
Research Article
Experimental Study on Compaction Characteristics and
Mechanical Behavior of Crushed Rock Masses

Xiaolou Chi ,1 Qiang Fu ,1 and Ke Yang 1,2

1State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines, Anhui University of Science
and Technology, Huainan, Anhui 232001, China
2Institute of Energy, Hefei Comprehensive National Science Center, Hefei, Anhui 230031, China

Correspondence should be addressed to Qiang Fu; fqymc@aust.edu.cn

Received 7 April 2022; Accepted 21 June 2022; Published 15 July 2022

Academic Editor: Dongjiang Pan

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

The compaction and consolidation process of a regenerated roof can be divided into two stages, namely, secondary fragmentation
of crushed rock masses and pore structure adjustment. Therefore, the mechanical properties of the regenerated roof differs
significantly from those of the primary roof. We performed confined compression tests of crushed mudstones and sandy
mudstones using a self-developed compression testing apparatus. We studied the influence of the moisture content,
compression ratio, particle size, and volume-based degradation on the compression and consolidation characteristics based on
the microscopic morphology of the crushed rock masses. Further, the degrees of influence of these factors on the stability of
the consolidated bodies were determined. Therefore, the influence mechanism of each factor on the compressive and shear
strengths of the consolidated bodies was revealed. The results indicated that the compaction and consolidation of the crushed
rock masses involved a constant adjustment of the contact and stress states of the rock masses. Under uniaxial compression
and shearing, the consolidated bodies presented the features of ductile failure. The compression ratio and particle size were the
most important influencing factors in the compressive and shear strengths of the consolidated bodies. Further, we carried out
an orthogonal experiment and built a multivariate nonlinear regression model to quantitatively characterize the combined
influence of these factors on the compaction characteristics of the crushed rock masses and the mechanical behavior of the
consolidated bodies.

1. Introduction

During gangue filling mining and the slice mining of thick
coal seams, crushed rock masses are gradually compacted
to form consolidated bodies with a certain strength due to
loading by the overlying strata or due to mechanical vibra-
tion. The degrees of compaction and consolidation of the
rock masses have a direct bearing on the strengths of the
consolidated bodies. The latter is considered a prerequisite
for the safe recovery of coal pillars under railway tracks,
water bodies, and buildings [1–4]. Therefore, studying the
compaction characteristics of rock masses under different
influencing factors and determining the consolidation
strength and mechanical behavior of the consolidated bodies
are important topics for investigation by scientists and
engineers.

Over the years, much research has been conducted on the
compression and consolidation characteristics of crushed rock
masses under the influence of various factors [5–10]. Zhang
et al. [11] proposed a fractal model for gangue compaction
and fragmentation and examined the fractal features of
crushed rock masses during compaction. Pappas and Mark
[12] discussed the compaction characteristics of collapsed rock
masses in the goaf. They obtained the relationship connecting
the tangent modulus, secant modulus, and stress during rock
block compaction, while Terzaghi’s and Salamon’s equations
were used to describe the stress-strain relationship. Ma et al.
[13] determined the compaction characteristics of limestone
particles using the MTS815.02 electrohydraulic servo rock test
system and the self-developed compression testing apparatus.
They estimated the influence of the particle size distribution
on the porosity during compaction. Bing-nan and Ai-guo
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[14] designed compression tests for rock masses having differ-
ent particle sizes and compression ratios. They further derived
the stress-time curve for the entire compression process and
revealed the influence mechanism of rock gradation on filling
mining. Huang et al. [15] designed a triaxial compression test
for rock masses and found that as the confining pressure
increased, the bearing capacity of the rock masses also
increased. Guo et al. [16] employed a resistivity tester for the
stepwise compression testing of rock masses. They character-
ized the internal damage to the filling body at the hardening
stage. Meng et al. [17] chose PTH as the filler in the creep
model that is based on the creep compaction test for rock fill-
ing material. They further built a rheological model for the
roof in solid filling mining. Su et al. [18] designed a group of
compression tests for rock masses with different particle sizes
and strengths. They found that the bulking factor of the rock
masses at different stages of compaction was correlated loga-
rithmically to the particle size. Zhan et al. [19] performed a
numerical simulation using PFC and built a particle flow
model for triaxial compression. Additionally, confined com-
pression tests were performed for rock masses of different
sizes. Bang-yong et al. [20] designed compression tests for sat-
urated mudstones with different particle sizes and also derived
an expression that relates the compaction stress and compres-
sive modulus of the rock masses. Ma et al. [21] performed
creep tests for saturated mudstones with different particle
sizes. They found that the porosity of the rock masses had a
negative exponential relationship with the creep time. The
changes in porosity could be further divided into several dis-
tinct stages. Zhang et al. [22] used a self-developed deforma-
tion testing system for crushed rock masses with a large
particle size under pressure (internal diameter 400mm) to
investigate their deformation characteristics. Zhenquan et al.
[23] believed that the compaction of rock masses was progres-
sive and involved the crushing, compaction, recrushing, and
recompaction steps. This process can be roughly divided into
two stages, namely, the crushing-compaction stage and the
consolidation-compaction stage. Zhennan et al. [24] found
that as the crushed rock masses were being compacted, the
crushing rate was higher when the relative pressure was 0.5–
0.6. Beyond this range, the crushing rate of the rock masses
decreased, and the gradation of the rock masses tended to
become stable. The gradation curve after crushing could be
described using a quadratic polynomial. Xiao et al. [25] and
Yimin et al. [26] reported that the crushing rate of the crushed
rock masses under true triaxial compression increased along
with the intermediate principal stress ratio. Wang et al. [27]
estimated the deformation and energy dissipation characteris-
tics of the rock masses during compression through experi-
ments. Li et al. [28] conducted a series of compression tests
for rocks as fillers with different gradations. They determined
the relationship between the modulus of deformation and the
degree of compression under stress. Cheng et al. [29] consid-
ered the influence of lateral pressure, degree of saturation,
and particle size degradation on the stress vs. compression
relationship of the solid fillers. Their experiments showed that
the moisture content of rock masses in their natural state has
little impact on the strengths of the rocks as fillers. Mingli
[30] used the contact bondmodel in PFC3D to study the com-

