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Abstract. In order to provide an accurate theoretical basis for the 

underground gasification model test of coal, the similar materials ratio of 

underground gasification’s overburden rock was studied by orthogonal 

experiment according to the similarity theory. The results show: the fifth 

group material ratio meets the model test requirements, the mass ratio of 

sand, cement and gypsum is 6:1:1, and the compressive strength is 

1.36MPa; the material strength is most sensitive to sand as compared to 

cement and gypsum; the compressive strength decreases as the 

aggregate–binder ratio increases. When the aggregate–binder ratio remains 

the same, the compressive strength decreases as the cement-gypsum ratio 

increases; the compressive strength-elastic modulus curve of the specimen 

increases linearly and conforms to the sandstone fitting curve in the 

coal-bearing strata; the failure mode of similar materials is mainly shear 

failure. 

1 Introduction 
  Underground Coal Gasification (UCG) converts coal in situ (underground) into 

gaseous products by the same chemical reactions that occur in conventional gasification 
plants, commonly referred to as syngas or syngas [1-14]. UCG applies to Waste coal, 
non-minable coal seams, and deep coal seams in mined coal seams or traditional mining 
methods, and it can increase recoverable coal reserves [1, 7-9]. It has the advantages of low 
gas production cost, high safety and good environmental benefits, which will reduce 
greenhouse gas emissions [1, 6, 7].  
As a clean coal technology, UCG has been discussed and experimented for more than 100 
years and has received worldwide attention and has been used in many pilot locations, 
including the former Soviet Union, the United States, Europe, Australia, China, Japan, India, 
etc. [4, 6, 7, 15]. In recent years, a large number of theoretical and experimental studies 
have been conducted in the UCG process to study the effects of various gasification 
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operating parameters [9, 10, 15-20]. Among them, the study of various gasification 
operating parameters through model tests has become an effective method for underground
coal gasification research [10, 18-20]. However, choosing the right simulation material and 
ratio is very important for the results of similar model experiments [21-23].
At present, researchers in various fields have done a lot of research work in the field of 
similar material matching research [21-26], and achieved good engineering results. Among 
them, Cheng et al. [22] determined the proportion of steeply inclined extra-thick coal seams 
by similar material ratio experiments, and used model tests to explore the movement of 
surrounding rock and the development of fissures; Liu [26] determined the similar material 
ratio of underground gasification roof rock according to the similarity theory, and discussed 
the expansion of the combustion zone and the stability of the roof; based on the similarity 
principle, Xi et al. [24] determined the material ratio of the roof rock of coal underground 
gasification coal seam by orthogonal experiment.. The above research results have 
important guiding significance for the similar material ratio research of underground 
gasification model coal seam overlying rock.
Based on the previous research results, this paper took the sandstone roof of No. 9 coal 
seam in Yuanbao Coal Mine of Youyu, Shanxi Province as the research object, and 
conducted a similar material ratio study. Based on the similarity theory, this experiment 
mainly conducts mechanical similarity studies. With sand as the aggregate, cement and 
gypsum as the cementing agent, material pairing orthogonal testing were carried out, and 
the uniaxial compression test was carried out. The material ratios satisfying the 
requirements of the overburden mechanics of the underground gasification model were 
selected. Provide theoretical guidance for the future coal seam underground coal 
gasification model test in this area, and improve the reliability of the coal underground 
gasification model test results.

1 Experiment

1.1 Experimental method

The model test similarity principle refers to the reproduction of physical phenomena and 
physical parameters of the prototype on the model, such as the shape and size of the model 
and the prototype follow a certain law [24, 26]. Among them, the ratio of the physical 
parameters (having the same dimension) of the prototype (') and the model ('') is called a 
similarity constant, and is represented by a capital letter C. The UCG model experiment is 
to select similar materials to make a similar coal seam and rock formation model, ignite the 
coal seam, simulate the underground gasification process, and collect data during the 
gasification process, such as temperature change, gas production, and the movement and 
deformation and destruction of surrounding rock. In this way, the process in the actual 
underground coal gasification is inferred.

In a similar system of geometry and elasticity, the thermodynamic similarity is obtained 
by similar temperature and heat fields. Write the heat conduction differential equation and 
the single-valued condition of the surrounding rock of the gasification channel and the 
deformation control equation of the surrounding rock.

The thermal differential equation is:
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Boundary conditions are as follows:
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Surrounding rock deformation control equations [26] are as follows:
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Here, α=λ/ρCp is the thermal diffusivity (conductivity coefficient), (m2/s), which 
reflects the relationship between, he thermal conductivity (λ) of the material during 
heat conduction and the heat storage capacity (ρCp) of the material; T, is the tempe
rature, K; t, is the time, s; x, y, z, are the displacement, m; κ is the Lame constant;

G is the shear modulus; Ɛ is the volumetric strain;
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,

is the Laplacian; u, v, w are the elastic displacement; X, Y, Z are the volumetric force; E 
is the elastic modulus; a is the thermal expansion coefficient; and μ is the Poisson's ratio.

