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Similar-material simulation test is an effective tool to study the practical problems in mining and civil engineering. This paper
conducts an orthogonal study on low-strength similar materials comprising sand, fly ash, and plaster and analyses the sensitivity of
the materials. The mechanical properties of the similar materials strongly depend on the proportioning ratio, and they can satisfy
different similar-material simulation tests. The compression strength and elastic modulus of the similar material decrease as the
sand-binder ratio or cement ratio increases. There are approximately linear relations between the compression strength/elastic
modulus and sand-binder ratio and approximately power relations between the compression strength/elastic modulus and sand-
binder ratio. Sensitivity analysis employing the rangemethod shows that the effects of the cement ratio on the compression strength
and elasticmodulus aremore obvious than the effects of the sand-binder ratio. Finally, one of similarmaterials is used in a simulation
test of coal backfill mining.

1. Introduction

Some large-scale projects, such as the underground coal
mining that reduce the strength of the strata and are subjected
to deformation failure, are difficult to study on-site. Although
these complex problems can be investigated through theoreti-
cal analysis and numerical modelling, most problems need to
be investigated by conducting geomechanical simulation tests
[1–5], such as similar-material simulations. A geomechanical
simulation test is the representation of real physical objects,
with the materials having mechanical properties similar to
those of a prototype according to a certain proportionality
relation. The model has all or most of the major character-
istics of the prototype, and an experiment can be duplicated
using the model in less time and at lower cost, and visual
results can be obtained. To obtain results that are more
convincing, the selected similar materials must have very
similar physical and mechanical properties for the physical
model and engineering prototype [6]. The materials and
mixing ratio strongly affect the properties of the physical
model, which is critical to the success of simulation tests.

With the help of similar-material simulation test, Gao et
al. studied the time series system for induced caving of roof
in continuous mining under complex backfill in ore body
number 92 of Tongkeng Tin Mine [7]; Li et al. simulated
the “domino effect” of the stope pillar unstable failure of
gently inclined and medium thick phosphate rock under
pillar and room caving [8] and the deformation behaviour of
overburden rocks and mining pressure of the deep ore body
of mining [9].

Moreover, Meguid et al. conducted physical modelling
of tunnels in soft ground using a mixture of barite powder,
sand, plaster powder, water, and liquid laundry detergent [10],
and Fei et al. employed a temperature-analogue material to
simulate the decreasing strength of the weak interlayer but
did not obtain desired results [11]. A new similar material
mixed using sand, barite powder, talc powder, cement, Vase-
line, and silicone oil for fluid-solid coupling was developed
by Li et al. to simulate the tunnel under Qingdao Kiaochow
Bay in China [12], and the effects of the sand-binder ratio,
binder proportions on similar materials of limestone was
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studied by Zuo et al. [13]. Zhang et al. developed a similar
material of collapsible loess for simulation testing [14], and
Hui et al. presented the similarity criterion analysis of goaf in
a similar-material simulation [15], where the cement, sand,
water, activated carbon, and coal powder were selected as the
raw material to mix the coal similar material [16].

Although similar-material simulations have been widely
employed, a new similar material is urgently required in
the increasingly wide range of geomechanical engineering
projects. For example, as coal resources are developed, there
is an increasing focus on environmental protection. Backfill
is increasingly carried out in coal mining to protect the
environment and replace resources, and the backfill body has
lower strength than the coal-bearing sedimentary rocks.

In order to find a new similar material to simulate
rock mass with low strength in mining engineering, such
as filling paste, this paper conducts an orthogonal study of
low-strength similar materials comprising sand, fly ash, and
plaster in a similar-material simulation test and analyses the
sensitivity of the materials. One of similar materials is used
in a simulation test of coal backfill mining, and the test result
shows that themixture of artificialmaterials is appropriate for
the simulation test.

2. Sample Preparation of Similar Material with
Lower Strength

The similar material with lower strength in this experiment is
mixed with sand, fly ash, and plaster.

Considering that the similar material in the simulation
model has lower strength, generally less than 120 kPa, similar
materials with a larger sand-binder ratio and cement ratio are
tested in an orthogonal study. To investigate the effect of the
sand-binder ratio and cement ratio onmechanical properties
of the materials, 16 groups of samples were tested for two
factors and four levels (Table 1). The suitable similar material
with lower strength can bemixed through a small adjustment
to the mixing ratios. The quality concentration of the similar
material in different levels is 80%.

The samples of similar materials are standard cylindrical
specimens with dimensions of Φ50mm × 100mm. A PVC
tubewith diameter of 50mmwas cut into simplemoulds each
with length of 100mm, as shown in Figure 1. A vertical gap
was cut in the middle of each mould to allow the removal
of the standard sample. The original materials are clean river
sand commongypsumandfly ash fromapower plant. Appro-
priate proportions of aggregate and cementingmaterials were
stirred evenly with a cement paste mixer, and water was then
quantitatively added to themixture.Themixture was put into
the samplemoulds and tamped.The standard specimenswere
obtained after three days.There were 48 samples in 16 groups,
some of which are shown in Figure 2.