paction stress and deformation pattern of rock masses with
different gradations. Huaiting et al. [31] applied the clump
model in PFC to generate irregular convex polyhedrons that
simulated the gangue masses. On this basis, they studied the
macroscopic mechanical responses and microscopic move-
ment characteristics of gangues under triaxial compression.
Shugang et al. [32] carried out compression tests for rock
masses with different particle sizes and reinforced by different
methods. Subsequently, they built a mechanical model for the
rock masses as load-bearing bodies. De-fu et al. [33] proposed
a method for building a 3D compression model for rock
masses using the 3D Voronoi Block in the 3DEC software.
Zhang et al. [9] applied a bonded model in PFC2D to study
the stress and pore structure evolution characteristics of rock
masses during compaction.

Extensive studies have been conducted on the deformation
characteristics of rock masses, stress-time curves, and energy
evolution under compression. The variation trends for a series
of compaction parameters over time were derived. However,
few studies deal with the strength parameters and mechanical
behavior of the consolidated bodies. The mechanical proper-
ties of the consolidated bodies change considerably when
compared to the intact rocks. It is important to understand
the compaction and consolidation status and mechanical
behaviors of the consolidated bodies. In this study, we first
determine the mineral compositions and contents of mud-
stone and sandy mudstone using X-ray diffraction (XRD)
and SEM. Thus, the microscopic morphologies of the two
types of rocks were obtained. Subsequently, a self-developed
compression testing apparatus was employed for orthogonally
designed confined compression tests of the rock masses. In
this way, we analyzed the influence of moisture content, com-
pression ratio, particle size, and volume-based gradation of the
rock masses on the compaction characteristics of the rock
masses. The degrees of influence of each of the four factors
on the stability of the consolidated bodies were determined.
We further elucidated the influence mechanism of these four
factors on the compressive and shear strengths of the consol-
idated bodies. A mathematical model was built for the
mechanical behaviors of the consolidated bodies under the
influence of the four factors.

2. Compression Test and Composition of
Crushed Rock Masses

2.1. Sample Preparation and Test Design

2.1.1. Preparation of Crushed Rock Masses. The crushed rock
mass samples were collected from the rocks surrounding the
regenerated roof in the 1212 (3) slicing fully mechanized
working face of Panbei Coal Mine in the Huainan mining
area. The samples were primarily composed of mudstone
and sandy mudstone. Large rock masses collected on site
were first crushed using a crushing machine. Based on the
grain size gradation of gangues in different areas in the
direction of goaf inclination, through the similarity theory
and Taibo theory, mudstones and sandy mudstones with
four particle size gradations (<1mm, 1–3mm, 3–5mm,
and 5–10mm) were obtained using a grading sieve. The four
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levels pertaining to the moisture content were 5%, 6%, 7%,
and 8%, respectively.

