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)e resource utilization of iron tailings is of great significance for all countries in the world. Considering the particle
composition and physicochemical characteristics of iron tailings, fiber and lime were used to modify iron tailings. )e fiber
content was 0%, 0.25%, 0.5%, 0.75%, and 1%, and the lime content was 0%, 2%, 4%, 8%, and 10%, respectively. )rough a
direct shear test, the shear stress displacement (τ-δ) curves and shear strength of modified iron tailings, under the action of a
0 freeze-thaw cycle and 1 freeze-thaw cycle, were tested. As statistics have shown that there are uncertainty factors associated
with direct shear tests, the shear strength index cohesion c and internal friction angle φ of the modified iron tailings were
analyzed using the Monte Carlo method. )e results show that the τ-δ curve of the fiber-modified iron tailings is a
hardening-type curve and that of the lime-modified iron tailings is a softening-type curve. In the direct shear tests, the main
uncertain factors are the specimen diameter, vertical force, and horizontal force. )e diameter of the sample obeys a normal
distribution, and the vertical and horizontal forces obey a uniform distribution. )e results of the Monte Carlo simulation
show that both c and φ obey a normal distribution. Under a 95% confidence condition, the effect of fiber on the cohesion on
iron tailings is obvious, but the effect on the internal friction angle is not obvious. However, the values of c and φ of the iron
tailings are clearly improved by lime. Additionally, the iron tailings modified by a fiber content of 1% and those modified by
a lime content of 8% have the best frost resistance.

1. Introduction

With the development and utilization of mineral resources, a
large number of tailings have been produced. Since the
implementation of the reform and opening-up policy, es-
pecially, with the rapid development of China’s iron and
steel industry, iron tailings are increasingly produced by the
development of iron ore resources. For example, Shaoxing
has produced 20 million tons of iron tailings. Not only do
these iron tailings occupy a large number of land resources,
but the heavy metals in them also pollute the environment
[1–3]. )erefore, the recovery and utilization of tailings are
of great significance for all countries in the world.

However, iron tailings have the defects of high com-
pressibility, high water content, low permeability, and low
strength [4], and they therefore cannot be used directly.
)us, in recent years, scholars have conducted a lot of

research on the use of iron tailings as building materials.
)ey are mainly used in the preparation of cementitious
materials [5], Portland cement clinker [6], concrete fine
aggregate [7–11], concrete mineral admixture [12], mortar
for laying and coating [13], road materials [14, 15], etc., and
have achieved good results.

However, the research on iron tailings as the main
building materials is less widespread, which restricts the
resource utilization of iron tailings to a certain extent. For
example, Wang et al. [16] studied the mechanical properties
of tailing sand under the condition of dry and wet cycles.)e
results show that the water characteristic curve of tailing
sand tends to move to the left with the increase of dry and
wet cycles, which provides a basis for understanding the
mechanical properties of tailing sand and the stability of
tailing dams under the condition of dry and wet cycles. Jiang
et al. [17] used a direct shear test and energy dissipation
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theory to study the shear performance of lime-modified iron
tailing powder. )e research shows that adding lime can
improve the shear energy consumption of iron tailing
powder, and, with the increase of the lime content, the shear
energy consumption first increases and then decreases. Chen
et al. [18] studied the anisotropic shear strength charac-
teristics of tailing sand. )e results show that the anisotropy
has a great influence on the peak shear strength of tailing
sand and a minor influence on the peak internal friction
angle. Chen et al. [19] studied the relationship between the
resistivity and shear strength of phosphorus tailings. )e
results show that the initial resistivity of phosphorus tailings
is negatively related to the cohesion and internal friction
angle of the shear strength index, while the resistivity de-
creases with the increase of the strain. )e above research
shows that it is difficult to produce iron tailings with me-
chanical properties that meet the engineering requirements,
so they need to be modified.

