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Pore abundance and deformation characteristics of saturated fragmentized coals during creep process are of significant meaning
to the study on ground sediment in the mined-out area.,e law of porosity variation of saturated fragmentized coals during creep
process and its creep constitutive model were studied by using the self-developed multiphase coupling creep test device. And,
results have indicated that the porosity logarithm of fragmentized coal during creep process shows a linear negative correlation
with the time ln(n−a)� −ct + lnb, and the porosity decrease is evidently divided into three phases. In addition, when the stress level
is relatively low, the porosity decreases slowly; when the stress level rises up, the porosity decreases quickly; when the stress level
remains stable finally, the porosity is smaller. Under the equal stress, as the grain size of fragmentized coals decreases, the porosity
tends to decrease, and as the grain size of fragmentized coal tends to be stable, the porosity tends to increase; the creep constitutive
equation of fragmentized coals with different grain sizes was established by using the Kelvin–Voigt model, and the correlation
analysis shows that the Kelvin–Voigt creep model of fragmentized coals is reasonable.

1. Introduction

Coal is an inhomogeneous and porous media [1], and thus
compaction and bearing problems of fragmentized coals are
quite common during coal mining. With the impact of
external forces, coals are constantly crushed, densified, and
compacted; meanwhile, some relevant physical and me-
chanical properties of fragmentized coals are changed, which
can cause some engineering problems such as overburden
movement, ground sediment [2–5], and side slope instability
in the mined-out area. ,e study on the law of porosity
variation of fragmentized coals during creep process [6–11]
and its creep constitutive equation lays a theoretical foun-
dation for resolving engineering problems such as the
evaluation of deformation of ground sediment in the mined-
out area. But, among current analyses of fragmentized rocks
[12–14], few can systematically analyze the porosity varia-
tion law of fragmentized rocks during creep in terms of
different stress and different grain sizes; in the description of
creep deformation law, regression analysis means, such as

logarithm fitting and fit exponential decay, are usually
adopted, but its constitutive relation is not analyzed, and its
creep deformation mechanism is explained from the per-
spective of the material prosperity of fragmentized rocks.

2. Test Equipment and Test Methods

2.1. Coal Sample. In order to study the law of porosity
variation of fragmentized coals with different grain sizes
under different loads during compaction and creep process,
fragmentized coals with five grain sizes are selected, whose
uniaxial compressive strength is 15MPa. ,eir grades and
sizes are shown in Table 1, and fragmentized coals and
preparation instruments are shown in Figure 1(a).

2.2. Test Equipment. It is easy for loose and fragmentized
coals without confining pressure to flow transversely under
axial load; thus, they cannot bear heavy loads, but frag-
mentized coals in special sites such as the roadway of the coal
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mining face have strong confining pressure. In consideration
of this, the self-developed multiphase coupling creep test
device of fragmentized coals is designed which applies the
leadscrew system to provide loads, as shown in Figure 1(b).
When it reaches certain pressure, the power supply can be
cut off, and it relies on leadscrew self-locking to provide
pressure to avoid too much energy consumption during the
long-time test. ,e deformation test adopts an FT81 dis-
placement sensor and an LVDV-3 digital indicator. In ad-
dition, one spherical hinge needs to be added above the
pressure-bearing deformation instrument to avoid unbal-
ance loading due to pedestal or spring imbalance.

,e assembly height of the compaction apparatus of
fragmentized coals is 300mm (140mm high piston and
170mm long cylinder barrel). ,e inner diameter of the
cylinder barrel is 100mm, and the wall thickness is 15mm;
during processing, ordinary No. 45 steel is fully quenched to
enhance hardness and prevent fragmentized coal edges from
scratching the inner wall and increasing the resistance;
cylinder barrel bottom and pedestal are linked by bolts. ,e
maximum axial loading pressure designed for the defor-
mation instrument is 180MPa.

2.3. Test Methods. Firstly, the deformation instrument is
assembled and filled with the sample of statured fragmen-
tized coals to be tested. In consideration of the displacement
instrument stroke and the estimated maximum deforma-
tion, those uncompressed fragmentized rocks are controlled
to be 128mm high and are slightly shaken to be dense for
each time; finally, they are divided into two groups for test
under the load of 8 and 12Mpa, respectively.