2.1.2. Test Design. An orthogonal design was adopted to ana-
lyze the compaction characteristics of the crushed rock
masses and the mechanical behaviors of the consolidated
bodies. Four factors that influence the rock block compac-
tion were chosen, namely, the moisture content, compres-
sion ratio, particle size, and volume-based degradation.
Four levels were assigned to each factor to construct the
orthogonal array L16 (45), as shown in Table 1. After the
slice mining of the 1212 (3) fully mechanized working face,
the mudstone and sandy mudstone layers in the direct roof
collapsed. A bulking factor of 1.7 was chosen for the caving
rocks [34]. The rock masses were compacted and consoli-
dated under the load exerted by the overlying strata. There-
fore, a residual bulking factor of 1.4 was chosen for the
caving rocks [34]. The compression ratio of the caving rocks
was estimated to be 17.6%. Based on the preliminary analy-
sis, four levels were assigned to the compression ratio,
namely, 18%, 21%, 27%, and 30%. The height of filled rock
in the compression testing apparatus was 135mm. There-

fore, the corresponding compressions were 24.3mm,
28.4mm, 36.5mm, and 40.5mm. Based on the principles
of orthogonal design, sixteen groups of tests were designed
as shown in Table 2.

2.1.3. Testing Apparatus. The compression testing apparatus
was made of high-strength steel, with an internal diameter of
50mm and height of 140mm. It had a double-open cylinder
barrel, base, fastening ring, and compression head. The
WAW-2000H computerized electrohydraulic servo univer-
sal testing machine was used for loading at a rate of
0.01mm/s. The load was maintained constant for 5min after
reaching the specified level. A lubricant was applied to the
inner wall of the double-open cylinder barrel to reduce the
friction between the rock masses and the inner wall of the
cylinder barrel. Based on the testing protocol, an appropriate
quantity of crushed rock masses was weighed and stirred
evenly. The rock masses were poured into the compression
testing apparatus in batches and tamped down. After the
test, the fastening ring was removed, and the double-open
cylinder barrel was opened. The consolidated bodies were
taken out and wrapped in film to retain their freshness.

The WAW-2000H Computerized Electro-hydraulic
Servo Universal Testing Machine was used for the uniaxial
compression test and shear test under displacement-
controlled loading at a rate of 0.01mm/s. For the shear test,
three cylindrical dies having angles of 45°, 50°, and 55° with
an internal diameter of 50mm and height of 50mm were
designed and prepared. Before the test, lubricant was applied
to the shear planes of the dies to reduce the friction between
the upper and lower shear planes. A high-definition SLR dig-
ital camera was used to take a series of photographs of the
uniaxial compression and shear failure of the consolidated
bodies. The confined compression test of crushed rock
masses and the uniaxial compression and shear tests of the
consolidated bodies are illustrated in Figure 1.

During the shear test, the axial pressure P acting on the
dies was decomposed into a normal stress N perpendicular
to the shear plane and a tangential stress T parallel to the
shear plane. The axial pressure acts uniformly on the shear
plane of the dies. The area of the shear plane is denoted by
F. The corresponding normal stress and shear stress are as
follows:

σ = N
F

= P
F
sin α, ð1Þ

τ = T
F
= P
F
cos α, ð2Þ

Table 1: Factors and levels in orthogonal design.

Level
Factor

Moisture content Compression ratio Particle size Volume-based gradation

1 5% 18% (24.3mm) ≤1 Sandy mudstone

2 6% 21% (28.4mm) 1-3 Mudstone

3 7% 27% (36.5mm) 3-5 Sandymudstone : mudstone = 2 : 1
4 8% 30% (40.5mm) 5-10 Sandymudstone : mudstone = 1 : 2

Table 2: Orthogonal design scheme.

Test
Moisture
content

Compression
Particle
size

Volume-based
gradation

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 1 4 4 4

5 2 1 3 4

6 2 2 4 3

7 2 3 1 2

8 2 4 2 1

9 3 1 4 2

10 3 2 3 1

11 3 3 2 4

12 3 4 1 3

13 4 1 2 3

14 4 2 1 4

15 4 3 4 1

16 4 4 3 2

Note: the levels 1, 2, 3, and 4 assigned to the moisture content represent
moisture content of 5%, 6%, 7%, and 8%, respectively. A similar design
was adopted for the compression ratio, particle size, and volume-based
gradation.
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where F is the area of the shear plane, m2; σ is the normal
stress, MPa; τ is the shear stress, MPa; and α is the included
angle between the shear plane of the dies and the horizontal
plane, °.

