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Coal mine underground reservoir water storage technology is an effective technical way to achieve high efficiency of coal mining
and protection of water resources. The stability of coal pillar dam plays a decisive role in the safe and stable operation of
underground reservoirs. Mining of adjacent working faces and long-term water erosion are the main influencing factors of
stability of coal pillar dam. In this paper, a fluid-solid coupling calculation model for the deformation and evolution of coal
pillar dam was established by FLAC3D numerical simulation software and the underground brine reservoir of Lingxin Coal
Mine of Shenning group as an engineering background. The paper studied systematically the deformation, failure, and stress
evolution of the dam with coal pillars soaked in water for a long time under different working face inclining length, coal pillar
width, mining height, and water pressure. The simulation results showed that the degree of deformation and failure of the coal
pillar dam continued to increase with the continuous advancement of the working face. The plastic zone of the coal pillar dam
was increased by approximately 23.53%, the maximum vertical stress was increased by approximately 95.78%, and the
maximum vertical deformation was increased by approximately 68.18%. The influence of each factor on the deformation and
failure of overburden strata is quite different. The development range of plastic zone, the maximum vertical stress, and the
maximum vertical deformation were increasing with the increased of working face inclined length and mining height. The
increasing width of coal pillar would lead to the decrease of maximum vertical stress. The increase of water pressure would
lead to the decrease of maximum vertical deformation. It can be seen that the inclined length of the working face is the main
factor affecting the deformation and failure of the coal pillar dam. Coal pillar width and mining height are the main factors
affecting the development of plastic zone. This study reveals the law of deformation and fracture evolution of coal pillar dam
under different mining conditions, which can provide a reference for the design of coal pillar dam of coal mine underground
reservoir.

1. Introduction

A major problem in green mining of China is the protection
and utilization of water resources, especially in western
regions such as Inner Mongolia, Shanxi, Shaanxi, Ningxia,
and Xinjiang. The proven coal resources in these regions
account for about 80% of the country’s total reserves. How-
ever, due to its location in the arid-semiarid zone of China,
water resources have become the dominant factor restricting

coal mining and ecological protection in these regions [1-9].
Therefore, in order to reduce the loss of water resources
caused by mining, Gu and others propose to store water by
using underground goaf, by connecting the safety coal pillars
at the borders of the goaf with artificial dams to form under-
ground storage reservoirs. This technology plays a key role
in many fields, such as preventing and controlling water
disasters, reducing surface losses, and ensuring the stability
of roadways. It is an effective way to solve the protection
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Columnar lithology Th1(crlr<lr)1ess Lithology description
Coarse 18.0 Light gray, gray-green, the main
sandstone components are feldspar, quartz
Siltstone and fine 100 Grayish green and grayish green with
sand interbed ’ purple spots
Coarse Light gray, gray-green, the main
sandstone 2.0 components are feldspar, quartz
Siltstone and fine Grayish green and grayish green with
. 11.0
sand interbed purple spots
Mudstone 7.0 Gray green, brown red and others
T .
[ ] Slltstoge and fine 175 Gray-green, purple—grey, brf)wn.—gray thick
sand interbed layer to massive fine grain, siltstone
Mudstone 45 Gray green, brown red and others
[ 1 Coarse Light gray, gray-green, the main
: sandstone 3.0 components are feldspar, quartz
| | Mudstone 4.5 Gray green, brown red and others
14# coal seam 55 The thickness is 2.2~2.9.m, can be mined in
: the whole mine field
Siltstone and fine 20,0 Gray-green, purple-grey, brown-gray thick
sand interbed ' layer to massive fine grain, siltstone

F1GURE 1: Geological histogram.

100 m

Constant water pressure boundary

I 14#coal seam

Working face
Coarse sandstone

Mudstone

Concentrated brine
storage reservoir
Siltstone and fine
sand interbed

FIGURE 2: FLAC3D model diagram.

and utilization of water resources in ecologically fragile areas
in the west [10-15].

The coal safety pillars at the boundary of the goaf play an
important part of the reservoir dams, and its stability
directly determines the normal operation of the under-
ground water reservoir. The stability of coal pillar dam is
essentially the deformation and failure of the dam under
the influence of overburden pressure, water pressure, and
coal mining [16-22]. And scholars at home and abroad have
achieved many research results about this. Gu et al. [23]
explored the destruction form of coal pillar dams through
similar simulation tests under dynamic loading conditions
and proposed the safety factor of coal pillar dams in under-
ground water reservoirs. Zhang [24] analyzed the safety for
the dam of the groundwater reservoir by establishing a
mathematical model for dam safety analysis. Through

numerical simulation research, Yao et al. [25] found that
the water content, buried depth, and coal seam mining
thickness all have a great influence on the width of the coal
pillar dam. Bai et al. [26] found that under the influence of
water storage pressure in goaf and the pressure of the over-
lying strata, the bottom of the outer surface and the top of
the inner surface of the artificial dam were prone to instabil-
ity and damage, and instability in other locations was less
likely. Wang et al. [27] found that the development area
and depth of the plastic zone of coal pillar surrounding rock
increased significantly under the dynamic load, and the ver-
tical stress extreme point developed in the depth direction.
Most of the above studies are aimed at the stability of coal
pillar dam under the effect of overburden pressure and water
pressure, and there is still insufficient research on the influ-
ence of mining on adjacent working faces. If the law of
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deformation and fracture evolution of coal pillar dam under
different mining conditions can be grasped and by combin-
ing with the research results of the influence of overburden
pressure and water pressure, so the correlative design of coal
pillar dam can be carried out in order to achieve the best
effect.

In this paper, FLAC3D fluid structure coupling calcula-
tion model is established based on the engineering back-
ground of underground concentrated brine reservoir in
Lingxin Coal Mine of Shenning group. The laws of deforma-
tion, fracture, and stress evolution of coal pillar dam under
different mining conditions are studied. This study provides
a reference for the design of coal pillar dam of underground
reservoir.

2. Engineering Geological Conditions

Lingxin Coal Mine is located in Ciyaobao Town, Lingwu
City, Ningxia Hui Autonomous Region. It is a key construc-
tion project of the “Eighth Five-year Plan” of China, with a
designed production capacity of 3.2 million tons per year.
It is the main production mine of Shenning Company. In
order to save water resources and reduce water pollution,
Lingxin Coal Mine constructed a high-mineralization mine
water quality and utilization treatment station underground
in the first mining area. The purpose is to recycle 85% of
Lingxin coal mine water and permanently store 15% of con-
centrated brine in underground goaf. To this end, Lingxin
Coal Mine built an underground water reservoir in the north
wing of the first mining area to store concentrated brine. The
water level of the reservoir is +1050m to +1145m, and the
head pressure is 0.9842 MPa. Because the location of the
brine storage is affected by the mining and water pressure
of the adjacent working face all the year round, the require-
ments for the coal pillar dam are also relatively high.

The main coal seam in the first mining area is 14# coal,
which is located at the level of +1050 m underground, and
the mining ended in 2008. The average thickness of 14# coal
is 2.8 m. The thickness of the coal seam is simple in struc-
ture, with a bedded structure and the lower coal quality
hardness. The immediate roof is mudstone, and the upper
part and the floor are fine sand and rock interbedded. The
specific histogram is shown in Figure 1. In the first mining
area, the strike length of working face is 1040.8m, the
inclined length is 180~200m, and the width of protective
coal pillar between working faces is 25 m.

3. Numerical Simulation

3.1. Model Building. According to the geological profile of
14# coal in Lingxin Coal Mine, the abovementioned concen-
trated brine storage reservoir was used as the research proto-
type, and a three-dimensional numerical model was
established by using the finite difference software FLAC3D.
The model is shown in Figure 2, and the size is determined
to be length x width x height =480 m x24m x 100m. A
total of 351,5000 grids and 3682710 nodes are divided. The
physical and mechanical properties of each strata are set
according to reference [28].

3
TaBLE 1: Simulation scheme of orthogonal experiment.
Test Le.ngth of With of coal Mining p:g[szfse y
working face/m pillar/m height/m MPa
1 100 20 1.5 0.5
2 100 25 2 1
3 100 30 2.5 1.5
4 100 35 3 2
5 150 20 2 1.5
6 150 25 1.5 2
7 150 30 3 0.5
8 150 35 2.5 1
9 200 20 2.5 2
10 200 25 3 1.5
11 200 30 1.5 1
12 200 35 2 0.5
13 250 20 3 1
14 250 25 2.5 0.5
15 250 30 2 2
16 250 35 1.5 1.5

Set an 80 m area on the left and right sides of the model
to reduce the boundary effect. Model boundary conditions:
(1) mechanical boundary, the X direction of the model con-
strains the left and right boundary displacements, the Y
direction constrains the front and rear boundary displace-
ments, and the Z direction constrains the lower boundary
displacements. The fix command is used to control the
model boundary velocity, and the upper boundary of the
model is imposed with a self-weight stress of 5.35MPa in
the overlying strata. (2) Seepage boundary conditions, the
bottom plate of the reservoir is the water-proof boundary,
and the two sides are the boundary of constant water pres-
sure, and a certain water pressure is applied here according
to the experimental design.

The Mohr-Coulomb vyield criterion is used to judge the
deformation and fracture evolution of coal pillar dam under
different mining conditions.

3.2. Design of Orthogonal Experiment Simulation Scheme.
Orthogonal experiment method is a design method to study
multifactor and multilevel. It can select some representative
level combinations to test and analyze the results to find the
optimal level combination.

The stability of the coal pillar dam is often affected by
coal mining. Considering that there is a working face on
the side of the reservoir and the coal pillar dam is immersed
in water for a long time, therefore, the influencing factors of
the stability of the coal pillar dam are selected as the inclined
length and the mining height of the adjacent working face,
the width of the coal pillar dam, and the water pressure
exerted on the coal pillar dam. According to the actual geo-
logical and production conditions, the above four factors
take 4 levels, the permeability coefficient of the coal pillar
is 1.36 x 1075, the working face is simulated by step mining,
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Ficure 3: Cloud diagram of plastic zone change during mining,

the orthogonal test has a total of 4 factors, and each factor
has 4 levels. Regardless of the interaction between factors,
the L16 (4*) orthogonal Tab. is selected, and the test indica-
tors are the development height of the plastic zone, maxi-
mum vertical stress, and maximum vertical deformation of
the coal pillar dam, and the test scheme under different
parameter combinations is numerically simulated. The
orthogonal experiment simulation scheme is shown in
Table 1.

4. Analysis of Simulation Results

4.1. Evolution of Deformation and Fracture of Coal Pillar
Dam during Mining. In the simulation calculation, the step
excavation method is adopted to mine the working face.
The experiment 14 is used as an example to analyze the
law of deformation and fracture evolution of the coal pillar
dam. The plastic zone distribution cloud map, vertical stress
cloud map, and vertical deformation cloud map of some
excavation stages are as shown in Figures 3-5.

It can be seen from Figure 3 that when the face is pushed
20 m, the coal pillar face is slightly damaged, there is a plastic
zone of about 3m, and the top and floor of the face are also
partially damaged; when the face is pushed 80 m, the plastic
zone on the working face side of the coal pillar dam con-
tinues to develop into the interior of the coal pillar dam.
The plastic zone in the lower part of the dam is connected
with the reservoir side, and the plastic zone appears in the
side wall angle of the coal pillars of the working face and
continues to extend deeper; the roof damage range is further
expanded; when the working face is pushed 180 m away, the
plastic zone in the coal pillar dam is further expanded, and
the plastic zone above the coal pillar dam is combined with
the plastic zone on the side of the working face. During the
mining process, with the advancement of the working face,
the horizontal development range of the plastic zone on

the reservoir side continues to increase. It can also be seen
from the figure that the failure mode of the coal pillar dam
is mainly shear failure, and the horizontal development
range of the plastic zone in the coal pillar dam has expanded
by about 23.53%.