Test procedures are as follows: the sample of saturated
fragmentized coals is loaded to the working load, and the
loading process is recorded; the saturated drip is opened, and
water is fed to the compaction apparatus at the appropriate
time under the symphonic effect to maintain the coal sample
always under the saturation state; each group of deformation
instruments provides two sets of displacement testing systems,
and the displacement reading is the average value; the load is
observed daily in a fixed time interval, the load is compensated
when necessary, and the displacement data and time are
recorded. Each type of test is divided into 3∼5 groups, and the
average value of test data is the final result. For test schemes
with results of significant dispersion, test groups are added
until three groups draw the similar conclusion.

Table 1: Grades and sizes of fragmentized coals.

Grades Grade symbol Size (mm)
1 m1 20.0∼25.0
2 m2 15.0∼20.0
3 m3 10.0∼15.0
4 m4 5.0∼10.0
5 m5 2.5∼5.0

(a) (b) (c)

(d) (e)

Figure 1: Classification of particle size: (a) 20.0∼25.0mm. (b) 15.0∼20.0mm. (c) 10.0∼15.0mm. (d) 5.0∼10.0mm. (e) 2.5∼5.0mm.
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3. The Law of Porosity Variation with Time

Porosity refers to the ratio of pore volume between particles
to total volume of fragmentized media, namely,

n �
Vs − Vz

Vsz

, (1)

where n denotes the porosity of fragmentized coals, Vsz

denotes the total volume of fragmentized coals before test,
Vs denotes the total volume of fragmentized coals during
test, and Vz denotes the volume of solid particles in frag-
mentized coals.

3.1. Influence of Stress Level on the Porosity of Fragmentized
Coals. Stress level produces a significant impact on the
porosity of fragmentized coals, and the relation curve be-
tween the porosity of fragmentized coals and the time under
different stress levels is obtained from two groups of tests
under different loads, as shown in Figures 2∼3.

It can be seen from Figure 2 that under the stress of
8Mpa, the porosity variation of coal samples with different
grain sizes is periodic. When Grain Size 1 plummets at
69.12×104 (s), the porosity decreases to 0.154 66; when
Grain Size 2 plummets at 60.48×104 (s), the porosity de-
creases to 0.185 85, and when it plummets at 86.4×104 (s) for
the second time, the porosity decreases to 0.185 62; when
Grain Size 3 plummets at 51.84×104 (s), the porosity de-
creases to 0.162 38, and when it plummets at 69.12×104 (s)
for the second time, the porosity decreases to 0.162 27; when
Grain Size 4 plummets at 51.84×104 (s), the porosity de-
creases to 0.170 80; when Grain Size 5 plummets at
51.84×104 (s), the porosity decreases to 0.212 09. ,e above
phenomena are difficult to observe in the short-time creep
test.

It can be seen from Figure 3 that under the stress of
12Mpa, the porosity variation of coal samples with different
grain sizes is periodic. When Grain Size 1 plummets at
34.56×104 (s), the porosity decreases to 0.112 20, when it
plummets at 51.84×104 (s) for the second time, the porosity
decreases to 0.112 06, and when it plummets at 103.68×104
(s) for the third time, the porosity decreases to 0.111 77;
when Grain Size 2 plummets at 34.56×104 (s), the porosity
decreases to 0.174 02, and when it plummets at 51.84×104
(s) for the second time, the porosity decreases to 0.173 68;
when Grain Size 3 plummets at 17.28×104 (s), the porosity
decreases to 0.122 84, and when it plummets at 69.12×104
(s) for the second time, the porosity decreases to 0.122 25;
when Grain Size 4 plummets at 34.56×104 (s), the porosity
decreases to 0.140 31; when Grain Size 5 plummets at
43.2×104 (s), the porosity decreases to 0.172 52, and when it
plummets at 60.48×104 (s) for the second time, the porosity
decreases to 0.172 25.

During the creep of fragmentized coals, the decrease in
the porosity of fragmentized coals with five grain sizes is
basically divided into three phases. Phase I: the porosity
varies quickly and tends to decrease; in this phase, slippage,
malposition, and deformation occur between particles of
fragmentized coals. Due to the large void between coal

particles, the apparent volume decreases quickly, and then
the porosity reduces quickly.

Phase II: the porosity changes very quickly and tends to
slow down; in this phase, slippage and malposition seldom
happen to fragmentized coal particles, and the fragmentized
coal particles form a self-supporting structure; as the stress
continues to be loaded, under the squeezing impact, (1)
particle surface edges are fragmentized, and internal gap
diffuses and forms fractures which expand and cause de-
formation. (2) Some particles slide slightly and cause plastic
flow.

