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COMPRESSIVE DEFORMATION CHARACTERISTICS OF CRUSHED SANDSTONE BASED
ON MULTIPLE EXPERIMENTAL FACTORS

In this study, the compressive deformation of crushed sandstone was tested using a crushed rock
deformation-seepage test system, and the effects of various factors, including crushed rock grade, grade
combination, water saturation status, and stress loading method (i.e., continuous loading or cyclic loading
and unloading), on the compressive deformation of crushed sandstone was analyzed from four perspec-
tives including stress-strain, bulking coefficient, deformation mechanism and energy dissipation. The
results indicate that the stress-strain relations of crushed sandstone are closely associated with all factors
considered, and are well represented by exponential functions. The strain observed for a given applied
stress increased with increasing crushed rock grade throughout the loading period. Crushed sandstone
grades were combined according to a grading index (1), where the proportion of large-grade rocks in the
sample increased with increasing n. The bearing capacity of a water-saturated crushed sandstone sample
with n = 0.2 was less than that of an equivalent dry sample for a given applied stress. The stress-strain
curve of a water-saturated crushed sandstone sample with » = 0.2 under cyclic loading and unloading was
similar to that obtained under continuous loading. Observation and discovery, the deformation mechanism
of crushed sandstone was mainly divided into four stages, including crushing, rupture, corner detachment
and corner wear. And 20% of the work done by testing machine is used for friction between the crushed
sandstone with the inner wall of the test chamber, and 80% is used for the closing of the void between
the crushed sandstone, friction sliding, crushing damage.
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1. Introduction

In the longwall mining of coal seems, the roof is systematically collapsed as the seam
is mined out, and the loosely packed collapsed material within the mined-out area functions
as support for the overlying strata. Consequently, the mechanical properties of crushed rock
materials from the roof of a mined-out coal seam have always been an important focus of geo-
technical engineering and mining engineering because these materials are highly vulnerable to
large compressive deformation owing to the repeated action of groundwater and the weight of
the overlying strata, which can lead to overlying strata collapse and ground surface subsidence.
Therefore, investigating the compressive deformation characteristics of crushed rock materials
in mined-out areas is essential for evaluating the potential for overlying strata collapse and the
extent of ground surface subsidence.

In recent years, many scholars have conducted a large number of experimental studies
focused on the bulking and compaction characteristics of crushed rock materials. For example,
Liao et al. (1997).conducted a systematic study on the compaction characteristics of rock and
coal, and measured their bulking coefficients, bulking curves, compaction curves, and lateral
compression curves. Later, a large number of scholars conducted compaction tests for crushed
rock materials with different lithologies, such as coal, shale, sandstone, sandy mudstone, and
mudstone, and evaluated the stress-strain relationship during compaction (Lee et al., 2018; Wang
et al., 2014). while the size of crushed rock in the collapse zone varies substantially, and the
rock grade distribution can be regarded as continuous( Feng et al., 2016). This dimensionality
feature of crushed rock is particularly challenging for conducting tests under realistic experi-
mental conditions. The influence of the Talbol power index on the compressive deformation
and fractal characteristics of rock samples has also been examined (Yu et al., 2014, 2016; Ar-
asan et al., 2011; Lima et al., 2016; Wang et al., 2014). In addition, researchers have analyzed
the influences of various factors, such as different Loading method, loading rate, and axial
compression displacement, on the compressive deformation and fractal characteristics of rock
samples (Cieslik et al., 2013; Kwasniewski et al., 2013; Singh et al., 2016). Moreover, different
water immersion times have been demonstrated to greatly affect the physical and mechanical
parameters of crushed rock (Baud et al., 2000; Chen et al., 2018; Xiong et al., 2011; Li et al.,
2018; Liu et al., ). Crushed coal and rock subjected to cyclic loading and unloading tests have
exhibited obvious cyclic hysteresis loops (Badge & Petros, 2005; Fan et al., 2016; Deng et al.,
2017; Liu et al., 2011, 2016; Zhu et al., 2019). The energy dissipation characteristics were also
analyzed by calculating the strain energy density. (Deng et al., 2016; Peng et al., 2014; Xiao et
al., 2010; Yu et al., 2018; Zhou et al., 2016) .Further, acoustic emission technology provides
important information for further understanding the fracture and destruction modes of rock (Cao
etal., 2015; Fortin et al., 2009; Liang et al., 2017; Liu et al., 2018; Meng et al., 2018; Xia et al.,
2014). Because the environment in which crushed rock is located in actual projects is dangerous
and concealed, the development of numerical simulation models that can reflect the fracture
characteristics of coal and rock in actual formations can be an extremely effective method for
ensuring the safety of underground engineering activities (Ju et al., 2018; Abdia et al., 2017;
Duan et al., 2017; Liu et al., 2017).