It can be seen from Figure 4 that as the working face
continues to push, the maximum vertical stress in the coal
pillar dam continues to increase. When the working face is
pushed 20 m, the maximum vertical stress in the coal pillar
dam is 27.73 MPa, the maximum vertical stress is mainly
distributed on the reservoir side, and the side of working face
is slightly distributed; when the working face is pushed 80 m,
the maximum vertical stress is 34.04 MPa. The maximum
vertical stress is mainly distributed on the working face side,
but less on the reservoir side. When the working face is
pushed 180 m, the maximum vertical stress is 25.14 MPa,
and the maximum vertical stress on the side of the working
face is further increased. The working face is pushed from
20m to the end of mining, and the maximum vertical stress
is increased by about 95.78%.

It can be seen from Figure 5 that when the working face
is pushed 20 m, the maximum vertical deformation of the
coal pillar dam is about 0.66 m; when the working face is
advanced by 80m, the maximum vertical deformation of
the coal pillar dam is about 0.84 m. When the working face
is pushed 180 m, the maximum vertical deformation of coal
pillar dam is about 1.03 m. The working face was pushed
from 20 m to the end of mining, and the maximum vertical
deformation increased by about 68.18%.

4.2. Influence of Various Factors on Deformation and
Fracture of Coal Pillar Dam. The simulation is carried out
according to the experimental design, and the development
range of the plastic zone, vertical stress, and vertical defor-
mation inside the coal pillar dam under different mining
conditions were obtained, respectively. In some of the
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F1GURE 5: Deformation cloud diagram during mining,
simulation results, the distribution cloud map of the plastic It can be seen from Figures 6-8 that under different min-
zone, stress distribution cloud map, and deformation distri-  ing conditions, the development range and height of the
bution cloud map of coal pillar dam are shown in Figures 6-  plastic zone on the reservoir side of the coal pillar dam are

8, respectively. The simulation results are shown in Table 2. larger than the working face side, and the horizontal
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FIGURE 7: Vertical stress cloud diagram of partial coal pillar dams.

development depth of the plastic zone on the reservoir side
is greater about 2~3m than that on the working face side;
the stress concentration area of the coal pillar dam is
approximately symmetrically distributed, but the maximum
vertical stress is mostly distributed on the working face side;

the deformation of the coal pillar dam is divided into upper
and lower parts, and the upper deformation is significantly
larger than the lower deformation.

By further analyzing the simulation results, the average
value of the development height of the plastic zone, the
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FIGURE 8: Vertical deformation cloud diagram of partial coal pillar.

TaBLE 2: Simulation results.

Development range of Maximum Vertical
Test the plastic zone/m vertical stress/  deformation/
MPa m
1 11.0 45.57 0.63
2 12.0 39.76 0.61
3 15.0 38.21 0.54
4 12.5 36.24 0.53
> 13.5 51.67 0.81
6 125 43.06 0.75
7 15.0 42.88 0.82
8 19.0 43.56 0.78
9 18.0 51.16 0.80
10 14.5 53.30 0.72
11 13.5 46.11 1.23
12 16.5 43.61 120
13 16.5 58.87 1.05
14 21.0 54.29 111
15 19.0 48.93 0.98
16 215 41.75 1.25

maximum vertical stress, and the maximum vertical defor-
mation in the coal pillar dam with different levels under
the same mining conditions are calculated. The calculation
results are shown in Tables 3-5, respectively.

It can be seen from the Tab. that when the inclined
length of the working face increases from 100 m to 250 m,
the horizontal development range of the plastic zone in the
coal pillar dam gradually increases from 12.38m to
19.50m, the maximum vertical stress gradually increases
from 39.95MPa to 50.96 MPa, and vertical deformation

increases from 0.58 m to 1.07 m. When the width of the coal
pillar dam increases from 20 m to 35 m, the horizontal devel-
opment range of the plastic zone gradually increases from
14.75m to 17.13 mm, the maximum vertical stress increases
from 51.82 MPa to 41.29 MPa, and the vertical deformation
increases from 0.77m to 0.94m. When the mining height
increases from 1.5m to 3m, the development height of the
plastic zone increases from 14.38m to 18.25m and finally
reduces to 20.96 m; the maximum vertical stress increases
from 44.12 MPa to 47.82 MPa, and the vertical deformation
increases from 0.70 m gradually increases to 0.96 m. When
the water pressure increases from 0.5MPa to 2 MPa, the
development height of the plastic zone gradually increases
from 1525m to 16.13m, the maximum vertical stress
increases from 44.85MPa to 47.08 MPa, and the vertical
deformation decreases from 0.92m to 0.77m and finally
increases to 1.57 m.

In order to more intuitively observe the influence of var-
ious factors on the deformation and fracture of the coal pil-
lar dam, the average results in Tables 2-4 were fitted with
the horizontal number to obtain the average result trend
chart of each factor under different horizontal combinations
as shown in Figure 9.

It can be found that different factors have different
degrees of influence on the horizontal development range
of the coal pillar dam plastic zone, but the effect is the same,
and with the increase of inclined length of working face,
width of coal pillar, mining height, and water pressure, the
horizontal development range of plastic zone of coal pillar
dam also increases. Different factors have different effects
on the maximum vertical stress inside the coal pillar dam.
With the increase of the inclined length of working face,
mining height, and water pressure, the maximum vertical
stress in the coal pillar dam also increases, and as the width
of the coal pillar increases, the maximum vertical stress in
the coal pillar dam gradually decreases. This is because the



8 Geofluids
TaBLE 3: Orthogonal experiment range analysis Tab. (plastic zone development height).
Factor Length of working face/m  Width of coal pillar/m  Mining height/m  Water pressure/MPa
Average results of the first level 12.38 14.75 14.38 15.25
Average results of the second level 15.00 15.00 14.63 15.50
Average results of the third level 15.63 15.63 15.25 15.88
Average results of the fourth level 19.50 17.13 18.25 16.13
Range 7.13 2.38 3.88 0.88

TasLE 4: Orthogonal experiment range analysis Tab. (maximum vertical stress).

Factor Length of working face/m  Width of coal pillar/m  Mining height/m  Water pressure/MPa
Average results of the first level 39.95 51.82 44.12 44.85
Average results of the second level 4529 47.60 45.99 46.23
Average results of the third level 48.55 44.03 46.81 46.59
Average results of the fourth level 50.96 41.29 47.82 47.08
Range 11.02 10.53 3.70 2.23
TaBLE 5: Orthogonal experiment range analysis Tab. (maximum vertical deformation).
Factor Length of working face/m  Width of coal pillar/m  Mining height/m  Water pressure/MPa
Average results of the first level 0.58 0.77 0.70 0.92
Average results of the second level 0.79 0.82 0.78 0.91
Average results of the third level 0.99 0.89 0.90 0.83
Average results of the fourth level 1.07 0.94 0.96 0.77
Range 0.50 0.17 0.26 0.15

wider the coal pillar is, the better the roof integrity is, the
pressure it bears will be reduced, and the stress concentra-
tion in the coal pillar will be reduced accordingly. Different
factors have different effects on the vertical deformation of
the coal pillar dam. With the increase of the inclined length
of working face, coal pillar width, and mining height, the
vertical deformation of the coal pillar dam gradually
increases, and with the increase of water pressure, the verti-
cal deformation of the coal pillar dam gradually decreases,
and this is because under the action of the horizontal water
pressure, a certain horizontal deformation will occur in the
coal pillar, which offsets a part of the vertical deformation,
so that the vertical deformation in the coal pillar gradually
decreases.

4.3. Significance Analysis of Different Influencing Factors.
Perform a range analysis on the orthogonal test results,
and calculate the range based on the average of the index
results corresponding to each factor and level obtained in
Tables 2-4. The calculation results are shown in Tables 2-4.

It can be seen from Table 2 that the range of the four fac-
tors by calculating that influence the development height of
the plastic zone in the coal pillar dam are 7.13, 2.38, 3.88,
and 0.88, respectively, and the sensitivity of the parameters
from large to small is the inclined length of working face,
mining height, the width of coal pillar, and water pressure.
Due to the large range of indicators corresponding to the
inclined length of working face, mining height, and the
width of pillar, it can be judged that the inclined length of

the working face, the mining height, and the width of the
coal pillar are the main factors affecting the development
of the plastic zone of the coal pillar dam. While the range
of the corresponding index of water pressure is relatively
small, it can be considered that water pressure is a secondary
factor affecting the development of the plastic zone of coal
pillar dam.

It can be seen from Table 3 that the range of the four fac-
tors by calculating that influence the maximum vertical
stress of the coal pillar dam is 11.02, 10.53, 3.70, and 2.23,
respectively, and the sensitivity of the parameters from large
to small is the inclined length of working face, the width of
coal pillar, mining height, and water pressure. Due to the
large range of indicators corresponding to the inclined
length of working face and the width of pillar, it can be
judged that the inclined length of the working face is the
main factor affecting the maximum vertical stress of the coal
pillar dam. While the range of the corresponding index of
mining height and water pressure is relatively small, it can
be considered that mining height and water pressure are
the secondary factors affecting the maximum vertical stress
of the coal pillar dam.

It can be seen from Table 4 that the range of the four fac-
tors by calculating that influence the vertical deformation of
the coal pillar dam is 0.50, 0.26, 0.17, and 0.15, respectively,
and the sensitivity of the parameters from large to small is
the inclined length of working face, mining height, the width
of coal pillar, and water pressure. Due to the large range of
indicators corresponding to the inclined length of working
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face and the mining height, it can be judged that the inclined
length of the working face and mining height are the main
factors affecting the vertical deformation of the coal pillar
dam. While the range of the corresponding index of the
width of coal pillar and water pressure is relatively small, it
can be considered that the width of coal pillar and water
pressure are the secondary factors affecting the vertical
deformation of the coal pillar dam.

According to the comprehensive range analysis, the
range of the three indicators corresponding to the
inclined length of the working face is the largest, and it
is larger than the range obtained by the other three fac-
tors. Therefore, it can be judged that the inclined length
of the working face is the main factor affecting deforma-
tion and fracture of coal pillar dam, and the width of coal
pillar, mining height, and water pressure are the second-
ary factors affecting deformation and fracture of coal pil-
lar dam.

5. Conclusions

In this study, the fluid-solid coupling calculation model of
coal pillar dam affected by mining is established. The long-
term immersion of water in coal pillar dam is taken into
account. Then, through systematic analysis of the law of
deformation and fracture evolution and stress distribution
of coal pillar dam under different mining conditions, the
main conclusions are as follows:

(1) The development range and degree of plastic zone,
the maximum principal stress, and deformation of
coal pillar dam increase with the mining process
are affected by the mining of adjacent working face.
The horizontal development range of plastic zone
increases by 23.53%, the maximum vertical stress
increases by 95.78%, and the maximum vertical
deformation increases by 68.18%. The advance of
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working face has the greatest influence on the maxi-
mum vertical stress in coal pillar dam and the smal-
lest influence on the horizontal development range
of plastic zone

(2) The width of coal pillar, inclined length of working
face, mining height, and water pressure all have
great influence on the deformation and failure of
coal pillar dam. The horizontal development range,
the maximum vertical stress, and the maximum
vertical deformation of the plastic zone increase
continuously with the increase of the inclined
length of the working face. The height of plastic
zone and the maximum vertical deformation grad-
ually increase, and the maximum vertical stress
gradually decreases with the increase of coal pillar
width. The horizontal development range, the max-
imum vertical stress, and the maximum vertical
deformation of plastic zone are increasing with
the increase of mining height. The horizontal
development range and the maximum vertical
stress of plastic zone increase, and the maximum
vertical deformation decreases gradually with the
increase of water pressure

(3) The influence of the different factors on the defor-
mation and failure of coal pillar dam is different.
Through the analysis of the range of the simulation
results, it is found that the inclined length of the
working face is the main factor affecting the develop-
ment of the plastic zone of the coal pillar dam, the
width of the coal pillar, and the mining height. The
inclined length of working face and the width of coal
pillar are the main factors affecting the maximum
vertical stress of coal pillar dam. The inclined length
and mining height of working face are the main fac-
tors affecting the maximum vertical deformation of
coal pillar dam
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Rock deformations induced by active faults is an important topic in earthquake studies. Such deformations are usually measured
with crossfault measurements (CFM), which are time-consuming and labor-intensive. In this study, rock deformations induced by
the famous Xianshuihe fault in Xialatuo of China were estimated by groundwater-level monitoring (GLM) and CFM for the
period of January 1, 2016 to December 31, 2018. The pattern of the variations in areal strain estimated with GLM matches that
from CFM well. The estimated strain by the GLM and CFM both changed from positive to negative with time, indicating that
the fault plane switched from tensile to compressive. This indicates that the rate of rock deformation had slowed down during
this period, which is consistent with the long-term creep rates obtained by CEM at the site, implying that the fault may have
gradually entered the next relock state. The estimated strain changes using the GLM method lag slightly behind those of CFM,
which is probably due to the diffusive effects of pore pressure propagation that is caused by the rock deformation under the
crustal stress. This study demonstrates that GLM is a more convenient and efficient addition to traditional geophysical
techniques and raises the possibility for the characterization of continuous rock deformations. The method may be used to
obtain the changing regional strain field with a network of monitoring wells.

