear relationship between the com-
pressive strength and rubber content can be observed and
expressed as in equations (2) and (3):

(a) (b) (c)

Figure 2: Typical SEM images of the crumb rubber: (a) overview with a 45x magnification; (b) long cracks with a 180x magnification;
(c) surface flaws with a 180x magnification.
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S � −0.046Cr + 1.249, for 10% cement content samples,

R
2

� 0.85,

(2)

S � −0.298Cr + 5.489, for 25% cement content samples,

R
2

� 0.90,

(3)

where S is the unconfined compressive strength (MPa); and
Cr is the rubber content (%). Comparing equations (2) and
(3), it can be found that as the rubber content increased, the
decrease in UCS of the 25% cement content sample was

more pronounced than that of the 10% cement content
sample. -e decrease in UCS after the inclusion of crumb
rubber may be due to the much lower stiffness of crumb
rubber than the cemented tailings [23]. -e difference in
stiffness between the cemented tailings material and crumb
rubber will increase when the cement content increases; this
may have led to themore pronounced decrease in UCS of the
higher cement content cemented tailings when crumb
rubber was added. -ese results indicated that the contin-
uous addition of crumb rubber could lead to a decrease in
the UCS of cemented tailings. It was important to ensure
that the cemented tailings with crumb rubber had an ac-
ceptable strength by controlling the crumb rubber content
and increasing the cement content appropriately.

3.4. Ductility of Crumb Rubber Modified Cemented Tailings.
Ductility is an important factor to guarantee the security of a
material, which indicates the ability to sustain inelastic
deformation to collapse without significant loss in resistance
[33]. Several measures of the ductility of modified cement-
based materials have been used in the past. One of the most
common ductility indices is the ratio of different failure
strains [15, 34]. Based on this, a ductility index D to evaluate
the ductility of cemented tailings containing crumb rubber is
proposed and defined as follows:

D �
εr

εo

, (4)

where εr is the failure strain of cemented tailings containing
crumb rubber, %; εo is the failure strain of ordinary
cemented tailings (without crumb rubber), %. -e failure
strain values of cemented tailings samples are presented in
Figure 6. And the calculation results of the ductility index D
for cemented tailings samples are presented in Figure 7. It
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Figure 3: Typical stress-strain curves of (a) 10% and (b) 25% cement content cemented tailings samples.
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can be seen that, in the samples with 10% and 25% cement
content, the ductility index increased and then decreased
with the increasing of rubber content. -e maximum
ductility index was achieved when the rubber content was
4%. -is indicated that the extension of failure strain
resulting from the addition of crumb rubber can be maxi-
mized when the crumb rubber content was 4%. Although the

addition of 6% crumb rubber to the cemented tailings also
improved the failure strain compared to the ordinary
cemented tailings, the improvement effect was minimal. -e
relationship between the compressive strength and rubber
content can be fitted and expressed using the sine function as
equations (5) and (6):

D � 1.21 + 0.24 × sin
π Cr − 2( 

4
, for 10% cement content samples,

R
2

� 0.94,

(5)

D � 1.15 + 0.18 × sin
π Cr − 2( 

4
, for 25% cement content samples,

R
2

� 0.90.

(6)

Due to the flexibility of crumb rubber, the stress-strain
behavior was more nonlinear for the cemented tailings with
crumb rubber.-e nonlinear behavior may also be amenable
for the improvement in the ductility of cemented tailings. A
nonlinearity index as shown in equation (7) was proposed
and defined as the ratio of the deformation modulus and the
elastic modulus based on the research on rubberized con-
crete [35]:

N �
tgβ
tgα

, (7)

where tg β is the elastic modulus of the material, and tg α is
the deformation modulus of the material. -e nonlinearity
indices are summarized in Figure 8. It can be seen that the
nonlinear index of cemented tailings reached its maximum
when the rubber content was 4%.-is echoes the increase of

failure strain and ductility in the previous paragraph. A
higher nonlinearity index indicated that the material could
bear larger deformation with a considerable elastic modulus.
Based on these results, the cemented tailings containing 4%
of crumb rubber may be well suited for the use as a pressure-
bearing material under large deformations. For example,
unstable overlying coal seams or rock layers were often
encountered in underground mining [36]; the proposed
material with high ductility had the feasibility to be used as a
filling material for providing a good support and stability.