The dies were used for the shear test. The normal and
shear stresses corresponding to the three angles were esti-
mated and plotted in the τ-σ Cartesian coordinate system.
Data points for each group were connected into a curve,
i.e., the shear strength curve of the rock masses. For ease of
application, the above curve is usually simplified into a
straight line, namely,

τ = σ tan φ + C, ð3Þ

where C is the intercept of the straight line on the y-axis (τ
-axis), i.e., cohesion of the rock masses, MPa; φ is the
included angle between the straight line and the x-axis (σ
-axis), i.e., the internal friction angle of the rock masses, °.

2.2. Composition of Crushed Rock Masses. The XRD patterns
of the crushed mudstones and sandy mudstones are shown
in Figure 2. It can be seen from the figure that rocks of the
two lithologies were both comprised of quartz, mica, and
chlorite. The quartz content was 33.2% in the mudstones
and 28.2% in the sandy mudstones. The quartz formed a
solid skeleton in each. The chlorite content was 31.8% in
the mudstones and 14.1% in the sandy mudstones.
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Therefore, the mudstones had a higher cementing ability
than the sandy mudstones.

The microscopic structures of the crushed and sandy
mudstones characterized by SEM are shown in Figure 3. It
can be observed from the figure that the micropores were
developed locally on the surface of the mudstones. A dense
pelitic texture was observed for the flat fracture. The solid
skeleton was formed by quartz and feldspar and filled with
a large number of clay minerals. Micropores were developed
on the surface of the sandy mudstones. The fracture was

uneven, and sharp-edged quartz and feldspar particles of
unequal sizes were distributed randomly on the surface,
forming a porous, stacked, and loose solid skeleton. Scales
of clay minerals could be found on the skeleton surface.

In general, mudstone and sandy mudstone are rich in
cemented minerals such as quartz and chlorite, which is con-
ducive to promoting the cemented regeneration of caving
gangue in goaf. At the same time, it can provide basic data
for the microanalysis of the strength characteristics of the
consolidated body.
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Figure 3: SEM patterns of crushed rock masses.

0

30

60

90

120

150

2
4

6
810

12
14

16

Test no.
Time (s)

Phase of initial adjustment

Phase of increasing stress

Phase of compaction
and consolidation

6.80

6.12

5.45

4.10

3.42

2.74

2.07

1.39

0.72

0.04

4.77

Stress (MPa)

Figure 4: Consolidation stress-time curves of the crushed rock masses.

5Geofluids



3. Results and Discussion

3.1. Consolidation Characteristics of Crushed Rock Masses.
Typical data for the confined compression tests were chosen
for crushed rock masses to estimate the compaction stress-
time relationship, as shown in Figure 4. The compaction
stress-time curve could be divided into three phases. The
first phase was the initial adjustment phase, during which
the compressive deformation increased. This phase was rel-
atively long and was associated with a small compaction
stress as the rock masses were loose at the beginning of com-
pression. The edges and corners were sharper and there were
larger gaps between the masses. The contact status of the
rocks were adjusted constantly at this phase, although at a
lower rate. As the compression proceeded, the rock masses
became more compacted and got into closer contact with
each other. Thus, the increasing stress phase began and pro-
ceeded at an accelerating rate. At this phase, the edges and
corners of the rock masses compressed and squeezed each
other, causing fracturing, breakage, and subsequent pulveri-
zation. The large gaps between the rock masses were filled
with this powdered material, which changed the particle
sizes and their spatial distribution. As a result, the contact
between the rock masses got modified at an accelerating rate.
A triaxial stress system was set up gradually, which was
accompanied by an exponential growth in the compaction
stress. As the compression proceeded further, the phase of
compaction and consolidation became characterized by
reduced deformation, shorter duration, and smaller changes
in compaction stress. Finally, stable consolidated bodies
were formed with coarse-grained rock masses as the skeleton
and fine-grained rock masses occupying the spaces within.

3.2. Mechanical Behavior of Consolidated Bodies. Limited by
the length of the article, only 16 groups of test data are

selected to analyze the mechanical behavior of the consoli-
dated bodies. The influence characteristics of compressibil-
ity, moisture content, and volume gradation on the
uniaxial compressive strength and shear strength of the con-
solidated body can refer to the results of rock particle size
analysis.