1. Introduction

Estimation of rock deformation and ground movement
induced by active faults is an important task in earthquake
studies [1-5]. Several techniques, e.g., satellite- and
ground-based methods, are commonly used in the mea-
surement of the ground displacement at the regional and
local scales. Different measurement methods generally
have different accuracies and resolutions. As a satellite-
based method, GPS observation has been widely used in
previous regional deformation and/or ground movement

studies [1, 6-12]. GPS data can be used to analyze plate
movement with a measurement accuracy of 10® and
regional deformations with a measurement accuracy of
10” [2, 4]. GPS data can be further used to analyze the
creep movement of faults, with its accuracy reaching 10
' [2, 4]. The measurement accuracy is determined by
the density of the GPS monitoring stations. The cost of
building a GPS network is relatively high, especially in
southwestern China where topography varies dramatically.
Consequently, there are fewer GPS observation stations in
this region than in other regions [13, 14]. Therefore, it is
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difficult to accurately estimate local rock deformation and
crustal movement based on the sparseness of the GPS
stations in the southwestern region of China.

As a ground-based method, crossfault measurements
(CFM) are usually carried out with conventional baseline
and leveling arrays, alignment arrays, and trilateration net-
works to provide highly accurate observations for fault
movement in the vertical, orthogonal, and oblique directions
[15]. CFMs are reliable for measuring surface deformation
and have been widely adopted to monitor fault activity [3,
5, 16-18]. The accuracy of this method is 10*-10°m, and
the frequency of measurements can be daily to monthly [3,
19]. However, this method is time-consuming and labor-
intensive and thus may not be an appropriate method for
the analysis of active faults in remote areas, especially if
frequent measurements are needed.

The changes in groundwater level, temperature, and
chemical composition caused by the crustal movements,
which reflect the interaction between tectonic activities and
hydrological systems [20-37]. Such changes can be captured
and observed by the physical and chemical parameters mon-
itoring in the groundwater wells. Groundwater-level moni-
toring (GLM) can be used to obtain rock deformations,
and the accuracy of the strain estimated with GLM can be
as high as 10°-10"" [21, 22], higher than the GPS and
CFM methods mentioned above. Groundwater level oscilla-
tions in the deep well, responding to a pressure disturbance,
can be caused by the earth tide dilatation of the aquifer [25,
28-30, 38, 39]. Responses of groundwater level to earth tides
reflect the pore pressure changes that are closely related to
the changes in crustal stress. Groundwater level monitoring
(GLM) in the fault provides a way to obtain the changes of
the rock properties in response to the fault activity and other
tectonic movements [32, 33]. The hydraulic properties of
fault zones responding to the pore pressure development
are closely related to the fault stability [40-42]. Well water
level responses to earth tides provide an effective method
to monitor continuously in site properties of fault zone [2,
29, 33, 36, 43]. Previous research [44, 45] studied the tec-
tonic stress field of north China using groundwater levels
in deep wells while there is other data to prove the results.
Despite a rich observation history of groundwater level
changes in rock deformation, little is known regarding the
temporal variations of groundwater level tidal response in
rock deformation in regions with active faults [25]; further-
more, less is known whether the estimated deformation
from the groundwater level tidal response is accordant with
that obtained by traditional geophysical measurements, such
as GPS or CFM, mainly because of the high costs of drilling
and instrumenting geophysical facilities.

In short, the groundwater level tidal response might
serve as an additional and economic method of characteriz-
ing the variations in rock deformation in remote areas where
geophysical facilities are rare and continuous measurements
are needed. As is well known, these different measurement
methods have different accuracies and resolutions. Do the
temporal variations of rock deformation estimated with
GLM match those measured continuously by CFM in a
region with an active fault? This question can be answered
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at a site where both GLM and CFM are available. The field
site at the active Xianshuihe fault (XF) zone in southwest
China, built in Xialatuo in 2015 and chosen for this study,
is such a site. The rock deformation induced by the active
fault was estimated by GLM and compared with that mea-
sured by CFM at the site. The results show that the pattern
of the variations in the areal strain estimated with GLM
matches well with that obtained by CEM. This demonstrates
that GLM is a more convenient and economic method of
estimating rock deformation with observed groundwater
levels than CFM. The GLM method may be used to obtain
the changing regional rock deformations and crustal move-
ments with a network of monitoring wells. In the following,
the field site and data collected are described first; then, the
methodology and results and discussion are presented, and
finally, some conclusions are drawn.

2. Field Site and Data Collection

2.1. Field Site. The field site is located in Xialatuo in the east-
ern Tibetan Plateau. This area belongs to the subhumid
climate zone of the Qinghai-Tibet Plateau (Figure 1(a)).
The annual average temperature and annual precipitation
are 7.4°C and 572.5 mm, respectively. The site is situated in
Xjalatuo Basin, which is a pull-apart basin formed by the
left-lateral strike-slip movements of the XF (red lines in
Figure 1(b)). The XF is one of the most tectonically active
intracontinental faults in China, and more than 20 earth-
quakes (M > 6.5) have occurred along this fault since 1700
[41]. Xialatuo Basin is located in the northwest XF, which
strikes NNW-SSE and dips NE at approximately 85°, sur-
rounded by a high mountainous region (Figures 1(b) and
1(e)). The formations in the XF region range from Neopro-
terozoic to Cenozoic, whereas Cretaceous and Jurassic
formations are absent owing to the uplift and denudation
that occurred in this region [46]. The formation outcropping
in the Xialatuo is mainly Triassic, and some Permian forma-
tions also occur. Granite is mainly formed during the
Himalayan tectonic movement. The study area is mainly
covered by Quaternary sediments, which are underlain by
the fractured slate rock of the Triassic, according to the well
log at borehole ZK01 (Figure 1(c)).

2.2. Crossfault Measurements. In this study, CFMs of the XF
(Figure 1(d)) are constructed by baseline and leveling mea-
surements based on trilateral and quadrilateral networks,
which provide an accurate accounting of the deformation
in the area. A closed quadrilateral network of four stations
labeled D, E, F, and G (Figure 1(d)) across the XF was built
in December 2015 for the performance of ground deforma-
tion measurements. These stations form a measured
network that includes six baselines and four leveling lines
(white lines in Figure 1(d)). The baseline measurements of
the changes in distance among the stations can be indicated
by six baselines as in Figure 1(d) (white lines), in which lines
EF and DG are orthogonal to the XF, lines DF and EG are
oblique to the XF, and lines DE and FG are parallel to the
XF. Baselines measurements conducted by Leica TM 50
Monitoring Station with a distance accuracy of 0.6 mm + 1
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FIGURE 1: (a) Location of the study area (modified from Zhang [5]), (b) hydrogeological map of the study area (Q, and Q, represent the
quaternary, P is the Permian, and T,, T,, and T represent the Lower, Middle, and Upper layers of Triassic, respectively), (c) the
simplified diagram about the lithology of ZKO01, (d) ZKO01, and the site of the crossfault measurements of XF ((1) strike-slip fault; (2)
reverse fault and its dip direction; (3) normal fault and its dip direction; (4) Upper Triassic; (5) sea; (6) plate/block movement relative to
Eurasia Plate; (7) town; (8) quaternary sediment; (9) road; and (10) D, E, F, and G are the crossfault geodetic measuring stations), and
(e) the cross-section map of I in Figure 1(b) ((11) Upper Triassic, (12) Middle Triassic, (13) alluvium of the Upper Pleistocene—
Holecene, (14) Lower Triassic, (15) bedrock fractured zone, and (16) fault) (modified from Zhang [47]).

ppm (Leica Geosystems) are used to measure the horizontal
displacements of the XF. Leveling measurements conducted
by Leica DNAO03 Digital Level Surveying with a distance
accuracy of 0.3mm (Leica Geosystems) are carried out to
quantify the vertical displacement of the XF. Note that both
F and G are located on the hanging wall block of the XF,
while both D and E are located on the footwall block.
Leveling measurements among the four stations (D, E, F,
and G) were conducted daily from January 1, 2016 to
December 31, 2018. The elevation variations of station D rel-
ative to station E and station F relative to station G were
defined as hpy and hp, respectively. A total of 1095 pairs
of hpp and hp; were obtained. The leveling change of the

hanging wall relative to the footwall of XF was defined as
hpg_pg =hpg — hpp, and the temporal variation of hpp_pg
is presented in Figure 2(a), which shows that the hanging
wall block was uplifted relative to the footwall block during
the measurement period. Specifically, this uplift (decrease
in slope of hpp_p; with time is not shown in the paper)
decreased from January of 2016 to December of 2018, and
several factors, such as atmospheric pressure, earth tides,
were responsible for producing the annual variations in
hpg_pe (Figure 2(a)). The baseline measurements among
the four stations (D, E, F, and G) were conducted every 5
(from January of 2016 to December of 2017) or 10 days
(from January of 2017 to December of 2018) during the
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FIGURE 2: (a) Leveling records and (b) baseline records of the crossfault measurements from 2016/01/01 to 2018/12/31.

same period as the leveling measurements. The baseline
changes between stations D and F, F and G, and D and G
were defined as dpp, dpg, and dp, respectively. A total of
144 groups data were obtained, and the temporal variations
of dpp, dpg, and dp; are displayed in Figure 2(b).

Specifically, the minus sign describes the fact that dp
and dp; generally decrease relative to the displacements on
January 1, 2016, meaning that the displacement between D
and G and F and G continued to decrease during the mea-
surement period. The plus sign means that dp; increases
relative to the displacements on January 1, 2016, indicating
that the displacement between stations D and F continued
to increase during the measurement period. This showed
that the deformation tends to be compressed along the
orthogonal direction of XF, while the deformation along
the strike of XF is stretched.

2.3. Observed Groundwater Levels. A monitoring well
(ZK01) was installed near the centre of the site at E100°45'
7.28" and N31°17'34.18" (Figure 1(d)), and the ground ele-
vation was 3140 m. The well is about 200 m deep and open
to the aquifers at depths from 110 to 128 m and 145 to
173 m (Figure 1(d)). It was drilled approximately 15m north
of the XF, intersecting the fault at a depth of approximately
95m (Figure 1(c)). The well is open to fluid flow in the for-
mation below 110m and provides a unique opportunity to

directly measure the fault activities over time. The water
table was 14-17m below the ground. Daily precipitations
(Figure 3(a)) were recorded by the local meteorological sta-
tion approximately several hundred meters away from the
well. The groundwater levels (Figure 3(b)) were observed
using the Diver logger with the accuracy of +0.5cmH,O
from January 1, 2016 to December 31, 2018 with 15min
sample interval. To evaluate the effects of the barometric
pressure on groundwater levels (Figure 3(c)), the barometric
pressure was observed by a Baro Diver logger with the accu-
racy of £0.06 cmH,O during the same period.