3. Analysis of Uniaxial Compression
Test Results

3.1. Uniaxial Compression Test Results. Sixteen standard
specimens were tested under uniaxial compression using

Table 1: Orthogonal study of similar materials.

Level Factor

Sand-binder ratio (A) Cement ratio
fly ash : gypsum (B)

1 6 : 1 8 : 2
2 7 : 1 7 : 3
3 8 : 1 6 : 4
4 9 : 1 5 : 5

Figure 1: Moulds for making standard specimens.

Figure 2: Standard specimens.

an AG-X250 electronic universal testing machine. The uni-
axial compressive strength and elasticity modulus of similar
materials with different mixing ratios are given in Table 2,
where the number denoting the mixing ratio comprises three
digits. When the number denoting the mixing ratio is “682,”
for example, “6” represents the sand-binder ratio and “82”
represents the cement ratio.

The uniaxial compressive strengths of similar mate-
rial with different mixing ratios are between 28.542 and
100.407 kPa, and the elasticitymoduli are between 813.918 and
4008.291 kPa, which are values that meet the requirements
of most lower strength similar-material simulation tests [12].
At the same time, the required mixing ratio of the similar
material can be selected from the results of the orthogonal
experiment using the mechanical parameters of a single
experimental model.

Typical failure specimens are shown in Figure 3, and
stress-strain curves of similar-material specimens are pre-
sented in Figures 4 and 5.

3.2. Effects of the Sand-Binder Ratio and Cement Ratio on the
Mechanical Properties. The variations in the strength of the
similar materials with a change in the sand-binder ratio and
cement ratio are shown in Figures 6 and 7.The strength of the
similar materials clearly experiences a decrease as the sand-
binder ratio or cement ratio increases. The relation between
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Table 2: Results of the orthogonal experiment on similar materials with different mixing ratios.

Specimen number Diameter/mm Height/mm Number of
mixing ratios

Uniaxial compressive
strength/kPa

Elasticity
modulus/kPa

P11 46.58 102.32 682 51.93 1110.083
P12 46.16 101.16 673 58.388 1754.256
P13 46.82 103.48 664 78.818 3401.377
P14 46.64 102.70 655 100.407 4008.291
P21 46.38 100.52 782 44.100 961.323
P22 46.18 102.02 773 52.478 1698.07
P23 46.58 103.04 764 64.009 2629.804
P24 46.22 102.38 755 88.600 3862.366
P31 46.46 101.22 882 37.667 830.820
P32 46.64 102.66 873 43.958 1548.728
P33 46.52 102.42 864 53.935 2252.316
P34 46.50 102.48 855 72.092 3480.833
P41 46.58 101.54 982 28.542 813.918
P42 46.56 102.86 973 38.673 1311.437
P43 46.76 102.72 964 48.199 2133.269
P44 46.28 100.26 955 58.487 2941.296

Figure 3: Typical failure specimens.
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Figure 4: Stress-strain curves of material (sand-binder ratio of 7 : 1).

the sand-binder ratio and compression strength is linear; for
example, the relation in the cement ratio case of 6 : 4 satisfies

𝑦 = −14.227𝑥 + 186.6, (1)

where 𝑦 is the compressive strength and 𝑥 is the sand-binder
ratio.
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Figure 5: Stress-strain curves of material (cement ratio of 5 : 5).

The relation between the cement ratio and compression
strength satisfies an exponential growth; for example, the
relation in the sand-binder ratio case of 8 : 1 is

𝑦 = 68.303𝑥
−0.462

, (2)

where 𝑦 is the compressive strength and 𝑥 is the cement ratio.
The variations in the elasticity modulus of the similar

material with a change in the sand-binder ratio and cement
ratio are shown in Figures 8 and 9. Similar to the strength of
the similar materials, the elasticity modulus of the material
also experiences a reduction as the sand-binder ratio or
cement ratio increases. A linear correlation between the sand-
binder ratio and elasticity modulus is observed. In particular,
the relation in the cement ratio case of 7 : 3 is

𝑦 = −6.7665𝑥 + 99.123, (3)

where 𝑦 is the elasticity modulus and 𝑥 is the sand-binder
ratio.



4 Advances in Materials Science and Engineering

0

20

40

60

80

100

120

5 6 7 8 9
Sand-binder ratio 

C
om

pr
es

siv
e s

tre
ng

th
 (k

Pa
)

5 : 5
6 : 4

7 : 3
8 : 2

Figure 6: Effect of the sand-binder ratio on strength.
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Figure 7: Effect of the cement ratio on strength.

The relation between the cement ratio and elasticity
modulus satisfies an exponential growth; for example, the
relation in the sand-binder ratio case 7 : 1 is

𝑦 = 3912.5𝑥
−1.004

, (4)

where 𝑦 is the elasticity modulus and 𝑥 is the cement ratio.