Adding fiber and lime is a common engineering mod-
ification method [20–22]. Combined with the physical and
chemical properties of iron tailings, fiber and lime are used
to modify iron tailings, and the shear property under the
action of a freeze-thaw cycle is an important mechanical
property of building materials. )erefore, according to the
Mohr–Coulomb theory, a direct shear test can be used to
study the shear mechanical index cohesion c and the internal
friction angle φ of the modified iron tailings. )e uncertain
factors associated with direct shear tests often affect the
accuracy of the test results. Additionally, the shear strength
of the soil is one of the basic parameters in analyzing and
solving the stability of geotechnical engineering [23–29].)e
randomness of test data will affect the stability analysis
results [30–32]. To make the direct shear test results more
reliable, it is necessary to carry out statistical analysis on the
uncertain factors associated with direct shear tests and then
obtain the change rule of c and φ of the modified iron
tailings.

)e Monte Carlo algorithm is a mathematical method
that can produce a large number of data results, without any
physical experiments. )is method can directly consider the
probability distribution of any type of random variables and
can calculate the probability characteristics of parameters
with the expected accuracy [33]. Moreover, the calculation
principle and operation method of the Monte Carlo algo-
rithm are simple and have a high calculation accuracy.
Direct shear test is a basic test method to obtain mechanical
parameters of rock and soil materials [34]. However, due to
the randomness of specimen size and stress test, it is sig-
nificant to analyze the influence of these random processes
on the results of the direct shear test. )e Monte Carlo
simulation of the direct shear test can effectively reduce the
amount of the test and save the test cost [35, 36]. It is feasible
to analyze the direct shear properties of fiber and lime-
modified iron tailings by the Monte Carlo method. In this
paper, through a statistical analysis of the uncertainty factors
associated with direct shear tests, the Monte Carlo algorithm
is used to analyze the shear strength indexes c and φ of the
modified iron tailings, so as to provide a basis for the re-
source utilization of tailings.

2. Direct Shear Test

2.1. Materials. )e test material is iron tailings from Lizhu
iron tailings pond, Zhejiang Province, China. Its main com-
ponents are SiO2, Fe2O3, Al2O3, CaO, and MgO. Its specific
gravity is 3.06 and the specific surface area is 379m2/kg. )e
fiber used is polypropylene fiber with a diameter of 30 μm and
a length of 6mm. )e lime used is quicklime with a calcium
content of 90%.

2.2. Test Scheme. In this study, fiber and lime are used to
modify iron tailings, and 0 freeze-thaw and 1 freeze-thaw
direct shear tests are carried out.)e test scheme is shown in
Table 1. P0 in the table represents no freeze-thaw cycle, and
P1 represents one freeze-thaw cycle. F stands for fiber, and L
stands for lime.

2.3. Test Process. According to the standard for soil test
methods (GBT50123-2019) [37], the direct shear test process
is divided into the following steps:

(1) According to the test plan, polypropylene fiber and
lime with different contents are added to iron tailings
and fully mixed to obtain the mixture.

(2) A layer of Vaseline is applied to the inner side of the
ring cutter with a diameter of 61.8mm and a height
of 20mm, the mixture is put into the ring cutter, and
the sample is then compacted to form.

(3) )e sample is wrapped with fresh-keeping film, and
according to the test plan, the sample is placed,
without a freeze-thaw cycle, in the room for 24
hours, and the freeze-thaw sample is put into the
freeze-thaw box for one freeze-thaw cycle. )e
freeze-thaw cycle conditions are as follows: −20°C
and 24 hours, and 20°C and 24 hours.

(4) After curing, the sample is taken out, and the mass of
each sample is weighed. )e mass is 142± 2 g.

(5) A direct shear test is carried out, and the test
equipment is a fully-automatic four-way direct shear
apparatus. From each group of tests, 4 samples are
taken and put into a shear box for fixation, and the
shear test is carried out under 4 different vertical
pressures. )e vertical pressure is 100 kPa, 200 kPa,
300 kPa, and 400 kPa.