Phase III: the porosity changes more slowly than the first
two phases, and gradually tends to be stable; due to the
attrition crushing in Phase II, a larger gap exists between coal
particles and is filled with fine coal particles after frag-
mentized. As the stress continues to be loaded, the gap
between particles becomes smaller and is difficult to be filled;
thus, the entire state of coal particles tends to be a critical
stable skeleton structure, and deformation tends to be stable.

As shown by the curve, the porosity of fragmentized
coals varies with time under two different stresses; when the
stress is 8MPa, the porosity decrease corresponding to Grain
Sizes 1–5 in the entire creep process is 5.44%, 10.19%, 6.45%,
6.64%, and 2.34%, respectively; when the stress is 12MPa,
the porosity decrease corresponding to Grain Sizes 1–5 in
the entire creep process is 4.41%, 7.89%, 8.11%, 1.94%, and
4.00%, respectively. When the stress increases from 8MPa to
12MPa, the porosity decrease corresponding to Grain Sizes
1∼5 is 27.73%, 6.43%, 24.71%, 17.85%, and 18.78%, re-
spectively. In case of lower load level, slippage and mal-
position seldom happen to fragmentized coal particles, and
fragmentized coal particles can form a self-supporting
structure earlier because there are few particle surface edges
fracture, internal fracture expansion, and particles plastic
flow, and slower porosity decreases due to weak squeezing
effect between fragmentized coal particles; as the stress level
rises up, more slippage and malposition happen to frag-
mentized coal particles, and fragmentized coal particles form
a self-supporting structure late because there are more
particle surface edges fracture, internal fracture expansion,
and particles plastic flow due to strong squeezing effect
between fragmentized coal particles, so that the porosity
decreases quickly, and finally stabilized porosity is smaller.

3.2. Influence of Grain Size on Porosity of Fragmentized Coals.
Grain size produces a significant impact on the porosity of
fragmentized coals, and the relation curve between the
porosity of fragmentized coals with different grain sizes and
time under different stress levels is obtained from tests, as
shown in Figure 4.

Figure 5(a) shows that under the stress of 8MPa, the
porosity decreases quickly at early creep, and at 8.64×104
(s), the porosity of samples corresponding to Grain Sizes 1∼5
is 0.163 562, 0.206 678, 0.173 566, 0.182 943, and 0.217 181,
respectively. Afterwards, it goes through three stages of
obvious decay. In Phase I until 34.56×104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.155
049, 0.188 101, 0.163 554, 0.172 351, and 0.212 414,

Advances in Civil Engineering 3



respectively; in Phase II until 51.84×104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.154
919, 0.186 297, 0.162 593, 0.171 318, and 0.212 174, re-
spectively; in Phase III until 112.32×104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.154
658, 0.185 619, 0.162 379, 0.170 800, and 0.212 094. Targeted

at the porosity of the first catastrophe point, the porosity of
samples corresponding to Grain Sizes 2∼5 increases by
21.32%, 5.49%, 11.16%, and 37.00%, respectively.

Figure 5(b) shows that under the stress of 12MPa, the
porosity decreases quickly at early creep, and at 8.64×104

(s), the porosity of samples corresponding to Grain Sizes 1∼5
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Figure 2: Relation curves between porosity of fragmentized coals and time under the stress of 8MPa. (a) m1. (b) m2. (c) m3. (d) m4. (e) m5.
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Figure 3: Relation curves between the porosity of fragmentized coals and time under the stress of 12MPa. (a) m1. (b) m2. (c) m3. (d) m4.
(e) m5.
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Figure 4: Kelvin–Voigt model. 1, Hook model; 2, Kelvin Model.
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is 0.116 921, 0.188 551, 0.133 041, 0.143 082, and 0.179 431,
respectively. Afterwards, it goes through three stages of
obvious decay. In Phase I until 34.56×104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.112
343, 0.174 373, 0.122 839, 0.140 419, and 0.173 135, re-
spectively; in Phase II until 51.84×104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.112
199, 0.173 908, 0.122 614, 0.140 308, and 0.172 518, re-
spectively; in Phase III until 120.91× 104 (s), the porosity of
samples corresponding to Grain Sizes 1∼5 decreases to 0.111
767, 0.173 675, 0.122 252, 0.140 308, and 0.172 253. Targeted
at the porosity of the first catastrophe point, the porosity of
samples corresponding to Grain Sizes 2∼5 increases by
55.22%, 9.34%, 24.99%, and 54.11%, respectively.

Under the equal stress, as the grain size of fragmentized
coal particles decreases, the porosity tends to decrease; as the
grain size of fragmentized coal particles tends to be stable,
the porosity tends to increase.