As indicated above, past studies have demonstrated that the mechanical properties of crushed
rock materials observed under the effects of cyclic loading of overlying strata and the extent of
saturation by groundwater are important factors influencing the long-term stability of mining
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engineering projects. However, most current studies have considered the effect of only a single
factor on the deformation characteristics of crushed rock, such as stress-strain curve analysis
during rock compaction, loading and unloading responses under a water saturation condition, and
energy dissipation at different temperature levels, whereas few studies have considered multifactor
cases, which can be expected to provide more accurate models of the compressive deformation
characteristics of crushed rock materials in underground mining operations. Note that most coal
mining operations are deployed within sedimentary rock, which is primarily sandstone. Apart from
factors, such as its mineral composition, structure, and cementation type, the load of overlying
strata and groundwater saturation are also vital factors influencing the mechanical properties of
sandstone. Therefore, studying the compressive deformation characteristics of water-saturated
crushed sandstone under cyclic loading and unloading is of significant value for evaluating ground
surface subsidence and surrounding rock deformation in mined-out areas. Finally, it must be noted
that, because the deformation, strength characteristics, and mechanical characteristics of fracture
damage of crushed rock materials are closely associated with the stress state and the history of
stress loading, rocks are vulnerable to fatigue and deformation under cyclic stress loading and
unloading. Therefore, studying the stress states of crushed rock materials and stress loading
methods reveal important information regarding the compressive deformation mechanisms of
water-abundant strata in practical engineering operations. In light of these issues, the present
work conducts compressive deformation testing of crushed sandstone that considers crushed rock
grade, grade combination, water saturation status, and stress loading condition (i.e., continuous
and cyclic loading and unloading) to determine the compressive deformation characteristics of
rock materials. All four factors are analyzed quantitatively and comparatively from the perspec-
tive of the stress-strain features observed during compaction. The present study also addresses
the challenges associated with the dimensionality feature of crushed rock by adopting Talbol
continuous grading theory (Zha et al., 2009) to describe the grade distribution of crushed rock.
This study provides important practical and theoretical guidance for evaluating ground surface
subsidence and surrounding rock deformation in mined-out areas.

2. Materials and methods

2.1. Materials

In this study, foliated sandstone extracted deep from a coal mine of the Anhui Hengyuan Coal
Industry and Electricity Power Co. was selected and processed into standard samples using the
determination method for characterizing the physical-mechanical properties of rock. The basic
physical-mechanical parameters of these samples were tested, and the results are listed in Table 1.

TABLE 1
Standard physical parameters of foliated sandstone
. Compression Tensile Elastic . S Cohesion Internal
Density Poisson’s ..
(s g-em™) strength strength modulus ratio (v) stress friction angle
'8 (o3 MPa) | (65MPa) | (Ep; GPa) (c; MPa) ;9
2.52 45.11 5.71 25.1 0.25 28.2 32.6
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The foliated sandstone was crushed mechanically, and, to comply with standard engineer-
ing practice, the range of crushed rock grades was set to 0-10 cm based on a field investigation
of multiple mined-out areas. The crushed sandstone was screened into five groups with crushed
rock grades of 0-2 cm, 2-4 cm, 4-6 cm, 6-8 cm, and 8-10 cm, as shown in Figure 1.

Grade 0-2cm

Fig. 1. Distribution of crushed sandstone grades

1) Five groups crushed sandstone based on rock grade

To ensure that a consistent volume of crushed sandstone was employed for each grade dur-
ing testing, each test sample was placed in the test chamber at a natural packing height (%) of
about 32 cm. Here, the stacking height can only be close to 32 cm due to the different sizes and
characteristics of the crushed sandstone grains. However, the error in the values of / between
the different test samples was less than 0.5 cm. The packing parameters of the test samples for
each rock grade are listed in Table 2.