2.4. Test Results. According to the results of the direct shear
test, the τ-δ curves obtained from each group of data, under
the same normal stress, are placed in the same image. )e
image of the τ-δ curves with the 0 freeze-thaw cycle is shown
in Figure 1, and the image of the τ-δ curves with the 1 freeze-
thaw cycle is shown in Figure 2.

From Figure 1, it can be seen that the τ-δ curve of the
fiber-modified iron tailings with the 0 freeze-thaw cycle is a
hardening-type curve, and the stress peak occurs when the
shear displacement reaches 4mm.)e τ-δ curve of the lime-
modified iron tailing with the 0 freeze-thaw cycle is a
softening-type curve. With the increase of the shear
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displacement, the shear stress first increases to the peak value
and then decreases gradually, and with the increase of the
normal stress, the maximum shear stress increases gradually.

From Figure 2, it can be seen that the τ-δ curves of the
fiber-modified iron tailings and lime-modified iron tailings
with one freeze-thaw cycle have the same curve character-
istics as those shown in Figure 1. However, the maximum
shear stress with the one freeze-thaw cycle is lower than that
with the 0 freeze-thaw cycle.

)e peak shear stress τmax for each τ-δ curve in Figures 1
and 2 is extracted. According to the Mohr–Coulomb cri-
terion, the cohesion c and internal friction angle φ of each
group of samples can be obtained, as shown in Table 2.

It can be seen, from Table 2, that, under the action of the
0 and 1 freeze-thaw cycles, the effect of fiber on the cohesion
on iron tailings is obvious, but the internal friction angle is
not obvious. However, the cohesion and internal friction
angle of the iron tailings are clearly improved by lime.

3. Monte Carlo Simulates the Process of aDirect
Shear Test

)ere is some uncertainty associated with direct shear tests.
)e values of c and f calculated in Figures 1 and 2 cannot
easily represent the actual law. )erefore, the Monte Carlo
algorithm is used to fit the uncertainty in the process of the
direct shear test, and the statistical rules of c and f of the
modified iron tailings are obtained.

)e process of the Monte Carlo algorithm is mainly di-
vided into three steps [38]. (1) )e probability distribution
characteristics of the uncertain parameters are analyzed in a
random process, and a mathematical model of the probability
distribution is established. (2) According to the probability
distribution model of the parameters, random numbers are
generated. (3) According to the accuracy requirements, the
number of simulations is determined. )e random number is
sampled randomly for each simulation, and the target pa-
rameter value is calculated. Finally, the probability distribu-
tion characteristics and confidence intervals of the target
parameters are calculated. )e flow chart of the random
process in the simulated direct shear test is shown in Figure 3.

3.1. Parameter Distribution Model. )ere are three main
factors influencing the results of the direct shear test: the
vertical force F, horizontal force T, and specimen diameter d.

According to the instructions of the direct shear apparatus
used in the test, the force value error of the apparatus is 5%,
which is the relative error, and it obeys a uniform distri-
bution. )en, the probability distribution of the vertical
force F is shown in

F ∼ U(F − 0.05, F + 0.05F). (1)

Similarly, the horizontal force T also obeys a uniform
distribution, so the distribution of the horizontal force T is
shown in

T ∼ U(T − 0.05T, T + 0.05T). (2)

)e diameter of the direct shear specimen was repeatedly
measured 100 times with a Vernier caliper, and 100 diameter
data were obtained. Although the variation range of the
randommeasurement error is small, the error range of direct
shear test results may be enlarged after calculation. )ere-
fore, it is necessary to generate more random numbers from
less data by the Monte Carlo method, which is convenient
for subsequent calculation [39]. As the random measure-
ment error follows a normal distribution [40, 41], the cu-
mulative distribution curve of the diameter and the fitted
normal distribution curve are obtained, as shown in
Figure 4.