3.3. Regression Analysis of the Porosity Variation with Time.
According to the regression analysis of the porosity variation
of fragmentized coals with five grain sizes and under two
stresses with time, the regression equation and relation
coefficient are obtained and shown in Table 2.

Under two stresses, the porosity logarithm of frag-
mentized coals during creep process shows a linear negative
correlation with the time, namely,

ln(n − a) � −ct + ln b, (2)

where n denotes the porosity of fragmentized coals; t denotes
the time; a, b, and c are the regression coefficients. As the
creep time increases, the a value infinitely nears the final
porosity after creep. Under the stress of 8MPa, the a value of
Grain Sizes 1∼5 corresponding to samples is 0.1548, 0.1860,
0.1623, 0.1708, and 0.2121, respectively, which tends to

increase with the decrease in grain size; under the stress of
12MPa, the a value of Grain Sizes 1∼5 corresponding to
samples is 0.1120, 0.1738, 0.1225, 0.1403, and 0.1723, re-
spectively, which tends to increase with the decrease in grain
size. ,e a value tends to increase with the decrease in grain
size and tends to decrease with the increase in load.

4. Creep Constitutive Model of Saturated
Fragmentized Coals

,e creeping property of fragmentized coals refers to the
long-term mechanical effect suffered by fragmentized coals.
,e creeping property and law of fragmentized coals can be
explained by establishing the creep constitutive equation. It
can be found from the analysis of test results that early
instantaneous strain and deformation limit of long-term
creep exist during the entire creep test process of frag-
mentized coals. ,erefore, Kelvin–Voigt is selected to de-
scribe the creep law of fragmentized coals and disclose its
constitutive relation. A correlation analysis is conducted on
the Kelvin–Voigt model, and a comparison is conducted
with the previously common fitting curve of the first index
decay to verify the reasonability of creep constitutive relation
of fragmentized coals described by the Kelvin–Voigt model.

4.1. Model Building of Creep Constitutive Model of Frag-
mentized Coals. In broad sense, the Kelvin–Voigt model of
the creep constitutive model is shown in Figure 4.

Under the condition of applying the constant load
σ0 � σ1 � σ2,

ε1 � ε2 � ε3 �
σ0
K1

+
σ0
K2

1 − exp −
K2

η
t  . (3)

When t� 0, ε0 � σ0/K1, where ε0 is the instantaneous
deformation, which is independent from time and is realized
by the H element (element 1).
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Figure 5: Influence of grain size on the porosity of fragmentized coals. (a) 8MPa. (b) 12MPa.
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When t⟶∞, ε∞ � σ0/K1 + σ0/K2, ε0 is obtained,
where ε∞ denotes that finally the creep tends to be stable and
is the sum of instantaneous deformation of two Hooke
bodies.

During the creep test, the ε-t relation of fragmentized
coals with different grain sizes is shown in Figure 6.

,e analysis of the ε-t relation during the creep test of
fragmentized coals and the creep model parameters of

fragmentized coals with different grain sizes are shown in
Table 3.

4.2. Reasonability Analysis of the Creep Constitutive Model of
Fragmentized Coals. ,e constitutive equation of frag-
mentized coals with different grain sizes can be obtained by
the Kelvin–Voigt model and based on the material creeping

Table 2: Fitted equation coefficients of fragmentized coals under different axial stresses.

Grain size (in mm) Regression coefficient Axial stress: 8MPa Axial stress: 12MPa

m1 (20–25)
A 0.1548 0.1120
B 0.2839 0.0233
C 0.0676 0.1800

m2 (15–20)
A 0.1860 0.1738
B 0.0538 0.0483
C 0.1118 0.1375

m3 (10–15)
A 0.1623 0.1225
B 0.0231 0.0365
C 0.0815 0.1430

m4 (5–10)
A 0.1708 0.1403
B 0.0250 0.0071
C 0.0845 0.1075

m5 (2.5–5)
A 0.2121 0.1723
B 0.0141 0.0150
C 0.1187 0.0865
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Figure 6: ,e ε-t relation of fragmentized coals with different grain sizes under the stress of 12MPa.

Table 3: Kelvin–Voigt model parameter table of fragmentized coals with different grain sizes under the stress of 12MPa.

Parameter
Grain size

m1 m2 m3 m4 m5
K1 (MPa) 27.1675 32.84006 35.049762 35.8090186 59.8890943
K2 (MPa) 964.286 586.9565 790.2439 3056.60377 733.031674
η (MPa·s) 5.4E+ 07 67363268 86390175 351439009 63883287.3
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Table 4: Fitting parameter table of the first index decay of fragmentized coals with different grain sizes under the stress of 12MPa.