3.2.1. Uniaxial Compressive Strength. Typical data for uni-
axial compression tests were chosen for the consolidated
bodies to estimate the axial stress-time relationship and
obtain the uniaxial compressive failure characteristics, as
shown in Figures 5 and 6. It can be seen that the initial
compression stage of the consolidated bodies lasted for a
longer period of time as the consolidated bodies took less
time to be molded by primary compaction. Due to the
presence of water, the physical and chemical reactions
between the rock masses were incomplete and the meta-
morphic effect was weak. The consolidated bodies were
highly heterogeneous and had poor internal stability.
Under secondary compression, the contact between the
rock masses was enhanced, and the pores within the con-
solidated bodies were compressed. During this phase, the
stress status evolved towards equilibrium. As the axial
pressure increased, the consolidated bodies entered the
energy storage phase. New cracks were initiated on the
surface, and these propagated towards the two ends. Sub-
sequently, the plastic failure phase commenced and was
characterized by the significant stress fluctuation. When
only the particle size of the rock masses were considered,
the ductile failure characteristics changed from overall
cracking with transverse and longitudinal crack develop-
ment to expansion cracking with the propagation of irreg-
ular and dense cracks and, finally, to the bulging and
shedding of rock particles.
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Figure 5: Uniaxial compressive stress-time curves of the crushed rock masses.
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(a) Test 7 (b) Test 11

(c) Test 16 (d) Test 4

Figure 6: Uniaxial compression failure characteristics of the consolidated bodies.
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3.2.2. Shear Strength. According to the shear test data of typ-
ical consolidated secondary diagenesis specimens, the rela-
tionship between axial pressure and shear time is obtained,
as shown in Figure 7. It can be seen that the shear axial pres-
sure of the consolidated secondary diagenesis specimen is
similar to the axial stress change of uniaxial compression,

and both have the fluctuation of stress (pressure) change.
At the initial stage of the shear test, the pressure fluctuation
is not obvious, and the axial pressure increases linearly. At
the stage of nonlinear increase of axial pressure, the pressure
fluctuation begins to increase. At the later stage of yield fail-
ure, the variation of axial pressure is further enhanced.
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Figure 7: Shear axial pressure-time curve of secondary diagenesis specimen.
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Typical shear test data were chosen for the samples pre-
pared with the 45° die to estimate the axial stress-time relation-
ship and obtain the shear failure characteristics, as shown in
Figures 8 and 9. The axial pressure-time curves of the consol-
idated bodies during the shear tests were similar to the uniaxial

compressive stress-time curves. However, during the energy
storage stage of the consolidated bodies under shear, the
changes in axial pressure were divided into two subphases,
namely, linear energy storage and curved energy storage.
When only the particle size of the rock masses was considered,
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the ductile failure characteristics underwent the following
transition: cracks were first initiated and propagated along
the shear plane in the consolidated bodies to form a shear line,
followed by an irregular deformation along the shear plane to
form a shear slot; finally, the rock masses became extruded
and bulged out along the shear plane. These were later dislo-
cated and fell off.

3.3. Range Analysis

3.3.1. Compaction Stress. The test results are obtained based on
the 16 groups of tests in the orthogonal experiment table and
Equations (1)–(3). Results of the compaction tests on crushed
rock masses and the uniaxial compression tests and shear tests
of the consolidated bodies are shown in Table 3.

The compaction stresses under the same level of each of
the four influence factors were averaged. The ranges were cal-
culated for each factor as shown in Table 4. Apparently,
among the four influence factors, the range associated with
the compression ratio was far greater than those of the other
factors. This indicated that the compression ratio had the
greatest influence on the compaction stress acting on the rock
masses. In the descending order of the degree of influence on
the compaction stress, the four influence factors were ranked
as follows: compression ratio ð3:551Þ > particle size ð1:819Þ >
volume − based gradation ð1:054Þ >moisture content ð0:937Þ.

The variation patterns of the compaction stress under
different levels of the influence factors are shown in
Figure 10. It can be seen from the figure that the compaction
stress decreased significantly as the particle size increased.
As shown above, the compaction of rock masses is a process
where the contact and stress statuses change constantly. The
gaps between the fine-grained rock masses were smaller.
Therefore, the adjustment of the contact and stress statuses
was faster under compression, and the increment of com-
paction stress needed for this process was also larger. How-
ever, for the coarse-grained rock masses, the compression
caused the squeezing and fracturing of the edges and cor-
ners, and the rock masses were pulverized. The rounded
coarse-grained rock masses interlocked with each other bet-
ter to form a supportive skeleton. The rock powder migrated
to and filled the gaps. However, there was not enough pow-
der to fill all the gaps, which resulted in a lower degree of
compaction of the consolidated bodies. For the same com-
paction history, the ultimate compaction stress needed for
this process was lower.