TABLE 2
Crushed sandstone packing parameters according to rock grade
Grade ID Grade (cm) Height (m) Weight (kg) | Volume (m®) | Packing density (kg/m®)
Grade 1 0-2 0.3228 56.44 0.04054619 1392
Grade 2 2-4 0.3211 51.25 0.04032388 1271
Grade 3 4-6 0.3207 47.78 0.04028243 1186
Grade 4 6-8 0.3226 46.39 0.04051354 1145
Grade 5 8-10 0.3191 45.57 0.04007519 1137

Here, the packing density (kg/m®) of crushed sandstone in the test chamber is calculated as
the ratio of the sample mass m to sample volume ¥ in the test chamber as follows:

m m

T aa @

P

where 4 is the cross-sectional area of the test chamber (m?).
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2) Seven groups crushed sandstone based on grading index n

Because the crushed rock materials in a caving zone vary largely in size, their grade dis-
tribution can be considered continuous. Therefore, the present study also considered different
combinations of crushed sandstone grades assembled from the five grades according to Talbol
continuous grading theory. Here, the grading index n of crushed sandstone is calculated as follows:

My _ [ij x100% Q)
D

M

t

where d is the grade of crushed rock (cm), D is the maximum grade of crushed rock (cm), M, is
the weight of crushed rock less than or equal to d, M, is the total weight of crushed rock.

The percentages the different crushed rock grades by weight employed to obtain the seven
grading indexes (n) adopted in the present work are listed Table 3.

TABLE 3

Percentages of crushed sandstone grades by weight for each Talbol index (i.e., grading index n)

Talbol Index Percentage of crushed sandstone grades by weight
(n) 0-2 cm (Wt%) 2-4 cm (Wt%) | 4-6 cm (Wt%) 6-8 cm (Wt%) | 8-10 cm (Wt%)
0.2 72.48 10.78 7.04 5.34 4.36
0.3 61.70 14.26 9.82 7.74 6.48
0.4 52.54 16.78 12.2 9.94 8.54
0.5 44.72 18.52 14.22 11.98 10.56
0.6 38.08 19.64 15.90 13.86 12.52
0.7 32.42 20.04 17.28 15.60 14.46
0.8 27.60 20.46 18.40 17.20 16.34

2.2. Test System

The crushed rock deformation-seepage test system is used for compaction testing in this study.
The principal structure and parameters of this system are shown in Figure 2. The system consists

Fig. 2. Structure and system parameters of the crushed rock deformation-seepage test system
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of loading head, test chamber, water pressure chamber, energy storage tank, work station, water
pressure-volume double-control servo system, and displacement-stress double-control servo sys-
tem. Briefly, a uniform volume of crushed sandstone was placed in the test chamber, and subjected
to compression under controlled water saturation conditions by the loading head under control
of the displacement-stress double-control servo system, and the stress-strain data was recorded.
The main parameters of the crushed rock deformation-seepage test system are listed Table 4.

TABLE 4

Main parameters of the crushed rock deformation-seepage test system

Maximum Accuracy

Shaft pressure 600 KN 0.01 KN
Water pressure 4 MPa 0.01 MPa
Flow 150 L/h 0.15L/h
Loading head stroke 400 mm 0.01 mm
Test chamber height 380 mm 0.01 mm
Test chamber diameter 400 mm 0.01 mm

2.3. Test Scheme

Four different tests were conducted with the test conditions listed in Table 5 to investigate
the effects of rock grade, grading index, water saturation status, and loading method on the stress-
strain, bulking coefficient, deformation mechanism of crushed sandstone during compaction. It
is important to point out that NWCL (no water, continuous loading), NWCL(#) (grading index
was 1, no water, continuous loading), FSCL (full saturated, continuous loading), FSLU (full satu-
rated, loading and unloading). Stress grades and duration setting for each stages listed in Table 6.