Parameter grain size m1 m2 m3 m4 m5
A −0.0123 −0.02073 −0.01528 −0.0397 −0.01618
B 5.48016 10.01032 9.60959 10.76907 9.20648
C 0.45403 0.38592 0.35751 0.33906 0.21664
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Figure 7: Continued.
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property of fragmentized coals. Hereby, the reasonability
and precision of the Kelvin–Voigt model need to be further
analyzed.

In the past research studies on the creeping property of
fragmentized rocks, the exponential decay fitted equation is
mostly adopted to describe the creep process of fragmen-
tized rocks. According to the analysis of the ε-t relation of
fragmentized coals with different grain sizes as shown in
Figure 6, the fitted equation of the first index decay ε-t can be
obtained:

ε � A · exp −
t

B
  + C. (4)

Parameters of the fitted equation of the first index decay
ε-t are shown in Table 4.

Kelvin–Voigt model and the fitting curve of first index
decay of fragmentized coals with different grain sizes are
shown in Figure 7.

On the basis of creep test data of the saturated frag-
mentized coals and through the statistical correlation
analysis and calculation according to the Kelvin–Voigt
model and the fitting curve of the first index decay of
fragmentized coals with different grain sizes, their correla-
tion coefficients are shown in Table 5.

As shown in Table 5, according to the creep constitutive
relation of fragmentized coals described by the creep
model, the curve correlation coefficient at all grain sizes
reaches above 0.995; at all grain sizes, the correlation co-
efficient between the Kelvin–Voigt creep model of frag-
mentized coals and test data is larger than the past fitting
curve of the first index decay, indicating that compared
with the fitting curve of the first index decay, the creep
constitutive equation of fragmentized coals established by
the Kelvin–Voigt model is more precise, and the latter is
reasonable; in addition, the creep constitutive equation of
fragmentized coals established by the Kelvin–Voigt model
can explain the creep test process of saturated fragmentized
coals from the perspective of the material property of
fragmentized coals.

5. Conclusions

According to the analysis of the porosity variation laws of
fragmentized coals with five grain sizes during creep process
under two stresses and its creep constitutive relation, the
following conclusions are drawn:

(1) Under two stresses, the porosity logarithm of
fragmentized coals during creep shows a linear
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Figure 7: Kelvin–Voigt model and the fitting curve of first index decay of fragmentized coals with different grain sizes. (a) m1. (b) m2. (c)
m3. (d) m4. (e) m5.

Table 5: Comparison of correlation coefficients of the Kelvin–Voigt model and the fitting curve of first index decay of fragmentized coals
with different grain sizes.

Grain size correlation coefficient m1 m2 m3 m4 m5
Exponential decay curve fitting 0.99937 0.99549 0.99439 0.99866 0.99835
Kelvin–Voigt creep model 0.99965 0.995799 0.9954751 0.9988852 0.9989241
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negative correlation with the time: ln(n–a) � –
ct + lnb.

(2) ,e porosity decrease is evidently divided into three
phases. Phase I: slippage, malposition, and defor-
mation occur between particles of fragmentized
coals, and porosity decreases quickly. Phase II:
slippage and malposition seldom happen to be
fragmentized coal particles, and the fragmentized
coal particles form a self-supporting structure; as the
stress continues to be loaded, under the squeezing
impact, the porosity changes relatively quickly and
tends to decrease. Phase III: due to the attrition
crushing in Phase II, a larger gap exists between coal
particles and is filled with fine coal particles after
fragmentized. As the stress continues to be loaded,
the gap between particles becomes smaller and is
difficult to be filled; thus, the entire state of coal
particles tends to be a critical stable skeleton
structure, and deformation tends to be stable.

(3) When the stress level is lower, the porosity decreases
slowly; when the stress level rises up, the porosity
decreases quickly; finally when the stress level re-
mains stable, the porosity is smaller.

(4) Under the equal stress, as the grain size of frag-
mentized coal decreases, the porosity tends to de-
crease, and as the grain size of fragmentized coal
tends to stabilize, the porosity tends to increase.

(5) ,e creep constitutive equation of fragmentized
rocks with different grain sizes was established by
using the Kelvin–Voigt model; the correlation
analysis shows that the curve correlation coefficient
reaches above 0.995, and at various grain sizes, the
Kelvin–Voigt creep model and test data correlation
coefficient are larger than the past fitting curve of the
first index decay, indicating the Kelvin–Voigt creep
model of fragmentized coals is reasonable.
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