In the end of 2017, a new Diver logger was deployed to
measure pressure 6.5m higher than the old one
(Figure 3(c)). The logger recorded the barometric pressures
was temporarily jammed; so, there were no recorded baro-
metric pressure fluctuations during two periods; otherwise,
the time series are uninterrupted for three years period
(Figure 3(b)). One mysterious feature of the data is the
change of water pressure that occurred during April-July
2017. These water pressure abnormal fluctuations were not
related to any local earthquakes, quarry blast events, or sur-
face hydrological events according to the local investigations.
The cause of these water pressure fluctuations was not clear,
which requires further and more data to evaluate. Therefore,
the study of these abnormal fluctuations is beyond the scope
of this paper. The tidal response analysis pursued here
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FIGURE 3: (a) Daily precipitation, (b) hourly barometric pressure, (c) hourly ground-water levels of ZK01, and (d) enlarged view of water
pressure showing that water pressure recorded by the Diver logger are not affected by local precipitation.

focused on a specific harmonic and is therefore unaffected
by these abnormal fluctuations and the resulting errors dis-
played by the error bars of the tidal analysis (Figure 4).
The water pressure fluctuates in a seasonal pattern, such
that it increases from March to October and decreases after
October. Furthermore, the water pressure does not respond
to local precipitation (Figure 3(d)). This is demonstrated
by the fact that if local precipitation recharged an aquifer,
one would expect an increase in the water pressure with
increasing local precipitation, rather than the uncorrelated
patterns shown in Figure 3(d). Thus, the annual change in
the water pressure in the well is likely due to the distant sea-
sonal recharge (well located in the basin that is surrounded
by mountainous region) [48]. The water pressure data were
resampled to hourly intervals for tidal analysis, revealing
that the water level in the well recorded a clear tidal signal

and showed a strong response to earth tides (Figure 3(c)
and Figure 5(a)).

3. Methodology

3.1. Tidal Analysis. The main work of tidal analysis is to esti-
mate the tidal factors and phase shifts of the measured
groundwater levels. The tidal factor is defined as the ratio
of amplitudes of the groundwater levels induced by earth
tides to that of the theoretical earth tides, and the phase shift
is defined as the time lag between earth tides and water level,
which is caused by the time required for water to flow into
and out of the well. Both the tidal factor and phase shift
are commonly used to represent responses of aquifer sys-
tems to earth tides. Variations in both the tidal factor and
phase shift imply changes of aquifer parameters and/or force
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FIGURE 5: (a) The detrended water level time series showing the response of the water level to Earth tides and (b) normalized fast Fourier
transform spectrum analysis of the measured groundwater levels.

sources. In this study, the tidal signals were extracted from  retical values of different tidal components, respectively, A,,
the groundwater level using Baytap08, a modified version  and B,, are the tidal constants, d; is the long-term trend;
of the Bayesian Analysis Program-Grouping Model program  yX '3 x. , is the local barometric response component in
(BAYTAP-G), which is a popular software package for tidal  yhich b, is the response coefficient, x, ; is the observed
analysis [31, 33, 35, 49-51]. Baytap08 assumes that a signal ~ barometric pressure, K is the lag time between the ground-
y; can be decomposed into the following parts: water level response and barometric pressure, and ¢; is the
noise. This software package incorporates a Bayesian inver-

K sion process that allows the parameters A, and B, to be

(ApCoi + BpSpi) +di + Z bixik+es (1) evaluated by minimising Akaike’s Bayesian Information Cri-

m=1 k=0 terion, which is formulated by Equation (1).

Several possible causes of water level fluctuation in the
where Y2 (A,,C,; + B,,S,;) is the tidal component, M is  well include periodic effects of the earth tides, the barometric
the number of tidal waves in the tidal group, C,; andS,;  tide, ocean tidal loading and seismic waves and aperiodic
are the summation of the cosine and sine parts of the theo-  effects related to seasonal aquifer recharge or discharge,

M=

Yi=
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and pumping from nearby wells [31, 37, 52]. The observa-
tion well in this study are situated where the effects of ocean
tidal loading and pumping can be neglected. The impacts of
seismic waves can also be neglected as their periods (0.1-
100s) are much shorter than that of the earth tide. The
barometric pressure includes periodic and aperiodic signals
accounting for approximately 10% of the total tidal signals
[53], which was eliminated by Baytap08 as well. If the aqui-
fer is imperfectly confined, rainfall can contribute to
aperiodic water level changes.

The periodic and aperiodic fluctuations, which are
evident on the records in Figure 3, can be separated by
well-known tidal harmonic analysis method of Baytap08.
This method requires at least 28-day tide record [53]. The
tidal factors and phase shifts of the constituents of the well
tide were obtained from harmonic analyses of the periodic
fluctuations. Some features of the spectrum of tidal har-
monic constituents are revealed by the normalized fast
Fourier transform spectrum analysis of the periodic water
pressure data (Figure 5(b)). Note that the earth tides include
386 tidal groups with different periods [54]. The O,, Ky, M ,,
S,, and N, tides account for 95% of all earth tides, and M , is
more stable with a larger amplitude and is less disturbed by
external perturbations [38, 53]. Therefore, M, has been
widely used in the tidal analysis for aquifer system in previ-
ous studies [31, 34, 37, 48, 52, 55-57]. The M, tide is also
adopted for the tidal analysis in this study, and responses
of the groundwater level to the M, tide are very distinct from
the normalized fast Fourier transform spectrum analysis
(Figure 5(b)). In the analysis of the observed period, a time
interval of 720 hour (30 days) with a sliding window of a
half-month (15 days) was adopted to extract the various
tidal parameters in a full time series and obtained time-
dependent tidal parameters, such as the tidal factors, phase
shifts, and amplitudes of the tidal constituents, from the
output of Baytap08. The average value of the tidal factor
was used in the subsequent calculation. Both the M, phase
shift and tidal amplitude are at least twice as large as their
root mean square error (RMSE), which were presented in
Figure 6.

3.2. Estimations of Areal Strains Using GLM. For a confined
aquifer, the period of earth tide is much shorter than that
of discharge or recharge of the aquifer, and the fluctua-
tions of the groundwater level caused by the dilatations
or contractions of the aquifer can be approximated as
being done under the undrained condition [35, 37,
57-59]. Strictly speaking, it is ideal that an aquifer is
completely confined, and an aquifer in fact is generally
the combination of confined and unconfined state. In this
study, we just focus on the ideal case. In such a case, the
relationship between the groundwater level in the deep
well and volumetric strain induced by the dilation or
contraction of the aquifer can be described by the
following equation [21, 58, 60].

where & is the tidal factor (mm/107%), which represents
the variation of water levels (L) per volumetric strain of
107%, and it can be obtained directly from the tidal analy-
sis of Baytap08, ¢, is the volumetric strain of the aquifer
(-), and AH is the changes of groundwater levels in the
well (L). Based on Equation (2), the volumetric strain
can be calculated using the tidal factors and the change
of the groundwater level.

The areal strain and volumetric strain model were set up
under the plane stress (o,, 0,) based on the Evertson theory
[61] and later improved by Pan [62] and Zhang [63, 64]
under the condition of the shallow crust, ¢, = (2k — u)(0,
+0,)/E; (is the elastic modulus of rock) and ¢, = 2k(o; +
0,)/E;. Therefore, the relationship between the areal strain
and volumetric strain in the shallow crust of the earth can
be written as

e, = 0, ()

where ¢, is the areal strain, and y is the Poisson ratio of the
host rock. The typical value of the drained Poisson ratio of
rocks is approximately 0.25, which was widely adopted in
previous studies [52, 65, 66]. Therefore, this typical value is
adopted in this study. Meanwhile, k is the ratio of the areal
strain of the inner wall of the strain instrument probe to that
of the borehole rock and is usually equal to 1, inferred from
the elastic modulus of rock [61, 63, 64].

3.3. Elimination of Annual Periodic Variation from Baseline
Measurements. The CFM is a geodetic measurement that
conducted on the ground surface, which are sensitive to a
variety of surface noises like anthropogenic and natural fac-
tors [67-69]. Effect of human activities on the measurements
can be negligible because there are no any human activities
like pumping or large buildings constructing in the site.
Therefore, only the effect of natural noises like temperature,
barometric pressure, and solid tidal effect influences the
CFM [4, 70]. The baseline measurements among the four
stations (D, E, F, and G) were conducted every 5 (from Jan-
uary of 2016 to December of 2017) or 10 days (from January
of 2017 to December of 2018) from January 1, 2016 to
December 31, 2018; thus, we just focus on the elimination
of annual periodic variations rather than the daily variations
in this study.

For the annual periodic variation caused by the nontec-
tonic movements during the crossfault measurements, the
generalized analysis shows that it is a combined result of sev-
eral factors like temperature, barometric pressure, and solid
earth tides that results from the rotation of the earth around
the sun [63, 64, 67]. In order to extract the annual periodic
variation of baselines from CFM, Empirical Mode Decom-
position (EMD) is applied. The raw data is decomposed into
different group data with different frequencies by EMD, and
the data with frequency of one year can be extracted from
the raw data. EMD, a very powerful and efficient tool for
the analysis of nonstationary and nonlinear time series data
[71], has been widely used for different geophysical data
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analyses, such as seismic waves [72, 73], river tides [74], and
oceanic waves [75, 76].

If a real signal X,.,;(f) is contaminated by a noise n(t),
then the raw measured signal X, (¢) =X, (¢) + n(t). The
shifting process first determines the mean m,(t) = U(t) + L
(t)/2, where U(t) and L(t) are the upper and lower enve-
lopes of X, (¢), obtained from a cubic spline function
fitting. Subtracting m; (¢) from X, (¢) yields the first intrin-
sic mode function (IMF) component h, (¢) = X, () — m,(t),
and the shifting process needs to be iterated several times
using the equation hy(t) =hy(_y)(t) —my(t), where k
denotes the number of iterations until C;;(¢) = h,;(t) which
satisfies the definition of IMF. The function C,(¢) is the first
IMF with the highest instantaneous frequency and can be
separated from X, (¢) by R, (t) = X, (t) — C, (¢). The shift-
ing process is again conducted on the residual R,(¢) to
extract the second IMF. This process is continued until
either the residual is a constant value or it becomes a mono-
tonic function. Finally, X (t)=YN C,(t) + Ry(t) where
Ry (¢) is the trend function, # is the number of IMFs, and
C,(t) is the i"™ IMF. The decomposed IMFs are orthogonal
to one another and thus can be used as the basis to represent
the raw measured signal. From the above, a time series of the
baseline measurements data X,,,(¢) can be decomposed into
different groups with different frequencies.

Because of the observation periods of baseline measure-
ments are not the same, the baseline measurements were
conducted every 5 days from January of 2016 to December
of 2017 and every 10 days from January of 2017 to Decem-
ber of 2018. Thus, the first thing for the raw data before
decomposed by EMD is to preprocess the raw data with
the three spline interpolation to obtain a value of the base-
line measurements every 5 days. Annual periodic variations
(the red star line shown in Figure 6) of baseline DF, DG, and
FG extracted from EMD are eliminated from the raw data

(the solid line shown in Figure 6). The standard deviations
(STD) of the residuals between the raw data and the residual
data (the dotted line shown in Figure 6) without the annual
periodic variations are 0.2668, 0.2321, and 0.2154, respec-
tively. The residual data without the annual periodic
variations are applied to estimate the areal strain.

The effect of hydrological processes with period ranges
from a few days to annual period on the rock deformation.
The original raw data is probably the most reliable if inter-
ference information like the hydrological processes for the
strain is excluded with significant uncertainties; thus, in this
study, we did not exclude the effect of hydrological processes
caused by precipitations on the strain estimated by both
groundwater level monitoring and crossfault measurements.
Therefore, the study of hydrological processes caused by pre-
cipitations on the rock deformation is the next research plan,
which is beyond the scope of this paper.