The similar constants used are as follows: 
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The above relationships are taken into the heat conduction differential equation and the 
surrounding rock deformation control equation (the first item of the control equation is 
selected as an example), and the results are obtained separately:
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Compare the coefficients of the above equation with the coefficients in the model. If the 
above equation is true, you can get:
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=1C� (7)

Discuss the relationship between the equations separately, and derive the Similarity 
criterion from this, see Table 1.

Table 1. Similarity criterion

Similarity criterion Remarks

=1C� Strain similarity

2 = lC C C� � Strength similarity

3 =1a TC C Temperature field is similar

4
2=t lC C C� Time similarity

1.2 Experimental materials and apparatus

(1) Experimental materials
The experimental prototype of this underground gasification model is No. 9 coal seam of 
Shanxi Youyu Yuanbao Coal Mine. The research object is medium sandstone at the top of 
No. 9 coal seam. The average thickness of coal seam is 14.33 m, and the burning length is 
80 m. Limited by the size of the laboratory model experimental platform, the geometrical 
similarity constant of the selected model experiment is 30. The compressive strength and 
density of the medium sandstone are 68.03 MPa and 2600 kg/m3, respectively.
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Choosing the right simulation material and ratio is very important for the results of 
similar model experiments[21-23]. The basis for selecting similar materials is that the 
mechanical index is stable and does not change due to the influence of temperature and 
humidity; after changing the ratio, it can make the mechanical index have a large change 
range, so as to be easy to select and use; the production is convenient, and the solidification 
time is short ,low cost. Therefore, the aggregate was made of sand, and the cement was 
made of cement and gypsum. Among them, gypsum solidifies quickly, can make similar 
materials quickly form and increase strength; and cement has high strength, which can 
increase the strength of similar materials [27].
(2) Experimental apparatus

Hydraulic press (see Fig. 1 (a)), mold (see Fig. 1 (b)), Shimadzu AGX-250 electronic 
universal tester (see Fig. 1 (c)).

(a)

(b)
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(c)

Fig. 1. Experimental equipment

1.3 Experimental design

(1) The purpose of this design scheme is to obtain the main factors and proportion range 
that can affect the compressive strength of similar materials by orthogonal test method, and 
choose the ratio that meets the mechanical requirements of the top coal seam of the model 
experiment.

(2) This orthogonal test design scheme used sand (aggregate), cement and gypsum 
(cement) as the three factors of orthogonal design, the fourth element was empty, and each 
factor was set to 4 levels, see Table 2.

Table 2. Similar material factor level table

Proportion 
number

Sand Cement Gypsum
Empty 
column

1 3 1 0.5 1

2 6 1.5 1 2

3 9 2 1.5 3

4 12 2.5 2 4

3) The orthogonal design scheme of this orthogonal experiment selected the orthogonal 
design table of 4 factors and 4 levels, see Table 3.

Table 3. Orthogonal experiment design table

Proportion 

number
Sand Cement Gypsum Empty column

1 3 1 0.5 1
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Proportion 

number
Sand Cement Gypsum Empty column

2 3 1.5 1 2

3 3 2 1.5 3

4 3 2.5 2 4

5 6 1 1 3

6 6 1.5 0.5 4

7 6 2 2 1

8 6 2.5 1.5 2

9 9 1 1.5 4

10 9 1.5 2 3

11 9 2 0.5 2

12 9 2.5 1 1

13 12 1 2 2

14 12 1.5 1.5 1

15 12 2 1 4

16 12 2.5 0.5 3

The figures in the columns of sand, cement and gypsum in the table are the mass ratio 
between them.

1.4 Experimental procedure

First, we made 16 sets of standard specimens of Φ50mm×100mm with one mold, and 
prepared three specimens for each set of experiments. Mix the sand, cement and gypsum 
according to the proportion of Table 3, the ratio of water and ingredients is 1:11, stir evenly, 
pour into the mold, cover the lid, place the mold on the hydraulic press, pressurize the 
specimen, and maintain the pressure for 15 minutes. After the pressure holding process is 
completed, the mold is taken out of the hydraulic press, the mold is taken out, the pressed 
specimen is taken out, and the label is attached. The test piece was dried indoors for 7 days 
(as shown in Fig. 2), the weight and height were measured, the material density was 
calculated, and the ideal model compressive strength of the different groups was calculated, 
as shown in Table 4.
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Fig. 2. 16 sets of specimens