TABLE 5
Test conditions employed for all compressive deformation
Grade 'Grading Saturation Loading | Loading Loading method
(cm) | index (n) state rate range
0-2 —
2-4 —
NWCL 4-6 — No water 0.5kN/s | 0-450 kN
6-8 —
8-10 —
— 0.2
— 0.3 Continuous loading
— 0.4
NWCL(n) — 0.5 No water 0.5kN/s | 0-450 kN
— 0.6
— 0.7
— 0.8
FSCL — 0.2 Full saturation | 0.5 kN/s | 0-450 kN
FSLU — 0.2 Full saturation | 0.5 kN/s | 0-450 kN | Cyclic loading and unloading
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TABLE 6
Stress grades and duration setting for each stage
Grade ID 1 2 3 4 5 6 7 8 9
Shaft pressure (KN) 50 100 150 200 250 300 350 400 450
Stress (MPa) 0.39 0.79 1.19 1.59 1.99 2.39 2.79 3.18 3.57
Duration (min) 30 50 70 90 110 130 150 170 190

Here, the full saturation condition was attained by Vacuum saturation device, filling all
the voids between the individual grains with water. The continuous loading method applied an
axial stress of 0 to 450 kN to the samples at a constant rate of 0.5 kN/s. The cyclic loading and
unloading process involved eight loading stages conducted at a constant rate of 0.5 kN/s. For
example, the first stage beginning at 50 kN, when loading to 100 KN and keeping 50min fol-
lowed by immediate unloading to 50 kN. The maximum applied axial stress of the individual
loading stages began at 50 kN and increased in increments of 50 kN at each stage up to 450 kN
at stage 8.

According to standard engineering practice, the nominal axial stress of a crushed rock
sample is defined as

o= 3)

where P is the axial load applied to the crushed rock sample (N). The nominal axial strain of
a crushed rock sample is defined as

Ah
&E=—o

P 4)

where A# is the change in the packing height of the sample in the test chamber, or the amount
of compression (cm). The Void fraction of crushed rock is defined as

m

A(h-dh
(=)= .

PE Ak A(h-dh)py ©)

where pq is the density of Sandstone (g/cm) (using the determination method for density,
po=2.524 g/cm).

The bulking coefficient is usually used to represent the characteristics that the volume of
rock decreases gradually after compaction and finally reaches a stable value. The bulking coef-
ficient is defined as

h—Ah)A
PO Ul L) ©)
v, I

where 7] is the volume after compressive deformation (cm?), ¥, is the initial volume of crushed
sandstone (cm®).
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3. Results and analysis

3.1. Compressive Deformation of Crushed Sandstone
of Various Factors

1) Compressive Deformation of Crushed Sandstone with Different Grades

Samples of the five crushed sandstone grades were subjected to the compaction deforma-
tion procedure outlined as NWCL in Table 5, and the stress-strain curves are shown in Figure 3.
As shown in the figure, all five grades of the crushed sandstone samples provided an essentially
equivalent stress-strain behavior representative of a progressively increasing increment in stress
with a corresponding decreasing increment in stain. Here, an equivalent applied axial stress
resulted in a greater strain for the 8-10 cm grade than for the 0-2 cm grade, indicating that the
relatively large grades are more vulnerable to deformation under loading than the small grades,
and therefore compacted more readily.

0.00 0.05 0.10 0.15 0.20 0.25

3 = Grade | 0.176
2 - -
! -/I/./ i
0 1 1 1 1
3 Grade 2 0.184
s i
s i
Q 0 1 1 1 1
& —a— Grade 3 0.193
S 30
5 27 - b
o L /l/ i
% 1 I/.
0 1 1 1 1
3 —a— Grade 4 0.201
s i
N ]
3 | —=— Grade 5 0~209_
2 I /./ ]
1k i
0 /./n. 1 1
0.00 0.05 0.10 0.15 0.20 0.25
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Fig. 3. Stress-strain curves for NWCL

Conducted linear regression analysis of the stress-strain curves obtained for the five crushed
sandstone grades based on the following expression:

o=ae” (7

where o and f are regression coefficients related to the lithological characteristics of the crushed
sandstone grades. Here, taking the natural logarithm of both sides yields the linear equation
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In(0) = In(a) + Pe. The results of fitting to this linear function based on the experimentally ob-
tained values of ¢ and ¢ are listed in Table 7. From the table, Note that the squared correlation
coefficients (R?) obtained for the fitting results were all greater than 0.98. Therefore, the stress-
strain curves of the crushed sandstone grades were uniformly represented by Equation (7).