3.4. Estimations of Areal Strains Using CFM. Deformation in
a local place can be conventionally obtained by CFM, a
method proposed by Jaeger [77] that calculates the main
strain, shear strain, and areal strain from variations of the
baseline lengths in two or more measurements:

AS €. .+¢ E.—E&
— =X 74 7Y ocos 2a+@sin 2a, (4)
S 2 2

where S is the baseline length, i.e., the distance between two
observation stations (L), AS is the variations of baseline
length relative to that at the beginning of the measurement,
i.e,, change in the distance between two stations (L), ¢, is the
strain in the direction parallel to the strike of the fault, ¢, is
the strain in the direction perpendicular to the fault, Vyy i

the shear strain, and « is the angle between the baseline
and the fault. Angles between the DF, DG, and FG baselines
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and the fault are oy =35.6°, a, =89.65°, and «; =3.02°,
respectively. The strains can be obtained by

[ ASy

1+cos2a; 1-cos2a; sin2a;
Sox 2 2 2 e,
ASpy | _ | 1+cos2a, 1-cos2a, sin2a, .
Sz 2 2 2 y
ASys 1+cos2a; 1-cos2a; sin2a, Viy
| Sy | 2 2 2

And the areal strain ¢, can be obtained by

g, =€, te, (6)

In order to help readers better understand the analysis
steps, a flowchart shown in Figure 7 showing the connection
of different physical processes.

4. Results and Discussion

Both tidal factors (Figure 4(a)) and phase shifts (Figure 4(b))
are time-dependent parameters, and they range from 0.1255
t0 0.3681 and 12.181° to 64.411°, respectively. The blue error
bars indicate the RMSE of the tidal analysis. Theoretically,
the periodical fluctuations of the tidal factor and phase shift
are mainly caused by the elastic deformation of an aquifer
forced by the earth tides [78]. In this study, the abnormal
jumps in both tidal factors and phase shifts are consistent
with the abnormal fluctuations in the observed groundwater
level during the April-July 2017. Specifically, the tidal factors
and phase shifts changed little with time except those from
April to July 2017, in which the abnormal groundwater level
fluctuations result from some reasons that require further
and more data to evaluate. Therefore, a large RMSE resulted
for both the phase shifts and tidal factors during the time.
According to Hsieh’s model, a single, homogeneous, iso-
tropic, laterally extensive, and confined aquifer in which the

water table drainage effect is negligible, and the phase shifts
should be negative [34, 59, 79]. However, if the phase shifts
are positive which may be caused by the vertical drainage of
the water table and the aquifer is unconfined [39, 80], some-
times, the phase shift of an aquifer can be switched from
negative to positive under strong ground movements, such
as earthquakes, the water table drainage happened through
the reopening of vertical fractures during earthquakes, and
the water table drainage is ignored as vertical fractures
resealed over time after earthquakes [2, 29, 34]. As shown
in Figure 4(b), the phase shifts in this study are positive,
indicating that the connection between the aquifer and the
water table is strong, and the vertical drainage of the water
table cannot be ignored. It seems like that ZKO1 is an uncon-
fined aquifer, and the connection with water table is
important, which will be discussed further later.

The temporal variation of the areal strain estimated with
the GLM method is presented in Figure 8 (the green stars). It
should be noted that the estimated strain was defined as the
relative strain, which is calculated with respect to the refer-
ence of the strain on January 1, 2016. Positive strain means
that the rock becomes tensile with respect to the reference,
and negative strain means that the rock becomes compres-
sive with respect to the reference. The strain was positive
in the early time and then became negative after June 1,
2016, and the slope of the linear regression analysis is nega-
tive (not shown in the article), meaning that the rock around
the well switched from tensile to compressive state relative to
the reference, resulting from the local crustal stress redistri-
bution under the crustal movement. Figure 8 shows that the
estimated areal strain significantly oscillated over time,
which may be induced by the dynamic responses of the
groundwater level to the crust movement and precipitation
infiltrations, similar oscillations also exist in the strain
estimated by the CFM method.

The temporal variation of the estimated areal strain cal-
culated by the CFM method was also presented in Figure 8
(solid curve with blue dots). The strain, similar to that by
the GLM method, also was the relative strain with respect
to the reference on January 1, 2016. It shows that the areal
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strain estimated by the CFM method was positive early and
became negative after April 1, 2016, and the slope of the lin-
ear regression analysis is negative (not shown in the article),
meaning that the rock switched from tensile to compressive
state relative to the reference as time progressed. The areal
strain fluctuated dramatically over time as well. The reason
is the same as that of the estimated strain using the GLM
method mentioned above.

Comparison of the areal strains estimated by different
methods in the study area during the period of January 1,
2016 to December 31, 2018 was shown in Figure 8. It shows
that the pattern of the strain variations estimated by the
GLM method matches well with that obtained by the CFM
method. The fluctuations of the areal strain during the
period of January 1, 2016 to December 31, 2016 are weaker
than those during the period of January 1, 2017 to December
31, 2018, which is probably caused by the precipitation load-
ing in the rainy season, i.e., the precipitation of 2016, 2017,
and 2018 was 508 mm, 572 mm, and 800 mm, respectively,
and rain falls mainly in the rainy season. Although with dif-
ferent maximum areal strain values, the interannual
variation of the estimated strain appeared near January
2016, January 2017, and January 2018 is apparently. This
interannual characteristic of the estimated strain occurs in
both methods, which is likely caused by annual infiltration
loading [48]. The temporal variations in the estimated
strains using both GLM and CFM method show that XF
switched from tensile to compressive state relative to the ref-
erence on January 1, 2016, owing to the areal strain changed
from positive to negative with time relative to the reference
on January 1, 2016.

The long-term creep rates of the site with CFM were
measured by the Survey Engineering Institute of Sichuan
Earthquake Administration (SEISEA) (Figure 9). The creep
rate is negative in the vertical direction of XF (blue line with
diamonds) and decreases quickly before 1992; then, it
decreases slowly in the remaining period of the measure-
ments. The creep rate that oblique with XF (red line with
squares) was positive and approximately constant before
2015, then decreased significantly, and became negative after

2016. The creep rate that orthogonal to XF (green line with
triangles) has decreased significantly after 1980. The tempo-
ral variations of the creep rates in the three directions
implied that the left-lateral creep rate of XF at this segment
has decreased gradually since 1980.

For the period of this study, specifically, the creep rate
that obliques with XF (red line with squares) is negative with
respect to the reference of the creep rate on January 1, 2016,
owing to the creep rate in the opposite direction kept
increasing since 2016. It illustrates that XF changed from
the stretched state (before 2016) to the compressed state
(after 2016) in the direction that oblique with XF with
respect to the state on January 1, 2016. Besides, the creep
rate that orthogonal to XF (green line with triangles) is also
negative relative to the creep rate on January 1, 2016, owing
to the creep rate that orthogonal to XF kept decreasing since
1980s. It also illustrates that the fault had a tendency from
the stretched state to the compressed state in the direction
that orthogonal to XF with respect to the state on January
1, 2016. The vertical creep rate of XF also decreased gradu-
ally since 1980s. Above all, it can be concluded that the fault
has tended to the compressed state from the stretched state.

Moreover, previous studies on XF [5, 68, 81] have indi-
cated that the fault at this segment behaved as tensional
creeping in the first few years following the 1973 Luhuo
earthquake; however, the creep rate has slowed down since
1980, speculating that the fault has gradually entered the
relock state (a state in the seismic cycle described from Du
et al., 2010) before the next earthquake happen. This defor-
mation pattern is consistent with the areal strain state of the
study area using both GLM and CEM, proving the reliability
of the estimated strain in this study.

It is recognized that there are some discrepancies in the
estimated strains using the two methods. First, the magni-
tude of the estimated strain using the CFM method is
smaller than that of the GLM method. The reason is that
the estimated strain using the CFM method mainly repre-
sents the ground deformation, whereas the estimated strain
using the GLM method mainly represents the rock deforma-
tion at a depth of 200m. Second, the strain changes
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estimated by the GLM method lag slightly behind that of the
CFM method. This lag is probably owing to the diffusive
effects of pore pressure propagation caused by the rock
deformation under crustal stress. Besides, the CFM method
only considers the surface rock deformation. Thus the
change of the strain estimated using CFM is a little earlier
than that obtained by GLM. A comparison of the two
methods indicates that the readily available groundwater
level monitoring data provide a convenient and economic
tool to investigate the rock deformation. The GLM method
can be used to obtain the regional strain field or crustal
movement with a network of monitoring wells, which is
the next study we intend to conduct.

5. Conclusions

In this study, rock deformation at the Xianshuihe fault in
Xialatuo, China, was estimated using GLM and compared
with that of using CFM. Groundwater levels were measured
with two dataloggers in a monitoring well installed in the
center of the study area from Jan 1, 2016 to Dec 31, 2018.
The baseline and leveling measurements have been
conducted in this study area since 1980s. The main
conclusions were drawn from this study as follows.

(1) The pattern of the areal strain variations estimated
using the GLM method matches well with that
obtained by the CFM method

(2) The strains estimated by the GLM and the CFM
method both changed from positive to negative,
indicating that the fault switched from tensile to
compressive, which is consistent with the long-term
creep rates measurements of the fault

(3) The strain estimated by the GLM method lag slightly
behind that of the CFM method, which is probably
owing to the diffusive effects of pore pressure propa-
gation caused by rock deformations under the
crustal stress
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(4) GLM is an additional method that is effective at
characterizing variations in rock deformation in
remote areas where geophysical facilities are rare
while continuous measurements are needed
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Solid waste backfill mining can effectively deal with gangue and other mining wastes, as well as control the movement and damage
of rock strata. In this paper, the RFPAP rock failure process analysis software is used to study the fracture evolution and seepage
response mechanism of the key aquiclude strata (KAS) under the conditions of different structural characteristics, interlayer rock
thickness, and backfilling ratios in backfill mining. The simulation results show that, in backfill mining, soft rock plays a crucial
role in the fracture repair of KAS with different structural characteristics. An increase in the KAS thickness from 15 to 35m is
shown to results in a continuously improved repair of KAS fractures. At the advancing distance of the working face of
50~100m and the KAS thickness of 35m, the minimum vertical seepage velocity of (0.06-0.78) x 107> m/s is reached. An
increase in the backfilling ratio from 45 to 80% improves the control effect on the overlying strata. A case study of backfill
mining in the Wugou Coal Mine located in the Anhui Province of China was conducted. At the goaf backfilling ratio of 80%,
the composite KAS’s good control effect was achieved, which minimized seepage and avoided the water in rush phenomena.

The above engineering application ensured the safe backfill mining of coal resources.

1. Introduction

The global demand for green energy is related to the inevita-
ble exhaustion of fossil fuels and increasing concern about
the environment and air quality. China has also increased
the direct use of renewables via wind and bioenergy for
industry needs, solar thermal energy for heating, and bio-
fuels for transport. However, the current share of coal in
China’s total power generation still exceeds 50% and is not
expected to drop below 40% by 2040 [1]. China’s demand
for coal resources was about 3.55 billion tons in 2019, and
further coal production envisages this sector restructuring,
making most mines profitable and closing the least efficient
mines [2].

Safe underground coal mining became increasingly chal-
lenging due to the complex hydrogeological conditions of

numerous coal mines in China [3]. In the last seventy years,
many coal resources under water bodies have been success-
fully mined out. However, most mining areas adopted
waterproof coal pillar reservation methods, strip mining,
thickness limiting mining, and drainage pressure reduction
for coal mining under water bodies, which resulted in a
large-scale waste of coal and water resources [4-6]. Accord-
ing to statistics, in Northern and Eastern China, mining
coal-bearing strata, which are affected by confined aquifers,
has sterilized over five billion tons of coal in waterproof coal
pillars. In the past 20 years, there have been more than 800
water inrush disasters in mines, causing more than 4,000
deaths [7, 8]. These facts necessitate selecting a reasonable
mining method for areas with aquifers, improving the coal
recovery rate, ensuring production safety, and protecting
water resources.


https://orcid.org/0000-0003-0318-766X
https://orcid.org/0000-0002-7264-8004
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8416485

As a typical example of green mining technology, solid
backfill mining (SBM) has been successfully applied to coal
mining below large rivers, aquifers, and other water bodies
[9, 10]. The theoretical research and field measurement
results related to this technology show that under the cou-
pling effect of the backfill body and surrounding rock, the
development height of the water-conducting fractured zone
(HWFZ) in the overlying strata can be limited, and the sur-
rounding rock fractures readily compacted and closed. This
greatly reduces the water inrush risk, improves the coal
recovery rate, and protects water resources. SBM technology
has become one of the important measures to realize water
conservation mining, groundwater environment protection,
and premining water table maintenance in green mines
[11, 12]. However, theoretical research efforts of the global
scientific community on safe mining, such as caving and
backfill mining, under surface water bodies and aquifers,
are mostly focused on controlling the development height
of overburden water diversion fracture zone, HWFZ, which
should not reach the water body and aquifer [13, 14]. The
seepage and water inrush problem, influenced by the litho-
logic structure and the water isolation performance of each
coal measure strata, has received much less attention.