It can be seen, from Figure 4, that the cumulative dis-
tribution curve of the diameter is in good agreement with the
fitted normal distribution curve. )erefore, the probability
distribution model of the diameter of the direct shear
specimen can be obtained, as shown in

d ∼ N(61.691, 0.0401). (3)

3.2. Generation of a RandomNumber and Random Sampling.
)e probability distribution of the three parameters is used
to generate random numbers. )e vertical forces applied in
the test are 100 kPa, 200 kPa, 300 kPa, and 400 kPa.
According to formula (1), four groups of random numbers
of vertical forces are generated. According to formula (2), a
random number is also generated for each group of hori-
zontal forces. According to formula (3), a set of random
numbers is generated for the specimen diameter d. Since the
confidence interval can be reduced by increasing the number
of repeated simulations [42], the above random numbers are
all 1000.

Table 1: Test scheme.

0 freeze-thaw cycle One freeze-thaw cycle
Fiber content (%) Fiber content (%) Number Fiber content (%) Fiber content (%) Number
0 0 P0-0-0 0 0 P1-0-0
0.25 0 P0-F-1 0.25 0 P1-F-1
0.5 0 P0-F-2 0.5 0 P1-F-2
0.75 0 P0-F-3 0.75 0 P1-F-3
1 0 P0-F-4 1 0 P1-F-4
0 2 P0-L-1 0 2 P1-L-1
0 4 P0-L-2 0 4 P1-L-2
0 8 P0-L-3 0 8 P1-L-3
0 10 P0-L-4 0 10 P1-L-4
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Taking diameter d as an example, the random sampling
steps are as follows:

(a) Put 1000 random data generated according to for-
mula (3) in vector D; D is a vector of 1 row and 1000
columns.

(b) According to formula (4), the random number n can
be calculated. n is a natural number between 1 and
1000:

n � 1 + int(rand()∗ 999). (4)

(c) Let di � D(n); this completes the i-th random
sampling.

)e sampling results of F and t can be obtained by
the same method. )e number of random numbers and the
number of cycle calculations are taken as 1000 times.
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Figure 1: τδ curves of the modified iron tailings with the 0 freeze-thaw cycle: (a) 100 kPa normal stress, (b) 200 kPa normal stress, (c)
300 kPa normal stress, and (d) 400 kPa normal stress.
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3.3. c and φ Calculation. To obtain a more accurate prob-
ability distribution of c and φ, the number of Monte Carlo
simulations is changed to 1000. A number for d, F, and T is
taken randomly from each group, and c and φ of the
modified iron tailings are calculated.)e specific steps are as
follows:

(1) )e sample area A is calculated according to

A �
πd

2

4
, (5)

where d is the randomly selected diameter value of
the sample.
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Figure 2: τ-δ curves of the modified iron tailings with the 1 freeze-thaw cycle: (a) 100 kPa normal stress, (b) 200 kPa normal stress, (c)
300 kPa normal stress, and (d) 400 kPa normal stress.
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(2) )e normal stress p (i) is calculated according to

p(i) �
F(i)

A
, (6)

where F(i) is the random number of the applied
vertical forces, i� 1, 2, 3, 4.

(3) )e shear stress t (i) is calculated according to

τ(i) �
T(i)

A
, (7)

where, τ(i) is the random number of the applied
horizontal forces, i� 1, 2, 3, 4.

(4) )e c and φ values of the modified iron tailings are
calculated.

According to the Mohr–Coulomb theory, the normal
stress p and the shear stress τ satisfy a linear relationship.
)erefore, c and φ can be calculated according to the least
squares method. )e calculation process is shown in

τ �


n
i�1 τi

n
, (8)

p �


n
i�1 pi

n
, (9)

tan(φ) �


n
i�1 τipi − 

n
i�1 τi 

n
i�1 pi/n( 


n
i�1 τi

2
− 

n
i�1 τi( 

2/n 
, (10)

c � p − tan(φ)p, (11)

where τ andp are the mean values of τ and p, respectively,
i� 1, 2, 1000 and n� 1000.

According to the above calculation process, the c and φ
calculation results of the modified iron tailings can be
obtained.