TABLE 7
Stress-strain relations of the different grades of crushed sandstone

Grade ID Grade (cm) Regression equation Square of correlation coefficient (R?)
Grade 1 0-2 0=0.0411¢%453% R*>=0.9873

Grade 2 2-4 0 =0.0484¢%3288% R*=0.9861

Grade 3 4-6 0=0.0784¢!19874 R*>=0.9959

Grade 4 6-8 0 =0.0983¢!8216¢ R>=10.9983

Grade 5 8-10 0=0.1253¢!6-366¢ R*=10.9972

The linear regression results of the present work for crushed sandstone of different grades
is compared with the linear regression results obtained by past studies for crushed coal and
shale with equivalent grades in Table 8. In addition, the compression strengths and the ranges of
a and f are compared for the three rock materials. Note from the table that the values of a and S
for the different crushed rock materials of equivalent grades exhibited uniform tendencies. Here,
the values of a and f are observed to increase with increasing compression strength for the dif-
ferent rock materials, and that o and £ also increase with increasing grade for the same rock
material. As such, the deformation characteristics of the crushed rock materials under pressure

TABLE 8
Uniaxial compression strength of rock material
Uniaxial . Range of Range of
. Regression . .
Rock type | Reference | compression | Grade . regression regression
equation . .
strength coefficient coefficient f

Grade 1 | o=0.0221¢%760%
Grade 2 | o= 0.0517e%2147

Coal JC]SE 1e ;] 15MPa | Grade 3 | o=0.1046¢715% | 0.0221-0.0870 | 5.7602-7.2273
) Grade 4 | ¢=0.0726¢%92%
Grade 5 | = 0.0870e’2273¢
Grade 1 | o= 0.0414¢%1461
Grade 2 | o= 0.0717¢%2814
[Ma o al.’ = 9.2727¢
hale 2005] 25MPa | Grade3 | 0=0.1521e 0.0414-0.1925 | 8.1461-10.332

Grade 4 | o=0.166¢!0-2541¢
Grade 5| 0=0.1925¢'0332
Grade 1 | 6=0.0411¢2493%
Grade 2 | o=0.0484¢2328%
Sandstone | This paper | 45MPa | Grade 3 | o =0.0784e'%%7% | 0.0411-0.1253 | 16.366-24.634
Grade 4 | o= 0.0983¢!8216¢
Grade 5| o=0.1253¢!6-366¢
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are reflected by the variations in a and f to some extent. Therefore, referring to the regression
coefficients in the stress-strain regression equations reflecting the lithological characteristics
and grade distributions of crushed rock materials could provide early prediction for controlling
overlying rock deformation in practical longwall mining operations. In particular, the ranges of
these coefficients are of substantial reference value for this purpose.

2) Compressive Deformation of Crushed Sandstone with Different
Grading Indexes

Samples of the crushed sandstone grades in the seven different grading indexes were sub-
jected to the compaction deformation procedure outlined as NWCL(#n) in Table 5, and the strain
-time curves are shown in Figure 4. It can be seen from the figure that the strain of all groups of
graded sandstone combinations increased more rapidly than the applied axial stress in the early
period of loading. However, the increase in strain became increasingly less apparent when the
applied axial stress exceeded 1.2 MPa, while the differences between the strains of the various
groups at the same applied axial stress increased. Note that the strain of the groups obtained at
the same applied axial stress increased with increasing ».

0.40

n=0.2 n=0.3 n=0.4
n=0.5 n=0.6 n=0.7
0.35 1=0.8
0.30
0.25
R
=
5 0.20 1
N
0.15
0.10
0.05}
0.00 T T T T T T T 1
0 10000 20000 30000 40000 50000 60000 70000

Time(s)

Fig. 4. Stress-time curves for NWCL(n)

The observed compaction behavior in the initial stress loading period (0-1.2 MPa) here was
primarily caused by the many readily compressible voids of different sizes between the indi-
vidual grains of the samples. In the middle stress loading period (1.2-2.0 MPa), the preliminarily
compacted individual grains have formed a stable structure with greater resistance to further
deformation, and the stress begins to increase more rapidly than the strain. The significant dif-
ferences developing between the strains of the various groups at the same applied axial stress
can be attributed to the percentage of large-grade grains in the various groups. Here, the ratio
of empty space to filled space (i.e., the void ratio) increased with increasing n, making groups
with larger void ratios more vulnerable to deformation, such that the strain of groups at the same
applied axial stress increased with increasing ».
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3) Compressive Deformation of Saturated Crushed Sandstone (n = 0.2)