To this end, the fracture evolution and seepage response
mechanism of the key aquiclude strata (KAS) under condi-
tions of different structural parameters, geologic characteris-
tics, and backfilling ratios (backfilling materials’ compaction
bearing ratio in goaf) [15] in SBM mining are numerically
simulated in this study using the RFPA®" rock failure pro-
cess analysis software. This paper investigates the effect of
different geological structural parameters and multilayer
characteristics of KAS on repairing damage caused by min-
ing to overlying strata and the related vertical seepage veloc-
ity. Field measurements verify the simulation results
obtained. The positive control effect of the composite KAS
on the mitigation of excessive seepage and water inrush is
demonstrated. The adopted method ensured safety for the
SBM method and provided a reference for engineering
applications under similar conditions.

2. Numerical Simulation Model and Scheme

2.1. Numerical Simulation Model. The rock failure process
analysis (RFPA) is mainly used for numerical simulations
of rock fracture progression. RFPA is a numerical analysis
tool and calculation method based on finite element stress
analysis and modeled statistical damage interpretation.
RFPA fully considers the characteristics of nonlinearity,
nonuniformity, and anisotropy in progressive fracturing
and the potential failure of rock. In this software, the hetero-
geneity of rock material is fully considered, and complex
macrononlinear mechanical problems are transformed into
simple continuous media problems. At the same time, the
effect and change of the coupling of stress, damage, and
seepage resulting from the interaction between existing and
newly initiated cracks are considered [16-20]. Therefore,
the mining rock mass’s failure principle and failure process
align with the actual site situation. The RFPA mainly
includes static, dynamic, combined dynamic and static,
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seepage, temperature, and multifield coupling analyses
[21-24]. The basic principle of the REPA*" flow coupling
module is based on the following assumptions.

(a) The seepage process in rock satisfies the Biot consol-
idation theory:

Equilibrium equation:

do;

V4 pX.=0(i,j=1,2,3). 1
axl_j+p] (irj ) (1)

Geometric equation:

1
&= 3 (.”i,j + ﬂj,i) €, =& T &y t+&;. (2)

Constitutive equation:

0;;=0;— ocp8ij = )Loijsv +2Ge;;. (3)

Seepage equation:

1dp O
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where p is density; 0;; is stress tensor; €, is volume strain; 8 is
Kronecker constant; Q is Biot constant; G is shear modulus;
A is Lame coefficient; and V? is Laplace operator.

(b) The mesoelement in rock is elastic and brittle and
has a certain residual strength, while its mechanical
behavior conforms to the elastic damage theory.
The maximum tensile strength and the Mohr-
Coulomb criteria are taken as the threshold condi-
tions of damage; that is, when the element satisfies
both the maximum tensile stress-strain and the
Mohr-Coulomb criteria, the initial damage occurs

(c) The rock structure is nonuniform. The damage
parameters of the mesounit are assigned according
to the Weibull distribution. The nonuniform Wei-
bull distribution function and integral are derived
as follows:

n-1
o(E)= L <£> o BB,
EO EO

e n-1
¢(E) = J o(x)dx = J n (E) e EEn L gy = 1 — e (BB
0 o | Eo \Eo

where E and E,, are the elastic modulus and the statistically
average value of the mesounit of the rock medium, respec-
tively, n is the homogeneity (smaller values of n correspond
to more dispersed material properties), and ¢ (E) is the sta-
tistical distribution density.
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TaBLE 1: The model geometry, physical, and mechanical parameters of overlying strata.

Litholo Elastic modulus,  Poisson’s Cohesion, Internal friction Density, Permeability coefficient, x10° Porosi
gy GPa ratio MPa angle, ° kN-m™ “m-st ty

Overlying 8.5 0.28 45 32.0 24.0 0.20 0.10

strata

Aquifer 22.0 0.25 8.0 34.0 26.0 11.57 0.25

Mudstone 6.7 0.32 2.7 24.0 22.0 0.05 0.01

Siltstone 16.3 0.28 8.8 359 24.0 0.12 0.12

Fine 20.1 0.26 142 36.7 26.0 0.14 0.15

sandstone

Immediate 7.2 0.32 35 28.0 220 0.08 0.05

roof

Coal seam 55 0.30 2.5 26.0 14.0 0.30 0.20

Floor 25.0 0.25 12.0 32.0 25.0 0.15 0.02

(d) The relationship between permeability and stress-
strain function is satisfied in the elastic state of the
mesounit, and the permeability increases obviously
after damage and fracture. The equation linking the
stress 0; and permeability coefficient K of the model

has the following form:

K = EK, exp [—/3 ("3’ - p)} (6)

where K and K, are the permeability coefficient and its ini-
tial value, respectively; p is the pore water pressure; & is the
sudden jump rate of permeability coefficient, « is the pore
water pressure coefficient, and f8 is the stress-sensitive factor.

The effective stress and damage variables influence ele-
ment’s permeability variation, while its permeability also
affects the stress distribution through the water pressure var-
iation. Thus, the element stress and seepage fields are
coupled. Based on the particular geological conditions of
the Wugou Coal Mine mining face located in the north of
Anhui Province, China, a basic 2D mechanical simplified
model with length x height of 180 m x 80 m was established
along the coal seam strike. The numerical simulation was
selected to study the fracture evolution characteristics and
seepage distribution law under the different influencing fac-
tors of the structural geology parameters, interlayer rock
thickness, and KAS’s backfilling ratios. The horizontal and
vertical displacement constraints were applied to both sides
and the bottom of the model. The model’s upper surface
applied the equivalent crustal stress uniform load of
5.75 MPa (corresponding to a buried depth of 300 m). The
thickness of the model aquifer was 15m. The water head
boundary of 200 m was applied to both sides of the aquifer,
while the remaining boundary was set as a water separation
boundary. The mining area boundary was set as a zero-water
head boundary. The numerical model was subdivided into
22,500 units in total. The revised Mohr-Coulomb model
was used for the rock material within the framework of the
plane strain simplified model. Physical and mechanical

parameters, as well as seepage characteristics of the rock,
are listed in Table 1.

2.2. Numerical Simulation Scheme. The analysis revealed
that structural parameters, interlayer rock thickness, and
backfilling ratios in the goaf were the key factors influencing
the KAS control effect in the backfill mining under the aqui-
fer. Using the REPA" software, the effect of the above three
influencing factors on the KAS water-holding performance
in the backfill mining control was analyzed. A total of three
schemes and ten groups of numerical models were designed
(as shown in Table 2).

2.2.1. Scheme 1. Under the condition of backfilling ratio 65%
and distance of 20 m between the coal seam and aquifer, the
fracture evolution characteristics and seepage response of
the KAS with four different structural features, namely,
single-layer soft rock (mudstone), single-layer hard rock
(fine sandstone), double-layer soft/hard composite KAS
(mudstone and fine sandstone), and four-layer soft/hard
composite KAS (mudstone, siltstone, mudstone, and fine
sandstone), were analyzed. The distribution patterns used
in the numerical simulation of the respective schemes are
depicted in Figure 1.

2.3. Scheme 2. The mining geological conditions of the work-
ing face in the Wugou Coal Mine were combined with the
three-layer composite KAS’s occurrence characteristics com-
posed of mudstone, siltstone, and fine sandstone. Fractures
of the composite KAS were analyzed under the condition
that the working face was 15, 25, and 35 m below the aquifer,
and the backfilling ratio was 65%. For scheme 2, the evolu-
tion characteristics and seepage response distributions were
derived via the numerical simulation for the respective
schemes depicted in Figures 2(a), 2(c), and 2(d).

2.3.1. Scheme 3. Scheme 3 was used to analyze the fracture
evolution characteristics and seepage distribution rules of
the three-layer composite KAS composed of mudstone, silt-
stone, and fine sandstone during the mining process. The
working face was 21.8 m below the overlying aquifer, while
the goaf backfilling ratios were 45%, 65%, and 80%,
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TaBLE 2: Numerical simulation schemes and parameters.
Scheme no. Lithology and parameters of KAS Backfilling ratio, % Interlayer rock thickness, m
Mudstone 18 m
Fine sandstone 16 m
1 65 20
Mudstone 9 m, fine sandstone 9 m
Mudstone 5 m, siltstone 5 m, mudstone 5 m, fine sandstone 5m
Mudstone 5.8 m, siltstone 1.3 m, fine sandstone 5.4 m 15
2 Mudstone 10.5 m, siltstone 4.4 m, fine sandstone 7.6 m 65 25
Mudstone 15.2 m, siltstone 7.5 m, fine sandstone 9.8 m 35
Mudstone 8.8 m, siltstone 3.4 m, fine sandstone 7.1 m 45
3 Mudstone 8.8 m, siltstone 3.4 m, fine sandstone 7.1 m 65 21.8
Mudstone 8.8 m, siltstone 3.4 m, fine sandstone 7.1 m 80
P =575MPa P =575MPa
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FIGURE 1: Numerical simulation model of KAS with different structural features: (a) single-layer soft KAS; (b) single-layer hard KAS; (c)
double-layer soft/hard composite KAS; (d) four-layer soft/hard composite KAS.

respectively. The distribution pattern used in the numerical
simulation is depicted in Figure 2(b).

3. Results and Discussion

According to the above schemes, the fracture evolution char-
acteristics and seepage response patterns of the overlying
rock in SBM with the mining height of 3.5m, mining depth
of 300m, and the backfilling ratio of 65% were analyzed for
different structural characteristics of single-layer soft rock,
single-layer hard rock, and double- and four-layer soft/hard
composites. For the working face advance of 100 m and the
backfilling ratio of 65%, the cloud chart of the evolution of
the overlying rock fracture and the seepage vector’s distribu-

tion pattern for the above structural features were plotted (as
shown in Figure 3).

The simulation results show that the fracture evolution
characteristics of the KAS with the structural characteristics
of a single-layer soft rock are relatively low. In contrast, the
evolution process involves fracture initiation, development,
compaction, and closure. This kind of rock structure is read-
ily subjected to fracture compaction and closure under the
coupling action of the backfill materials, overburden stress,
water pressure, and good repair characteristics. Under the
structural characteristics of single-layer hard rock, KAS’s ini-
tial fracture development is relatively slow. With a continu-
ous increase in the coal face’s advance distance, when the
first collapse and the periodic collapse step distance are
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reached, the rock stratum breaks suddenly and forms a frac-
tured water inrush channel. After the fracture development
and expansion, the compaction and closure of joints are
unlikely, which leads to an extreme risk of a water inrush
disaster. Therefore, the surrounding rock’s stress state before
fracture and damage should be controlled for this kind of

KAS. Under the backfill materials’ influence, a hinged sup-
porting structure is readily formed after the hard rock’s
damage in the lower part of double- and four-layer soft/hard
composites. This hinged fracture can be repaired to different
degrees under the compaction of the soft upper rock. Note-
worthy is that the overall control effect of the double-layer
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soft/hard composite KAS is better than that of four-layer
one, while the fracture development degree in both cases is
relatively mild.

According to different structural characteristics, the ver-
tical seepage velocity distribution curves in the middle of the
KAS along the advancing direction of the working face were
constructed, for advancing distances of 50 and 100m, as
shown in Figures 4(a) and 4(b), respectively.