Table 4. Ideal similar material parameter

Proportion

number
Cγ Cl

Ideal model 

compressive strength 

/MPa

Prototype 

compressive 

strength /MPa

1 1.75 30 1.30 68.03

2 1.64 30 1.38 68.03

3 1.64 30 1.38 68.03

4 1.66 30 1.37 68.03

5 1.67 30 1.36 68.03

6 1.67 30 1.36 68.03

7 1.64 30 1.38 68.03

8 1.65 30 1.38 68.03

9 1.68 30 1.35 68.03

10 1.69 30 1.34 68.03

11 1.69 30 1.34 68.03

12 1.68 30 1.35 68.03

13 1.70 30 1.34 68.03

14 1.70 30 1.34 68.03

15 1.71 30 1.33 68.03

16 1.71 30 1.32 68.03

2 Results and discussion
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2.1 Compressive strength analysis of similar materials

The compressive strength and elastic modulus of the test piece were calculated based on the 
data, as shown in Table 5.

Table 5. compressive strength and elastic modulus of the test piece

Proportion 
number

Compressive 
strength/MPa

Elastic 
modulus/GPa

1 1.2 0.14

2 3.43 0.35

3 3.26 0.4

4 4.25 0.5

5 1.43 0.15

6 1.15 0.1

7 2.48 0.29

8 2.49 0.25

9 1.55 0.16

10 1.59 0.22

11 1.18 0.09

12 1.52 0.14

13 1.26 0.12

14 1.21 0.12

15 1.19 0.1

16 0.97 0.09

According to Table 4 and Table 5, the compressive strength parameters of the similar 
materials in the simulation experiment are in the range of 1.30MPa-1.38MPa; the actual 
measured compressive strength is between 0.97MPa and 4.25MPa.

If the measured pressure data for a certain set of specimens is equal to or close to the 
calculated ideal pressure data, then the similar material ratio for the set can be considered to 
meet the requirements of the simulation experiment. The actual measurement data and ideal 
calculation data are shown in Fig. 3.
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Fig. 3. Comparison of ideal and measured values of compressive strength of different 
groups

According to Fig. 3, the strength of the fifth group of specimens in Table 5 is 1.43MPa, 
which is the closest to the fifth group of 1.36MPa in Table 4. Therefore, the fifth group of 
similar materials meets the theoretical requirements. It can be applied to underground coal 
gasification simulation experiments. The mass ratio of similar materials in the fifth group is 
sand: cement: gypsum = 6:1:1.

2.2. Analysis of factors affecting compressive strength of similar materials

2.2.1. Sensitivity analysis of various factors of similar materials

For each factor affecting the compressive strength, the range is calculated as shown in 

Table 6.

Table 6. Range of factors

—— Sand Cement Gypsum Empty column

k1 3.04 1.00 1.13 1.61

k2 1.89 1.85 1.90 2.09

k3 1.46 2.03 2.13 1.81

k4 1.16 2.31 2.40 2.04

Range 1.88 1.31 1.27 0.49

The error of sand, cement, gypsum and empty row is 1.88, 1.31, 1.27, 0.49, which indicates 
that the strength of the material is most sensitive to sand, and the sensitivity to cement and 
gypsum is small. The sand, cement and gypsum materials are negligible interaction.

2.2.2. Relationship between compressive strength of similar materials and various 
factors
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The influence of various factors on the compressive strength of the test piece as shown in 
Fig. 4.

Fig. 4. Analysis of orthorhombic factors on uniaxial compressive strength

According to analysis of orthorhombic factors on uniaxial compressive strength, the 
influence of various factors on the compressive strength parameters of similar materials can 
be directly observed. It can be obtained from Fig. 4 that the compressive strength of the 
material is inversely proportional to the mass ratio of the sand, and is proportional to the 
mass ratio of cement and gypsum. Due to the small particle size and particle size of cement 
and gypsum cement, the solidification effect of cement and gypsum, the porosity of similar 
materials is small, dense, and the compressive strength is increased. At the same time, the 
specific gravity of the sand increases, the specific gravity of the cement decreases, and the 
compressive strength, the intensity is reduced [24].

2.2.3. Relationship between compressive strength of similar materials and 
aggregate–binder ratio

The relationship curve between the uniaxial compressive strength and aggregate–binder 
ratio is shown in Fig. 5.
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Fig. 5. Relationship curve between uniaxial compressive strength and aggregate–binder 

ratio

Fig. 5 shows that the compressive strength of the test piece decreases as the 
aggregate–binder ratio increases, and the descending speed gradually decreases.

2.2.4. Relationship between compressive strength of similar materials and 
cement-gypsum ratio

Fig. 6 is the relationship between the ratio of cement to gypsum and the uniaxial 
compressive strength when the aggregate–binder ratio is constant. The cement-gypsum 
ratio at this time is 4. The uniaxial compressive strength decreases as the cement-gypsum 
ratio increases.