3.4. Probability Distribution Characteristics of c and f. )e c
and φ values of various proportions of the modified iron
tailings are calculated by the Monte Carlo method, and the
cumulative distribution images of different proportions
under the 0 freeze-thaw state and the 1 freeze-thaw state are
drawn, as shown in Figures 5 and 6, respectively.

It can be seen, from Figures 5 and 6, that the c and φ
values of the modified iron tailings obey a normal distri-
bution through the Monte Carlo simulation.

3.5. Confidence Interval of c and φ. )e confidence interval
shows the degree to which the real value has a certain
probability of falling around the measurement results, which
indicates the degree of reliability of themeasured results.)e
reliability of the test data is judged by calculating the
confidence interval of c and φ. If the significance level is 0.05,
the confidence level is 0.95%. )e confidence interval of c
and φ is calculated as follows:

(1) )e average error is calculated according to

ae �
σ
�
n

√ , (12)

Table 2: c and φ values of each group of samples.

Number c (kPa) φ (゜)
P0-0-0 12.3 31.7
P0-F-1 31.9 29.3
P0-F-2 22.3 31.9
P0-F-3 15.6 33.5
P0-F-4 22.1 32.4
P0-L-1 41.5 38.0
P0-L-2 76.7 33.9
P0-L-3 92.9 36.0
P0-L-4 36.4 43.0
P1-0-0 37.0 27.8
P1-F-1 14.0 29.6
P1-F-2 32.3 29.4
P1-F-3 32.3 30.0
P1-F-4 54.7 27.3
P1-L-1 48.8 33.9
P1-L-2 51.6 37.0
P1-L-3 87.4 34.8
P1-L-4 77.7 34.6

Y

N

Random sampling

Calculate c and φ

Is the simulation 
number sufficient

Distribution of c and φ

Confidence interval of 
c and φ

Generate random
numbers

Probability distribution
of parameters

Determine random
parameters

Figure 3: Calculation flow chart of the Monte Carlo method.
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where n is the number of data; σ is the standard deviation;
and ae is the average error.

(2) )e error range is calculated according to

e � tae, (13)

where e is the error range and t is the double quantile of the t
distribution, which can be obtained by looking up the
quantile table of the t distribution.

(3) )e confidence interval is calculated according to
following formulas:

z1 � μ − e, (14)

z2 � μ + e, (15)

where μ is the sample mean; z1 is the lower limit of the
confidence interval; and z2 is the upper limit of the confi-
dence interval.

)e confidence interval of c and φ is calculated through
the above steps, and then a box line diagram showing the
change of the content of the modified material is drawn, as
shown in Figure 7 and 8.
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Figure 5: Cumulative probability distribution of the c and φ of the modified iron tailings with the 0 freeze and thaw cycle: (a) a cumulative
distribution image of the cohesion c in different proportions and (b) a cumulative distribution image of the internal friction angle φ.
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Figure 6: Cumulative probability distribution of the c and φ of the modified iron tailings with the one freeze and thaw cycle. (a) A
cumulative distribution image of the cohesion c and (b) a cumulative distribution image of the internal friction angle φ.

0

20

40

C
oh

es
io

n 
(k

Pa
)

0 0.25 0.5 0.75 1
Fiber (%)

(a)

26

28

30

32

34

36

38

0 0.25 0.5 0.75 1
Fiber (%)

In
te

rn
al

 fr
ic

tio
n 

an
gl

e (
°)

(b)

0

50

100

C
oh

es
io

n 
(k

Pa
)

0 2 4 8 10
Lime (%)

(c)

30

35

40

45

In
te

rn
al

 fr
ic

tio
n 

an
gl

e (
°)

0 2 4 8 10
Lime (%)

(d)

Figure 7: )e change trend of the confidence interval of c and φ of the modified iron tailings with the 0 freeze and thaw cycle: (a) the
confidence interval of c varies with the fiber content, (b) the confidence interval of φ varies with the fiber content, (c) the confidence interval
of c varies with the lime content, and (d) the confidence interval of φ varies with the lime content.
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As for the modified iron tailing with the 0 freeze and
thaw cycle, from Figure 7, it can be seen that the cohesion c
of the fiber-modified iron tailings first increases and then
decreases with the increase of the fiber content. When the
fiber content is 0.25%, c reaches the maximum. )e value of
the internal friction angle φ first decreases and then increases
with the increase of the fiber content. When the fiber content
is 0.75%, the value of φ reaches the maximum. )e cohesion
c value of the lime-modified iron tailings first increases and
then decreases with the increase of the lime content. When
the lime content is 8%, the cohesion c value reaches the
maximum, and the internal friction angle φ value increases
with the increase of the lime content.