It can be seen in Figure 4 that under different structural
characteristics, the KAS seepage flow in the SBM water sep-
aration increases gradually with the continuous advance of
the working face. The seepage flow’s peak value is mainly
distributed in the rear of the goaf, in front of the working
face, and in the middle of the stope. At the mining distance
of the working face of 50~100 m, under different structural
characteristics of single-layer soft rock, single-layer hard
rock, and double- and four-layer soft/hard composite, the
variation ranges of the peak value of seepage velocity of the
key layer are (0.83 ~0.94) x 1072, (0.36 ~ 3.40) x 1072, (0.51
~1.35)x107%, and (1.49~2.53)x 1072m/s, respectively.

Under different structural characteristics, the KAS variation
in peak seepage flow is 1.13-2.63 times under the rock layering
sequences of single-layer soft rock and double-layer soft/hard
composite structures, which is relatively smooth as a whole
and has a good control effect. In contrast, the variation in peak
seepage flow in the key layer of water separation is 1.69-9.50
times under the rock layering sequences of single-layer hard
rock and four-layer soft/hard composite structures, which is
relatively large as a whole and easy to cause water inrush.
Under the condition of the same backfilling ratio, the SBM
control effect is closely related to the structural characteristics
of the KAS. The structural hard rock mainly plays a mechan-
ical load-bearing role, making self-repair after breaking quite
problematic and promoting damage to this rock layer. The
occurrence characteristics of the weak rock layer result in an
obvious improvement in fracture compaction and repair.
When the hard rock is damaged, the adjacent soft rock is com-
pacted to close the potential water inrush fissures and form the
water-resisting rock stratum, achieving the water-resisting
layer’s repair effect.
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The overlying strata’s fracture evolution characteristics
and seepage response were also simulated for the mining
height of 3.5 m, mining depth below ground of 300 m, back-
filling ratio of 65%, and rock thicknesses of 15, 25, and 35m
between the working face and aquifer. At a backfilling ratio
of 65% and the working face advance of 100 m, the cloud
charts of the evolution of the overlying rock fracture under
the influence of three different layer thicknesses were con-
structed (as shown in Figures 5(a)-5(c)). At the goaf backfill-
ing ratio of 45, 65, and 80%, the overlying strata’s fracture
evolution characteristics and seepage response were further
simulated. At the interlayer rock thickness of 21.8m and
the advancing distance of the working face of 100m, the
cloud chart of fracture evolution of overburden under the
influence of different backfilling ratios was constructed (as
shown in Figures 5(d)-5(f)).

It can be seen in Figures 5(a)-5(c) that when the rock
thickness between the mining void and the aquifer is 15m,
the overall thickness of the KAS is relatively thin. With the
continuous advancement of the backfill working face, the
rock stratum is broken, and the mining-induced fractures
expand to connect to the aquifer, and then, the water inrush
fracture channel is formed. With an increasing rock thick-

ness between the mining void and the aquifer, the overall
performance of the composite KAS improves and tends
to be beneficial. After backfilling the mining void
(Figures 5(d)-5(f)), the lower fine sandstone and siltstone
are damaged. However, they still maintain some mechanical
load-bearing capacity. Under the soft upper rock action, the
mining fractures are readily compacted and closed, and the
rock mass has some integrity based on visual inspection of
the number of fractures. Under the influence of the backfill-
ing body’s effective bearing capacity, with the continuous
increase of the KAS thickness from 15 to 35m, the overall
control effect of the KAS in the backfill mining is significantly
improved.

It can be seen in Figures 5(d)-5(f) that at a backfilling
ratio of 45%, the overall damage of overburden is relatively
severe. When the working face is mined for 50 m, the lower
fine sandstone has been damaged. When the working face is
mined 100 m in advance of the backfill, a large area of frac-
ture and damage occurs in the composite KAS, and mining-
induced fractures penetrate the aquifer, causing a water
inrush disaster. Overall mining-induced damage to the
KAS is reduced at a backfilling ratio of 65% and a 100m
mining advance. After mining the working face, a
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mechanical bearing structure can be formed after the mining
damage of the lower fine sandstone and siltstone. Compac-
tion of the upper mudstone layer in the KAS plays an impor-
tant role in maintaining water separation and seepage
prevention. At a backfilling ratio of 80%, the fine sandstone
and siltstone in the lower part of the composite KAS remain
relatively intact after mining. The overall development of
mining-induced rock fractures is restrained, while the soft
mudstone layer in the upper part is unaffected by mining
damage. Thus, the KAS can maintain the original water sep-
aration performance.

According to the characteristics of different layers, the
vertical seepage velocity distribution curve in the middle of
the KAS along the working face’s advancing direction is
shown in Figure 6. Corresponding to different backfilling
ratios, the vertical seepage velocity distribution curve of the
middle part of the KAS along the working face’s advancing
direction is shown in Figure 7.

It can be seen in Figure 6 that under the influence of dif-
ferent interlayer rock thicknesses, the seepage flow in the
KAS increases gradually with the continuous advance of
the working face. The peak value of seepage flow is also
mainly distributed in the rear of the goaf, the front of the
working face, and the middle of the stope. When the work-
ing face’s advancing distance was 50~100m, the variation
ranges of the peak value of the seepage velocity of KAS were
(1.75 ~3.52) x 1072, (0.54 ~ 1.55) x 102, and (0.06 ~ 0.78)
x 102 m/s for the working face thickness of 15, 25, and
35m from the aquifer, respectively. With increase in KAS’s
thickness, the seepage flow peak value decreased at the same
advance distance. Under the same backfill mining conditions,
KAS’s layer characteristics differ in the SBM control effect.

It can be seen in Figure 7 that at different backfilling
ratios, the seepage flow of the KAS increases gradually with
the continuous advance of the working face. The peak value
of seepage flow is mainly concentrated in the fracture
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development and failure position behind the goaf, in front of
the working face, and in the middle of the stope. At the
advancing distance of the working face of 50~100 m, the var-
iation ranges of the peak values of the key layer’s seepage
velocity are (1.21 ~3.28) x 1072, 2, and (0.10 ~0.24) x 1072
m/s for the backfilling ratios of 45, 65, and 80%, respectively.
With the continuous improvement of the filling rate, the
backfilling body can effectively carry KAS’s stress load, inhi-
biting the development and expansion of cracks. Under the
joint action of the backfilling body, overlying rock, and water
flow, cracks are readily compacted and bridged, which is
beneficial to the KAS repair effect.

The Wugou Coal Mine with a field area of 21.74km” is
located in the Suixi County, Anhui Province, China. The
eastern mining area is located in the northeastern part of
the mine field with the ground elevations 26.37~7.67 m,
which is a stable horizon and simple structure. With the
strike length of 2.51 km and incline of 0.93 km, the average
thickness of the primary mineable coal seam is 3.5m. The

bottom aquifer of Cenozoic thick and loose strata directly
covers the outcrop of the main coal resources, which poses
a serious threat to the safety of coal seam mining. Based
on the simulation and theoretical assessments of the param-
eters related to the washing gangue material with particle
size 0~50 mm on the ground, it was concluded that the min-
ing starting position of the first CT101 backfilling coal face
should be 21.8 m from the upper aquifer [25]. Considering
that site’s working face is dip mining and upward backfilling,
a certain safety factor was applied to ensure the safe produc-
tion of the first backfilling working face and improve the
proficiency of the backfill mining technology. The final
designed backfilling ratio was determined to be 80%. The
KAS control effect was measured and analyzed by the tran-
sient electromagnetic method, which is practical and easy
to operate. It is widely used in fracture damage and evalua-
tion of aquifer rock mass above the mine. With the continu-
ous mining of the working face, within the cumulative
advance distance of 90 m of the working face, according to
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F1GURE 8: Detected resistivity profile during the backfill mining: (a) 40 m; (b) 60 m; (c) 70 m; (d) 90 m.

the field observation frequency requirements, the monitor-
ing control area has been monitored many times, and resis-
tivity results were obtained shown in Figure 8.

It can be seen in Figure 8 that with the mining of the
working face, the roof fracture develops, and the resistivity
value increases gradually. The area with an abnormal
increase of resistivity is mainly within 25 m of the coal seam
roof. The mudstone layer’s resistivity in the upper part of the
KAS is stable and mainly distributed within the range of
40~500Q-M. Using the KAS occurrence characteristics in
the monitoring area and measured results, it was found that
the fine sandstone and siltstone in the lower part of the KAS
were partially damaged after the backfill mining. At the same
time, the upper mudstone is free of fracture development.
Under the coupling effect of the filling body and the over-
burden, the KAS is still stable. There is no water seepage
and gushing in the underground working face, which shows
that the control effect of backfill mining on the KAS is good,
ensuring site production safety.

4. Conclusions
(1) Under the conditions of different structural parame-

ters, interlayer rock thickness, and backfilling ratios,
with the continuous advance of the backfill working

face, the overlying rock fissures show different
degrees of gradual development and evolution char-
acteristics. Affected by this, KAS’s seepage flow
increases gradually with the continuous advance of
the working face. The peak value of seepage flow is
mainly observed in the rear of the goaf, in front of
the working face, and in the middle of the stope
damage location

(2) Different structural characteristics in SBM have dif-
ferent KAS control effects. KAS’s backfilling control
effect is gradually deteriorated when the structural
characteristics correspond to single-layer soft rocks,
double-layer soft/hard composites, four-layer soft/
hard composites, and single-layer hard rocks. With
a change in the working face’s layer characteristics
at distances of 15, 25, and 35m from aquifers, the
backfilling control effect of the KAS is gradually
enhanced. The main factor controlling the KAS is
the backfilling ratio, which determines KAS’s repair
effect. With an increase in the backfilling ratio, the
backfill can effectively carry the overlying rock layer
load. The inhibition of the development and expan-
sion of fractures can enhance the compaction and
bridging of previously formed fractures to ensure
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the recovery and improvement of KAS’s water
separation performance

(3) The results obtained show that after the SBM tech-
nology application in the Wugou Coal Mine in the
Anhui Province of China, the mudstone layer’s resis-
tivity in the KAS was stable, and the main distribu-
tion was within the range of 40~500Q-M. The
overall control effect of the KAS was good: there
was no seepage or water gushing phenomena. This
ensured the safe mining of coal resources and
achieved a good engineering application effect
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During the construction of geotechnical engineering in cold regions, the stability of rock is inevitably affected by freeze-thaw
cycles and hydrochemical corrosion. In order to study the effect of hydrochemical corrosion on dynamic mechanical properties
of freeze-thaw rocks, dynamic compression tests were carried out on sandstone samples corroded by four different
concentrations of HCI solutions with the same number of freeze-thaw cycles using split-Hopkinson pressure bar (SHPB) test
system. The coupling effects of freeze-thaw cycles with different concentrations of HCI solutions and strain rate on mechanical
properties of sandstones were explored. The results showed that strain rate could enhance the dynamic compressive strength
and peak strain but had no significant effect on the elastic modulus. The coupling effect of freeze-thaw cycles and acid
corrosion weakened the dynamic compressive strength, and elastic modulus but enhanced the peak strain. In addition, X-ray
diffractometer (XRD) and scanning electron microscope (SEM) were used to analyze the changes of mineral composition and
microstructure damage of sandstone samples under the coupling effect of acid corrosion and freeze-thaw cycles. The analysis
results were basically consistent with the damage characteristics of macro mechanical properties. The research results can
provide reference for open pit coal mining in cold regions.