A fully saturated crushed sandstone sample with n = 0.2 was subjected to the compaction
deformation procedure outlined as FSCL in Table 5, and the strain -time curve for this condition
is compared with that obtained for an equivalent sample under the dry condition in Figure 4.
It can be seen from figure 5 that the strain of the water-softened sample is significantly greater
than that of the dry sample for a given applied axial stress. This is because the cohesion between
rock grains in the sample is weakened due to water softening. In addition, the strength of inter-
granular connections between the individual particles within the rock grains decreased as water
molecules permeated the grains. Thus, the energy required for grain fracture decreased, making
the samples more vulnerable to deformation under loading.

0.40
——Dry
Fully saturated

0.35 4

0.30

0.25 4

0.20

Strain

0.154

0.10 4

0.05

0.00

T T T T T T 1
0 10000 20000 30000 40000 50000 60000 70000
Time(s)

Fig. 5. Stress-time curves of FSCL

4) Compressive Deformation of Saturated Crushed Sandstone (n =0.2)
Under Cyclic Loading and Unloading

A fully saturated crushed sandstone sample with n = 0.2 was subjected to the cyclic loading
and unloading compaction deformation procedure outlined as FSLU in Table 5, and the results
for this condition are shown in Figure 6(a). It can be seen from Figure 6(a) that the stress-strain
behavior of the saturated sample was again exponential under cyclic loading and unloading.

It can be seen from Figure 6(a) with Figure 6(b) that the values of Strain difference gradu-
ally decreased from an initial value of 0.03729 to 0.00958 with an increasing number of cycles
of unloading. This can be attributed to the progressive destruction of the skeletal structure of the
different crushed rock samples as the number of loading and unloading cycles increased. Here,
the crushed stones of each crushed rock grade are mutually compacted at the beginning of cyclic
loading and unloading to form a relatively stable overall resistance to external loads. In addition,
it can be seen from Figure 6(a) that the values of strain is slightly restored in the initial unloading
stage, the crushed stone is in the elastic deformation range at this stage.
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Fig. 6. Stress-strain (a) and strain — time (b) characteristics of FSLU

Figure 7 compares the strain-time curve obtained with a fully saturated crushed sandstone
sample (n = 0.2) subjected to cyclic loading and unloading with that obtained for an equivalent
sample subjected to continuous loading (i.e., FSCL in Table 4). Note from the strain-time curves
that the strain increased more rapidly under continuous loading in the initial period than under
cyclic loading and unloading, but that the strain obtained under cyclic loading and unloading
increased more rapidly than under continuous loading in the later period.

0.357

Continuous loading
Cyclic loading and unloading

0.30

0.25 4

0.20
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0.10 1
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Fig. 7. Strain-time curves of FSCL with FSLU

5) Comparisons of the Four Test Results

The results of the four tests discussed above demonstrate that, under an equivalent stress, the
strain of water-saturated samples was greater than that of dry samples, while the strain of samples
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under cyclic loading and unloading was greater than that obtained under continuous loading.
A comparison of the maximum strain of samples with n = 0.2 obtained at the terminal applied
stress of 450 kN is also of interest. Here, note that a maximum strain of 0.215 was obtained for
the dry sample under continuous loading (NWCL(n)). In contrast, the maximum strains of the
water-saturated sample under continuous loading (test 3) and under cyclic loading and unloading
(FSLU) were greater than that obtained for NWCL(n) by factors of 1.15 and 1.25, respectively.
Thus, the results demonstrate that water saturation and cyclic loading and unloading degraded
the pressure-bearing capacity of the crushed sandstone samples to different degrees.

3.2. Bulking Coefficient of Crushed Sandstone

The bulking coefficient of crushed sandstone was tested using a crushed sandstone defor-
mation-seepage test system, the displacement data changes was recorded by the loading head.
Void fraction and bulking coefficient of crushed sandstone were calculated by Equation (5)
with (6). The results are shown in Figure 8. (Limited to the length of the article, only the results
of n=0.2 are listed here.)