The compaction stress increased significantly as the
compression ratio increased. This is because, as the com-
pression increased, the edges and corners of the rock masses
were squeezed and fractured more, resulting in the forma-
tion of more powder. The degree of compaction of the rock
masses also increased correspondingly. The contact and
stress statuses were adjusted at an accelerating rate, resulting
in a triaxial stress state being set up faster.

The compaction stress first decreased and then increased
slightly as the moisture content increased as the rock masses
were argillized upon contact with water. Under a lower axial
pressure, the corners and edges of the rock masses were
rounded due to fracturing and crushing. Under the same
compression history, the compaction stress requirement
for the above process was smaller. As the moisture content
increased, the rock powder became more likely to migrate

Table 3: Test results.

Test
Moisture
content

Compression
Particle
size

Volume-based
gradation

Compaction
stress (MPa)

Compressive
strength (MPa)

Cohesion
(MPa)

Internal friction
angle (°)

1 1 1 1 1 4.348 0.423 0.175 31.65

2 1 2 2 2 4.107 0.463 0.154 39.27

3 1 3 3 3 4.174 0.471 0.147 38.41

4 1 4 4 4 6.162 0.614 0.310 34.64

5 2 1 3 4 2.244 0.185 0.088 42.12

6 2 2 4 3 2.350 0.180 0.094 40.55

7 2 3 1 2 6.043 0.767 0.396 31.75

8 2 4 2 1 5.703 0.558 0.145 28.09

9 3 1 4 2 1.704 0.167 0.147 42.11

10 3 2 3 1 1.781 0.210 0.132 35.82

11 3 3 2 4 5.613 0.508 0.151 41.35

12 3 4 1 3 5.945 0.689 0.291 36.87

13 4 1 2 3 2.289 0.340 0.104 41.35

14 4 2 1 4 3.940 0.428 0.154 40.62

15 4 3 4 1 2.785 0.434 0.160 41.43

16 4 4 3 2 6.978 0.563 0.119 42.26

Table 4: Ranges of influence factors of compaction stress.

Test Range (MPa)

Moisture content 0.937

Compression ratio 3.551

Particle size 1.819

Volume-based gradation 1.054
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due to the edge effect of water, thus filling the gaps between
the rock masses. This caused a slight increase in the com-
pression stress. When the moisture content increased to a
certain threshold, the rock powder flowed, making it more
difficult for the rock masses to be compacted and molded.

3.3.2. Compressive Strength. The ranges of the four influence
factors of compressive strengths of the consolidated samples
are shown in Table 5. Apparently, among the four influence
factors, the range was the largest for the compression ratio.
This indicated that the compression ratio had the most sig-
nificant influence on the compressive strength of the consol-
idated bodies. In descending order of the degree of influence
on the compressive strength, the four influence factors were
ranked as follows: compression ratio ð0:327Þ > particle size ð
0:220Þ >moisture content ð0:099Þ > volume − based
gradation ð0:084Þ.

The variation patterns of the compressive strength under
different levels of the four influence factors are shown in
Figure 11. It can be seen that the compressive strength of
the consolidated bodies decreases as the particle size
increased. The degree of influence of the particle size on
the compressive strength of the consolidated bodies varied
for the fine- and coarse-grained rock masses: the fine-
grained consolidated bodies resisted failure as a whole before
uniaxial compressive failure occurred. The peak strength of

the fine-grained consolidated bodies was determined by the
strength of the rock masses. After the failure, macroscopic
cracks were formed on the surface, which could be described
as overall cracking. The particle size determined the degree
of coarseness of the fracture surface. The compressive
strength of the coarse-grained consolidated bodies was
determined by the strength of the cemented surface between
the rock masses. During uniaxial compression, failure first
occurred on the cemented surface between the coarse-
grained rock masses. Subsequently, the rock masses bulged
out and fell off.

The compressive strength of the consolidated bodies
increased as the compression ratio increased. This happened
because the porosity of the consolidated bodies had a direct
bearing on the compressive strength. Moreover, in practice,
the caving gangues retained residual hulking after compres-
sion despite the considerable loads exerted by the overlying
strata [34]. The axial pressure contributed to the compact-
ness of the filling between the rock masses through the sec-
ondary crushing of the rock masses and adjustment of rock
powder migration. As a result, the porosity of the consoli-
dated bodies decreased, and the strength increased.

The compressive strength of the consolidated bodies first
decreased and then increased slightly as the moisture con-
tent increased. Such variation was consistent with that
observed during the compaction of the crushed rock masses.
This variation could be explained in the same manner as
above.