3.5.(ermal Conductivity. -e thermal conductivity of each
cemented tailings sample is shown in Figure 9. -e thermal
conductivity values of samples C10, C10R2, C10R4, and
C10R6 were 0.292W/(m·K), 0.273W/(m·K), 0.251W/(m·K),
and 0.228W/(m·K), respectively, while the thermal

654320 1
% of rubber

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5
U

nc
on

fin
ed

 co
m

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

y=-0.046x+1.249
R2=0.85

(a)

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

U
nc

on
fin

ed
 co

m
pr

es
siv

e s
tre

ng
th

 (M
Pa

)

1 2 3 4 5 60
% of rubber

y=-0.298x+5.489
R2=0.90

(b)

Figure 5: Relationship between the unconfined compressive strength and rubber content of cemented tailings: (a) 10% cement content
samples and (b) 25% cement content samples.

6 Advances in Materials Science and Engineering



Samples designation

C10 C10R2 C10R4 C10R6 C25 C25R2 C25R4 C25R6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Fa
ilu

re
 st

ra
in

 (%
)

Figure 6: Failure strains of cemented tailings samples.

1 2 3 4 5 60
% of rubber

0.5

0.8

1.0

1.3

1.5

1.8

2.0

D
uc

til
ity

 in
de

x 
(D

) y=1.21+0.24*sin (π*(x-2)/4)
R2=0.94

(a)

1 2 3 4 5 60
% of rubber

0.5

0.8

1.0

1.3

1.5

1.8

2.0
D

uc
til

ity
 in

de
x 

(D
)

y=1.15+0.18*sin (π*(x-2)/4)
R2=0.90

(b)

Figure 7: Relationship between the ductility index D and rubber content of cemented tailings for (a) 10% cement content samples and (b)
25% cement content samples.

Samples designation

C10 C10R2 C10R4 C10R6 C25 C25R2 C25R4 C25R6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
on

lin
ea

rit
y 

in
de

x

Figure 8: Nonlinearity index values of cemented tailings samples.

Advances in Materials Science and Engineering 7



conductivity values of samples C25, C25R2, C25R4, and
C25R6 were 0.331W/(m·K), 0.319W/(m·K), 0.306W/(m·K),
and 0.287W/(m·K), respectively. It can be seen that the
thermal conductivity of cemented tailings decreased with
increasing crumb rubber content. For instance, the thermal
conductivity value of 10% cement content sample C10R6
was 21.9% lower than that of dried sample C10. Similarly, the
thermal conductivity value of 25% cement content sample
C25R6 was 13.2% lower than that of undried sample C25.
-is may be due to the low thermal conductivity and density
of the tire rubber. It can also be seen that the thermal
conductivity of cemented tailings with higher cement
content was higher than that of lower cement content
cemented tailings. -is result was consistent with the pre-
vious research on the self-compacting concrete [37]. It can
be explained by the fact that large amounts of cement could
produce more hydration products that could fill the pores
and then increased the density and thermal conductivity
[32]. -e thermal conductivity values of cemented tailings
ranged from 0.228W/(m·K) to 0.331W/(m·K), which was
much lower than that of hardened cement (0.9W/(m·K))
and concrete (1.5W/(m·K)). -erefore, the cemented tailing
was a good thermal insulation material. And increasing the
rubber content can further increase the thermal insulation
capacity of the cemented tailings. -is indicated that the
cemented tailings containing crumb rubber had a great
potential to be used as a thermal insulation sandwich ma-
terial in a structure or to improve the working environment
when used as a backfill floor.

4. Conclusions

On the basis of the achieved findings, following conclusions
could be drawn:

(1) -e stress-strain behavior of cemented tailings was
affected by the inclusion of crumb rubber. -ere
were more pronounced pore compaction stages and

plastic stages in the stress-strain curves of higher
rubber content cemented tailings.

(2) -e unconfined compressive strength of cemented
tailings decreased as the crumb rubber content in-
creased. It is important to ensure that the cemented
tailings with crumb rubber have an acceptable
strength by controlling the crumb rubber content
and increasing the cement content appropriately.

(3) -e inclusion of crumb rubber improved the duc-
tility of cemented tailings. Larger failure strain and
higher nonlinearity index were achieved in the
cemented tailings containing crumb rubber. -e
addition of 4% crumb rubber provided the greatest
improvement in ductility of cement tailings. It
showed the great potential of this material when used
as a pressure-bearing material under large
deformations.

(4) -e thermal conductivity values of cemented tailings
materials were much lower than the hardened ce-
ment and concrete, which indicated that the
cemented tailing is a good thermal insulation ma-
terial. -e increase of the rubber content could
further increase the thermal insulation capacity of
the cemented tailings. -is revealed that the
cemented tailings containing crumb rubber had a
great potential to be used as an insulating sandwich
material in a structure or to improve the working
environment when used as a backfill floor.

(5) -e low stiffness and dimpled surface of the crumb
rubber were responsible for the reduced UCS and
thermal conductivity of the cemented tailings.
However, they also improved the ductility and
thermal insulation of the cemented tailings.
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