Fig. 6. Relationship curve between uniaxial compressive strength and cement-gypsum ratio
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2.3. Analysis of specimen failure process

2.3.1. Specimens e failure characteristics
A total of 48 rock specimens were tested. combined with the sampling situation, 8 
representative rock specimens were selected for analysis.

Fig. 7 is a photograph of a uniaxial failure of a specimen. As can be seen from the 
photograph, the end face of the specimen passes through the crack and has a distinct rupture 
surface. The rupture surface is at an angle to the central axis of the test piece. The 
workpiece is divided into cones or triangles, indicating that the specimen is shear-damaged 
and shear-damaged is dominant during uniaxial compression. There is a relatively large 
block at both ends of the specimen, which is caused by the terminal friction effect [28, 29].

Specimen 1-1 Specimen 7-1

Specimen 2-2 Specimen 8-3

Specimen 5-2 Specimen 11-1

Specimen 6-3 Specimen 15-1

Fig. 7. Single-axis compression damage photo of the specimens
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2.3.2. Stress-strain curve

The stress-strain curve of the uniaxial compression process of the test piece is shown in Fig. 
8.
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Fig. 8. Stress-strain curve of the test piece

It can be seen from Fig. 8 that the variation of the stress-strain curve of the specimens with 
different similar materials generally goes through four stages [30, 31]:

(1) During the pore compaction stage, the crack of the test piece is gradually closed, the 
rock is compacted, and nonlinear deformation is formed, and the curve is concave.

(2) In the elastic deformation stage, the curve approximates a linear relationship, and the 
deformation increases proportionally with the stress.
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(3) In the rupture stage, a new micro-fracture starts to be produced inside the test piece, 
and gradually develops as the stress increases, and the curve bends away from the straight 
line toward the longitudinal axis. The carrying capacity of the test piece is maximized.

(4) After the failure stage, after the bearing capacity reaches the peak value, the internal 
structure is completely destroyed, but the test piece is basically kept intact, and the crack 
develops rapidly, forming a macroscopic fracture surface, as shown in Fig. 7.After that, the 
deformation of the test piece mainly showed that the block along the macro-fracture surface 
slipped, and the bearing capacity of the test piece decreased rapidly with the increase of the
deformation.

The difference in stress-strain curves in specimens 3, 5, 10 and 11 is obviously too large 
and should be caused by the erroneous operation of the test piece during the manufacturing 
process, so curves 3-2, 5-3, 10-1, 11-1 Should not be included in the analysis.

2.3.3. Relationship between elastic modulus and compressive strength

Analyze the relationship between the compressive strength of the test piece and the elastic 
modulus, as shown in Fig. 9.

Fig. 9. Relationship between elastic modulus and compressive strength of specimens

By linearly fitting the test piece data, exponential fitting and quadratic fitting, the 
relationship between compressive strength and elastic modulus of the test piece can be 
obtained, as shown in Fig. 9. It is linear, and consistent with the fitted curve of sandstone in 
coal-bearing strata [32].

Conclusions
Based on the similarity theory, this paper studies the similar materials of underground 
gasification roof sandstone by orthogonal experiment and draws the following conclusions:

(1) The object of this study is the overburden rock of No. 9 coal seam roof, and its 
main lithology is medium sandstone. The experimental results show that the compressive 
strength of specimen range is 0.97MPa-4.25MPa, which is widely distributed. It provides a 
reference for the selection of similar materials for sandstone roofing in underground 
gasification model experiments.

(2) In this test, the fifth group meets the theoretical requirements and can be applied 
to the underground coal gasification simulation experiment. The geometric similarity ratio 
is 30, the density similarity ratio is 1.67, the strength similarity ratio is 30, and the 
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compressive strength is 1.36 MPa. The mass ratio of raw materials of similar materials is 
sand: cement: gypsum = 6:1:1

(3) The material strength is most sensitive to sand, then cement and gypsum. Cement 
and gypsum have a great influence on the compressive strength of similar materials. There 
is no non-negligible interaction between sand, cement and gypsum. The compressive 
strength decreases as the aggregate–binder ratio increases. When the aggregate–binder ratio 
remains the same, the compressive strength decreases as the cement-gypsum ratio 
increases.

(4) The compressive strength-elastic modulus curve of the specimen increases 
linearly and conforms to the sandstone fitting curve in the coal-bearing strata.

(5) The failure mode of similar materials is mainly shear failure. The main 
performance is as follows: the end face of the test piece penetrates through cracking, and 
there are one or several obvious fracture surfaces. These fracture surfaces have an angle 
with the central axis of the test piece, the test piece is divided into a cone shape or a 
triangular shape. 

In addition, the main purpose of this experiment is to find a similar material ratio for 
compressive strength suitable for underground gasification simulation experiments. After 
the similar material ratio of the underground gasification model experiment is determined, 
the similar materials can be mechanically tested at different temperatures.
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