3.3.3. Tensile Strength. The ranges of the four influence fac-
tors on the cohesion and internal friction angle of the sam-
ples are shown in Table 6. It can be seen from here that,
among the four influence factors, the range of the particle
size was the largest. This indicated that the particle size
had the greatest influence on the cohesion and internal fric-
tion angle of the consolidated samples. In the descending

Table 5: Ranges of the influence factors of compressive strength.

Test Range (MPa)

Moisture content 0.099

Compression ratio 0.327

Particle size 0.220

Volume-based gradation 0.084
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Figure 10: Sensitivity factor curves of the compaction stress.
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order of the degree of influence on the cohesion and internal
friction angle, the four influence factors were ranked as fol-
lows: particle size ð0:132/1:46Þ > compression ratio ð0:088/
3:84Þ > rate size > moisture content ð0:063/3:19Þ > volume −
based gradation ð0:051/2:60Þ.

The variations of the cohesion and internal friction angle
under different levels of the four influence factors are shown
in Figure 12. The cohesion of the consolidated bodies
decreased as the particle size increased indicating an inverse
relationship, while the internal friction angle showed a direct
relationship. This was because the coarser the rock particles,
the higher the degree of interlocking between the edges and
corners would be. As a result, the shear resistance increased
during the compression-shearing process, and the internal
friction angle increased. However, the degree of bonding
between the rock masses decreased, as did the cohesion.

The cohesion of the consolidated bodies increased as the
particle compression ratio increased, indicating a direct rela-
tionship, while the internal friction angle varied inversely.
This was because as the compression ratio increased uni-
formly, the edges and corners of the rock masses became
squeezed and fractured. The coarse-grained rock masses
became rounded, and the degree of interlocking between
the rock masses decreased. The shear resistance of the con-

solidated bodies decreased, and the internal friction angle
decreased as well. As the compaction ratio increased contin-
uously, more rock powder filled the gap between the rock
masses. The degree of bonding at the contact surfaces
between the rock masses increased, as did the cohesion.

The cohesion of the consolidated bodies decreased as the
particle size increased while variation of the internal friction
angle showed a direct relationship. This was because at the
initial stage of the compression-shearing process, the corners
and edges of the rock masses underwent brittle failure. On
contact with water, the corners and edges of the rock masses
were argillized and underwent ductile failure. Therefore, the
shear resistance and internal friction angles of the samples
increased. As the moisture content increased, the rock pow-
der showed an enhanced ability to migrate along the shear
plane, which reduced the cohesion.

The degree of influence of volume-based gradation on
the compaction stress of the crushed rock masses and com-
pressive and shear strengths of the consolidated bodies was
determined by the mineral composition of the rock masses.

3.4. Regression Model. In this paper, three factors and four
levels of an orthogonal test scheme are selected, and there are
many test results. Therefore, the response surface method in
statistical analysis is used to carry out the regression analysis
of test data with polynomial function. Based on the data from
orthogonal array testing, the moisture content, compression
ratio, particle size, and volume-based gradation were, respec-
tively, set as independent variables denoted as x1, x2, x3, and
x4. The compaction stress, compressive strength, cohesion,
and internal friction angle were, respectively, set to be objective
functions y1, y2, y3, and y4. Hence, a multiple nonlinear regres-
sion analysis was conducted, and the following regression
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Figure 11: Sensitivity factor curves of the compressive stress.

Table 6: Ranges of the influence factors of cohesion and internal
friction angle.

Test Range (MPa) Range (°)

Moisture content 0.063 3.19

Compression ratio 0.088 3.84

Particle size 0.132 4.46

Volume-based gradation 0.051 2.60
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equations were obtained:

y1 = 121:767 − 2999:090x1 + 189:676x2 − 1:307x3 − 4:314x4
+ 159:752x1x2 + 22:074x1x3 + 18:229x1x4 − 11:087x2x3
− 1:316x2x4 + 0:531x3x4 + 15748:810x12 − 267:393x22

+ 0:026x32 + 0:810x42, R2 = 0:97,
ð4Þ

y2 = 1:049 − 45:733x1 + 12:507x2 − 0:336x3 − 0:305x4
− 59:094x1x2 + 2:008x1x3 − 2:898x1x4 − 0:020x2x3
+ 0:037x2x4 + 0:017x3x4 + 317:102x12 − 8:543x22