4. Analysis of the Two Factors

The mean and range of each factor at each level that affect
the compressive strength and elasticitymodulus of the similar
materials are given in Table 3. The range of factor A (sand-
binder ratio) is smaller than the range of factor B (cement
ratio), and the effects of the cement ratio on the compression
strength and elastic modulus are more remarkable than the
effect of the sand-binder ratio.

To analyse the effect of various factors on the compressive
strength and elasticity modulus intuitively, according to
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Figure 8: Effect of the sand-binder ratio on the elastic modulus.
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Figure 9: Effect of the cement ratio on the elastic modulus.

Table 3, the relationships between factors and mechanical
parameters of the similar material are presented in direct
analysis charts, as shown in Figures 10 and 11. Both the com-
pression strength and elastic modulus of the similar material
decrease as the sand-binder ratio or cement ratio increases.

5. Lower Similar Material Used in Backfill
Mining Simulation

In this test, the referred prototype is the backfill mining of
Daizhuang coal mine in China. If the low-strength similar
material can simulate the deformation and supporting role
of filling body and the overlying strata movement and failure
mode are consistent with the practical project, the test can be
seen as a success.

The aim of this test is to study the overlying strata
movement and failure mode qualitatively. The scale effect
between simulation experiment and practical engineering is
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Table 3: Range analysis.

Compressive strength/kPa Elasticity modulus/kPa
Level Sand-binder ratio (A) Fly ash : gypsum (B) Level Sand-binder ratio (A) Fly ash : gypsum (B)
1 72.386 40.560 1 2568.502 929.036
2 62.297 48.374 2 2287.891 1578.123
3 51.913 61.240 3 2028.174 2604.192
4 43.475 79.897 4 1799.980 3573.197
Range 28.911 39.337 Range 768.522 2644.161
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Figure 10: Sensitivity analysis of factors affecting strength.
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Figure 11: Sensitivity analysis of factors affecting the elastic modu-
lus.

Figure 12: Similar-material simulation test of backfill mining.

not considered. According to the theory of similarity, similar-
material simulation models must satisfy a series of similarity
requirements in terms of geometry, physical-mechanical
properties, boundary conditions, and initial stress conditions.
The reduced scale of dimension in the simulation test is
selected as 100. According to the similarity theory, the general
law of similarity between the prototype parameters and the
model parameters can be deduced. The reduced scale of
volume-weight is selected as 1.5 and the reduced scale of
stress is selected as 150. The uniaxial compression strength
of backfill paste obtained in site of Daizhuang coal mine
is 5.436MPa, and the strength of the similar material is
37.67 kPa.Thereby, the number of mixing ratios of the similar
material is 8 : 8 : 2 (see Table 2).

The two strip working faces are mined firstly in the
experiment, and then the strip pillars are changed by the
filling body.The simulation test of backfill mining is shown in
Figure 12. After the strip pillars are changed, the equilibrium
around the goaf is disrupted; then the overlying strata deform,
move, and even damage. If it is not filled, the overlying strata
will cave and break. After it is filled, the backfill pastes restrict
the movement of roofs, and the overlying strata only bend
and sink but not cave or break.

The backfill pastes have large deformation but control
the overlying strata movement effectively, which are different
from pillars. The experiment reproduced the real situation
in field, and the low-strength backfill paste similar material
played a right role in the simulation experiment.

6. Conclusions

(1) A new low-strength similar material was mixed
from sand, fly ash, and plaster. The uniaxial com-
pressive strengths of similar materials with different
mixing ratios ranged from 28.542 to 100.407 kPa,
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and the elasticity modulus ranged from 813.918 to
4008.291 kPa. This similar material can meet the
requirements of most similar-material simulation
tests.

(2) The compression strength and elastic modulus of the
similar material both decrease as the sand-binder
ratio or cement ratio increases. A linear relation
was found between the sand-binder ratio and com-
pression strength of the material and between the
sand-binder ratio and elastic modulus as well. The
relation between the cement ratio and compression
strength and that between the cement ratio and elastic
modulus both satisfy an exponential growth.

(3) The sensitivities of the sand-binder ratio and cement
ratio were analysed by employing the range method
and the relationship between factors and parameters
were studied using direct analysis charts where the
factors affect the mechanical indexes. The effects of
the cement ratio on the compression strength and
elastic modulus are more remarkable than the effects
of the sand-binder ratio.

(4) The effects of the sand-binder ratio and cement
ratio on the mechanical properties of the materials
were analysed in a uniaxial compression experiment
but without consideration of the effects of material
physical and chemical reactions among the sand, fly
ash, and plaster, which will be studied in the future
work.

(5) Based on the orthogonal test, one of similar materials
is used in a simulation test of coal backfill mining.The
experiment reproduced the real situation in field, and
the low backfill paste similar material played a right
role in the simulation experiment.
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