500 7 T T T T T T 120 T T T T T T T
Axial stress 450 0.521 0. 520 Void fraction Figs 1
4004 Axial displacement k100 ~ 0.504 2.082 —— Bulking coefficient
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Fig. 8. Compressive deformation of crushed sandstone under the dry condition (n = 0.2)
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Fig. 9. Compressive deformation of saturated crushed sandstone (n = 0.2)
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It can be seen from Figure 8(a) that the values of axial displacement gradually increased from
an initial value of 0.01 to 68.751 with an increasing number of continuous loading. However,
for each loading stage, the axial displacement increased more rapidly under continuous loading
period than under constant loading. The increase of axial displacement for each loading stage
was decreased gradually with an increasing number of Continuous loading.

The values of void fraction of crushed sandstone was gradually decreased from an initial value
0f 0.520 to 0.392 and bulking coefficient was decreased from 2.082 to 1.644 with an increasing
number of Continuous loading, as shown in Figure 8(b). As for saturated crushed sandstone, the
changes of axial displacement, void fraction, bulking coefficient were similar to that crushed
sandstone under the dry condition, as shown in Figure 9(a) and Figure 9(b).

3.3. Deformation Mechanism of Crushed Sandstone

Through the observation of the crushed sandstone during the test, the deformation mechanism
of crushed sandstone is mainly divided into four stages, as shown in Figure 10.

Corner detachment Corner wear Corner detachment Corner wear

Fig. 10. Four stages of crushed sandstone deformation mechanism

These results reflect the standard processes of crushed sandstone compaction, which include
crushing, rupture, corner detachment, and corner wear. In the initial continuous stress loading
period, the individual grains of the sandstone samples primarily constitute point-to-point contacts
with good connectivity in a loose framework containing large voids. However, with increasing
applied axial stress, the overall capacity of the rock samples for resisting deformation declined
while the degree of deformation developed rapidly, resulting in relative displacement between
rock grains and the progressive fracture of individual grains that filled voids via grain rear-
rangement and with the smaller fragments, and thus rapidly making a more compact structure.
The processes of crushing, rupture, corner detachment, and wear progressively transformed the
form of grain contact from point-to-point into point-to-surface and surface-to-surface, resulting
in rapidly decreasing rock deformation due to an increased capacity for the samples to resist
deformation. This analysis also clarifies why the compaction process was increasingly rapid in
the order from the 0-2 cm grade to the 8-10 cm grade.
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4. Conclusion

The present work conducted compressive deformation testing of crushed sandstone from
the effects of various factors, including crushed rock grade, grade combination, water saturation
status, and stress loading method (i.e., continuous loading or cyclic loading and unloading), on
the compressive deformation of crushed sandstone was analyzed from four perspectives includ-
ing stress-strain, bulking coefficient, deformation mechanism and energy dissipation. The results
provided the following conclusions.

1) In the loading process, the strain of the larger crushed rock grades increases rapidly, and
the stress-strain relationships of the individual grade samples can be well represented
by exponential functions, and crushed sandstone grades were combined according to
a grading index (n), where the proportion of large-grade rocks in the sample increased
with increasing n.

2) Due to the effect of water softening, the bearing capacity of the water-saturated crushed
sandstone sample with n = 0.2 was less than that of the dry sample for a given applied
stress. And the stress-strain curve of the water-saturated crushed sandstone sample with
n=0.2 under cyclic loading and unloading was similar to that obtained under continuous
loading, where both presented an exponential relationship.

3) The work done by the testing machine is mainly consumed by the compaction deforma-
tion of the crushed sandstone and the friction between the crushed sandstone with the
inner wall of the test chamber. And 20% of the work done by testing machine is used
for friction between the crushed sandstone with the inner wall of the test chamber, and
80% is used for the closing of the void between the crushed sandstone , friction sliding,
crushing damage.

The present study focused on compressive deformation characteristics obtained under rela-
tively low applied axial stress. Therefore, future studies could include the entire process from
initial loading to maximum loading. In addition, improving the visibility of the crushed stone
materials within the test chamber would provide additional information regarding the migration
and rearrangement of rock materials in the initial loading period and their compressive deforma-
tion characteristics at various stages of loading. Finally, the use circulating water flow in the test
chamber would simulate the effect of water in a mined-out area more accurately by providing
realistic conditions of water erosion that affect the migration of small-grade rocks in the sample.
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