+ 0:006x32 − 0:016x42, R2 = 0:98,
ð5Þ

y3 = 2:184 − 100:741x1 + 18:524x2 − 0:139x3 + 0:494x4
− 54:243x1x2 + 1:142x1x3 − 8:951x1x4 − 0:646x2x3
+ 0:225x2x4 + 0:025x3x4 + 706:651x12 − 22:711x22

+ 0:008x32 + 0:042x42, R2 = 0:96,
ð6Þ

y4 = −1449:360 − 42699:900x1 − 4285:301x2 − 27:427x3
− 52:726x4 − 6818:473x1x2 − 289:662x1x3
− 1094:248x1x4 − 185:872x2x3 − 62:911x2x4
− 6:296x3x4 − 242890:300x12 − 5619:939x22

− 0:688x32 − 17:0887x42, R2 = 0:99:
ð7Þ

The regression models associated with the compaction
stress, compressive strength, cohesion, and the internal friction
angle were subject to 3D visualization. The functions of mois-
ture content, compression ratio, and particle size as variables
vs. different parameters were plotted in a 4D space, as shown
in Figure 13. The smaller the particle size, the higher the water
content, and the greater the compressibility, the greater the axial
compaction stress required for rock compaction. The smaller
the particle size, the smaller the water content, and the larger
the compression ratio, the greater the uniaxial compressive
strength and cohesion of the consolidated bodies. The larger
the particle size and the smaller the water content, the com-
pressibility of the consolidated bodies will be smaller, and the
internal friction angle will be larger. The results from the predic-
tion model were consistent with those from range analysis.
Considering compressive strength as an example, the compres-
sive strength of the consolidated bodies reached the maximum
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Figure 13: Mathematical model of the objective function.
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when the particle size was below 1mm, the compression ratio
was 30%, and the moisture content was 5%. It should be noted
that the relationship between the strength of the consolidated
body and water content, compaction stress, and particle size is
obtained within the test scope of this paper. In fact, under the
same other conditions, there should be an optimal value of
water content. When the compaction stress increases to a cer-
tain extent, the reduction of voids in compacted specimens is
limited. The influence of particle size on secondary diagenesis
is also related to the test scale and the content of fine materials
and bonding materials. These related contents need to be fur-
ther studied. At the same time, there are also great differences
in mechanical behavior between consolidated body and rock
mass. It is mainly due to the compaction and consolidation of
the consolidated diagenetic specimen in a short time. The inter-
nal structure of the specimen is unstable without long-term
metamorphism. The stress-strain curve of the consolidated
body shows obvious heterogeneity. The strength of the consol-
idated body is affected by many factors, and the strength is low.
Detailed soft rock support measures should be developed dur-
ing the excavation of the project.

4. Conclusion

(1) Mudstones and sandy mudstones are rich in clay
minerals, which contributes to the consolidation of
the crushed rock masses and secondary diagenesis.
The compression process of the rock masses can be
divided into three phases, namely, the initial adjust-
ment phase, the stress increase phase, and the com-
paction and consolidation phase

(2) The stress (pressure) increment was smaller and
lasted for a longer period of time during the initial
stage of the uniaxial compression and compaction-
shearing process. The stress fluctuated more dramat-
ically at the plastic failure stage, resulting in ductile
failure

(3) The essence of crushed rock block compression is
the process of continuous adjustment of contact state
and stress state between rock blocks. The greater the
compressibility, the higher the degree of angular
crushing of rock blocks, the faster the migration of
fine-grained rock blocks, and the denser the inter-
stices between rock blocks. The finer the particle size
of the rock block, the smaller the gap between the
rock blocks. Under the high compression rate, the
adjustment speed of the contact state and stress state
between the rock blocks is accelerated, and the rock
blocks enter the triaxial stress state faster. When
the water content is at a low level, the water mainly
softens the edges and corners of rock blocks. With
the increase of water content, the water wedge effect
is enhanced, and the fine-grained rock blocks are
easier to move and adjust

(4) The compression ratio and particle size were the
most important influence factors of the compressive
and shear strengths of the consolidated bodies. The

compression ratio influenced the porosity of the con-
solidated bodies as well as the degree of interlocking
and bonding of the edges and corners. The particle
size affected the failure mode of the consolidated
bodies and the degree of interlocking and bonding
of the edges and corners

(5) Based on the data from orthogonal array tests, we
built a multiple nonlinear regression model. The
degrees of influence of the moisture content, com-
pression rate, and particle size were visualized in
3D. Thus, the compaction characteristics of the
crushed rock masses and the mechanical behaviors
of the consolidated bodies under the influence of
each factor were elucidated and presented in an intu-
itive format
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