When the modified iron tailing is in the one freeze-thaw
cycle, it can be seen, from Figure 8, that the cohesion c of the
fiber-modified iron tailings first decreases and then increases
with the increase of the fiber content. When the fiber content
is 0.25%, c reaches the minimum. )e internal friction angle
φ first increases and then decreases with the increase of the
fiber content, and it reaches the maximum when the fiber
content is 0.5%. )e cohesion c of the lime-modified iron
tailing first increases and then decreases with the increase of
the lime content, and it reaches the maximumwhen the lime

content is 8%.)e internal friction angle φ first increases and
then decreases with the increase of the lime content, and it
reaches the maximum when the lime content is 4%.

Comparing the confidence intervals of c and φ of each
group of samples in Table 2 with those in Figures 7 and 8, it is
found that the experimental values in Table 2 are all within
the confidence interval, which indicates that the direct shear
test results have a 95% reliability. It can be seen, from Ta-
ble 2, that the effect of the freeze-thaw cycle on the cohesion
of modified iron tailings is obvious, but not on the internal
friction angle. Considering the change of the cohesion and
internal friction angle after the freeze-thaw cycle, it can be
concluded that fiber-modified iron tailings with a fiber
content of 1% and lime-modified iron tailings with a lime
content of 8% have the best frost resistance.

4. Conclusions

)rough a direct shear test, the shear characteristics of fiber-
and lime-modified iron tailings, under the action of a freeze-
thaw cycle, are analyzed, and the uncertainty factors associated
with direct shear tests are simulated by the Monte Carlo al-
gorithm, and the following three conclusions can be obtained:
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Figure 8: )e change trend of the confidence interval of c and φ of the modified iron tailings with the one freeze and thaw cycle: (a) the
confidence interval of c varies with the fiber content, (b) the confidence interval of φ varies with the fiber content, (c) the confidence interval
of c varies with the lime content, and (d) the confidence interval of φ varies with the lime content.
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(1) )e τ-δ curves of fiber-modified iron tailings and
lime-modified iron tailings are not affected by the
freeze-thaw cycles. )e τ-δ curves of fiber-modified
iron tailings are a hardening-type curve, and the peak
value of the stress is produced when the shear dis-
placement reaches 4mm. )e τ-δ curve of lime-
modified iron tailings is a softening-type curve. With
the increase of the shear displacement, the shear stress
first increases to the peak value and then decreases
gradually, and with the increase of the normal stress,
the maximum shear stress increases gradually.

(2) In the direct shear test, the main uncertainty factors
are the specimen diameter, vertical force, and hor-
izontal force. )e diameter d of the sample obeys a
normal distribution. )e vertical force F and the
horizontal force Tobey a uniform distribution. c and
φ calculated by the Monte Carlo method obey a
normal distribution. In this direct shear test, the c
and φ values of each group of modified iron tailings
achieve a 95% confidence level.

(3) )rough the Monte Carlo simulation, it can be
concluded that, under a 95% confidence condition,
the cohesion of fibers to iron tailings is obvious, but
the internal friction angle is not obvious.)e cohesion
and internal friction angle of iron tailings are clearly
improved by lime. )e effect of the freeze-thaw cycle
on the cohesion of modified iron tailings is obvious,
but not on the internal friction angle. Additionally, the
fiber-modified iron tailings with a 1% fiber content
and lime-modified iron tailings with an 8% lime
content have the best frost resistance.
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