1. Introduction

China has abundance of coal resources, but they are not
evenly distributed. More than 95% of open-pit coal mines
are located in cold regions north of 38°N latitude. To
increase the efficiency of coal mining via safety and stability,
many scholars have conducted extensive study in areas such
as roadway excavation [1, 2], stability monitoring [3, 4], and
resource utilization [5]. However, due to seasonal variations
and the diurnal cycle, freeze-thaw damage is unavoidable in
coal mining. There have been episodes of low temperatures
below 0°C in the past 8 months at the Xinjiang Beitashan
Pasture Open-Pit Coal Mine [6]. In open-pit coal mines,
bench blasting is the primary method of production. The
intensity of blasting steadily increases in high-intensity min-
ing conditions. According to real measurements, the stress
wave produced by blasting may cause strain rates in the
range of 10'-10%s™ in the rock mass [7], which corresponds

to normal high impact dynamic loading. Several investiga-
tions reveal that the mechanical response characteristics
and failure law of rock mass under dynamic stress differ con-
siderably from those under static load [8, 9]. As a result, it is
critical to investigate the dynamic impact test of rock under
freeze-thaw cycles for coal mining in cold regions.

Rock materials are cemented by various mineral parti-
cles, and there are holes and fissures in the process of dia-
genesis. Under the influence of freeze-thaw cycles, the frost
heaving force caused by the transformation of fracture water
into ice is the main damage mechanism of rock freeze-thaw
cycles [10, 11]. The factors affecting rock freeze-thaw
strength mainly include rock type, temperature, water con-
tent, and freeze-thaw cycle times [12, 13]. Scholars at home
and abroad have done a lot of research on changes of static
mechanical properties of rock under freeze-thaw cycles [14,
15]. With the development of coal mining in cold regions,
some scholars have paid attention to dynamic mechanical
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properties of rock under freeze-thaw cycles. Li et al. [16] car-
ried out a dynamic impact test on sandstone after freeze-
thaw cycle, analyzed the change of pore structure after
freeze-thaw cycle by combining with nuclear magnetic reso-
nance technology, and explained the reason of degradation
of dynamic strength. Based on the energy change during
the dynamic failure process of red sandstone, Wang et al.
[17] proposed an analysis method of damage evolution pro-
cess after freeze-thaw cycles. Zhou et al. [18] carried out
nuclear magnetic resonance (NMR) and dynamic compres-
sion tests on the frozen and thawed sandstone. The results
showed that the dynamic elastic modulus and peak strength
of sandstone decreased with the increase of freeze-thaw
cycles, and the relationship between porosity and dynamic
peak strength was polynomial. Ma et al. [19] carried out
dynamic compression tests on sandy mudstone and mud-
stone with different freeze-thaw cycles. The results showed
that the compressive strength decreased logarithmically with
the increase of freeze-thaw cycles. Lu et al. [20] verified the
influence trend of damage effect on the compressive strength
of concrete by observing the microcrack growth trend. At
present, the research achievements in this field mainly focus
on dynamic compression mechanical properties of rock
under freeze-thaw cycles. However, the actual underground
environment is often intricate, and water-rock interaction
has become a problem that cannot be ignored in geological
engineering. Existing scholars have done related research
on water-rock interaction, for example, Liu et al. [21, 22]
and Yu et al. [23] have done related research on the perme-
ability of rock fissures. But obviously these studies are far
from enough. Groundwater, as the main factor affecting
freeze-thaw cycle, contains different ionic components and
pH. It is a complex hydrochemical solution. Under the
action of freeze-thaw cycle, ground water produces frost
heaving force and corrodes rocks in varying degrees. There-
fore, not only freeze-thaw cycles but also water-rock interac-
tion should be considered in rock mass engineering in cold
regions.

In recent years, the mechanical properties of rock under
freeze-thaw cycles and water-rock interaction have been
concerned by scholars all over the world. Han et al. [24] ana-
lyzed the variation of mechanical properties of sandstone
under different chemical solutions and freeze-thaw cycles.
They concluded that strong alkaline solution can inhibit
the freeze-thaw damage of sandstone when the freeze-thaw
cycles were less than 25. Han et al. [25] quantitatively ana-
lyzed the damage degree of mechanical properties of sand-
stone under freeze-thaw cycles and different chemical
solutions. Yang et al. [26] studied the damage effect of the
mechanical properties of quartz sandstone, quartzite, and
four different chemical solutions under the action of
freeze-thaw cycles and verified it by analyzing the micro-
structure damage mechanism with scanning electron micro-
scope (SEM). Gao et al. [27] studied the influence of the
chemical environment and freeze-thaw cycle coupling on
the damage characteristics of red sandstone. Qu et al. [28]
and Li et al. [29] established damage evolution models,
respectively, for the mechanical properties of sandstone
under chemical corrosion and freeze-thaw cycles. Zhang
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et al. [30] studied the degradation of mechanical properties
of sandstone under rapid freeze-thaw cycles and chemical
corrosion and further studied the variation of rock splitting
tensile strength and point load index with freeze-thaw cycles
by using the attenuation function model. However, the cur-
rent research results mainly focus on the study of static
mechanical properties of rocks under freeze-thaw cycles
and water-rock interactions. There are few studies on
dynamic mechanical properties of rocks under freeze-thaw
cycles and water-rock interaction. Under such background,
this paper will study dynamic mechanical properties of rocks
under freeze-thaw cycles and water-rock interaction, hoping
to provide references for further related research.

In this paper, HCI solution will be used to simulate the
hydrochemical environment of rock samples. Dynamic
compression tests will be carried out on sandstone samples
with different concentrations of HCl solutions under
freeze-thaw cycles. The influence of varying concentrations
of HCI solutions and freeze-thaw cycles on the strength
and deformation properties of sandstone samples will be dis-
cussed, as well as the effect of strain rate. In order to accu-
rately analyze the micromechanism change of samples, X-
ray diffractometer (XRD) and scanning electron microscopy
(SEM) will be used to analyze the mineral composition, var-
iation, and internal damage of samples.

2. Materials and Methods

2.1. Preparation of Test Materials and Samples. The sand-
stone samples selected in this test were taken from a coal
mine slope in Xinjiang, China. The main components are
quartz, kaolinite, and muscovite. The longitudinal wave
velocity of the sample is 1.7 km/s, the density is 2.14 g/m’,
and the static compressive strength is 14.7 MPa. According
to the requirements of rock mechanics testing regulations,
rock samples were cut into @50 x 25mm cylindrical stan-
dard specimens. After that, specimens were ground to
ensure that the parallelism of the end face was less than
0.05mm and the flatness was less than 0.02 mm [31].

In order to study the effect of acid corrosion of ground-
water on mechanical properties of sandstones in cold
regions, four concentrations of HCl solutions (0mol/L,
0.01 mol/L, 0.1 mol/L, and 1 mol/L) were selected. After the
solution preparation was completed, we used a high-
precision pH detection pen to measure the pH value of the
solution. The corresponding pH values were 7.0, 5.8, 3.2,
and 1.1, respectively. Considering the time effect of initial
compressive strength and chemical corrosion, 10 freeze-
thaw cycles were carried out for all rock samples. Firstly,
the specimens were dried in the drying oven. Then, the sam-
ples were immersed in HCI solutions. Finally, put the sample
and solution into the freeze-thaw tester shown in Figure 1
for freeze-thaw cycles. According to the China Meteorologi-
cal Administration, the annual minimum temperature is
about —-20°C, and the maximum temperature is about
20°C. Therefore, we set the freeze-thaw cycles temperature
to -20°C. Each cycle lasted about 4 hours, and the number
of cycles was 10 times.
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FiGURrk 1: Experimental devices.

2.2. Test System. The split Hopkinson pressure bar (SHPB)
device was the main test equipment. The variable cross-
section SHPB test device with a diameter of 50 mm was
adopted, as shown in Figure 2. The device consists of trans-
mitter, pressure bar, energy absorption device, signal acqui-
sition system, and signal processing system. The principle of
the test was mainly to measure the incident wave, reflected
wave, and transmission pulse in the transmission rod by
using the strain gauge. Then, based on the assumption of
one-dimensional stress wave and stress uniformity, the
stress-strain relationship of the test sample was calculated
by using the three-wave method in Equation (1) [32].

A

o= 2A0E(q+er+st),
c t

e= 2| (g-¢& —g)dt, (1)
Iy Jo

€= ;_O(si_sr_st)’

where E is Young’s modulus of bars; ¢, is the elastic wave
velocity in the pressure bar; ¢, €,, and ¢, are the strain in the
bar corresponding to the incident wave, reflected wave, and
transmitted wave, respectively; /, and A, are the original
length and cross-sectional area of the sample, respectively;
and A is the cross-sectional area of the pressure bar.

2.3. Test Process. In the process of SHPB test, the prepared
sample was taken out from the freeze-thaw test instrument
and dried and then installed between the incident bar and
the transmission bar to ensure that the sample was coaxial
with the incident bar and the transmission bar. Subse-

quently, the SHPB tests were carried out under four impact
pressures (0.3 MPa, 0.4 MPa, 0.5 MPa, and 0.6 MPa). After
the tests, the incident wave, reflected wave, and transmitted
wave signals were recorded by the strain gauge.

Dynamic stress equilibrium is the premise to verify the
validity of SHPB test [33]. It can be seen from Equation
(2) that the dynamic force at the incident bar was propor-
tional to the sum of the incident wave and the reflected
wave, and the dynamic force at the transmission bar was
proportional to the transmitted wave. Figure 3 shows the
dynamic stress balance process of the concrete test. It could
be found that the sum of the strains corresponding to the
incident wave and the reflected wave was approximately
equal to the strain corresponding to the transmitted wave,
while the cross-sectional area and Young’s modulus of the
bar remained unchanged. Therefore, the test could meet
the dynamic stress equilibrium.

(2)

F, = AE(g; +¢,),
F, = AFs,,

where F, is the force on the incident bar and F, is the
force on the transmission bar.

3. Experimental Results and Analysis

In order to reduce the dispersion, three effective tests were
carried out under each test condition. According to the prin-
ciple of SHPB test, the three-wave method is used for data
processing. The average compressive strength, average elas-
tic modulus, average strain rate, and other mechanical
parameters of sandstone samples under different
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F1GURE 3: Strain balance check for a typical dynamic compression
test.

concentrations of HCI solution and freeze-thaw cycle are
obtained, as shown in Table 1.

3.1. Variation of Dynamic Stress-Strain Curves. The typical
dynamic stress-strain curve of sandstone specimen is shown
in Figure 4. Under the action of impact loads, sandstone
mainly experienced the following deformation stages: (I) ini-
tial compaction stage, (II) linear elastic deformation stage,
(IIT) plastic deformation stage, and (IV) failure stage.

Figure 5 shows the stress-strain curves of sandstone sam-
ples subjected to SHPB dynamic compression test under the
coupling effect of HCI solutions with various concentrations
and freeze-thaw cycles. Compared with Figure 3, it can be
seen that variation characteristics of the stress-strain curves
are as follows:

(1) The stress-strain curves of various concentrations of
HCI solutions under freeze-thaw cycles had obvious
compaction stages. When the pH value decreased
from 7.0 to 1.1, the compactness of the prepeak
region increased gradually. As the pH value

TaBLE 1: Test results of samples at different pH values and impact
speeds.

No. pH v (ms?) &G o4 (MPa) g (107%)  E (GPa)
1 7.0 55 66.2 33.6 16.4 1.4
2 7.0 6.0 89.5 34.1 16.9 1.3
3 7.0 7.0 120.3 35.9 17.3 1.33
4 7.0 7.8 133.5 38.5 17.9 1.5
5 5.8 5.5 71.8 32.8 17.5 1.08
6 5.8 6.0 97.1 333 18.1 1.22
7 5.8 7.0 107.7 35.0 18.7 1.23
8 5.8 7.8 142.6 37.4 19.1 1.28
9 3.2 55 68.4 30.1 19.9 0.87
10 3.2 6.0 86.6 319 20.6 091
11 3.2 7.0 118.3 34.1 21.0 1.05
12 3.2 7.8 147.7 37.1 22.1 0.99
13 1.1 5.5 75.9 28.8 224 0.76
14 1.1 6.0 93.1 30.9 23.6 0.78
15 1.1 7.0 115.3 333 24.3 0.75
16 1.1 7.8 145.6 36.2 25.0 0.80
i
| m oy
|
i |
1/ ‘
:
§ i
1
I
|
|
1
Strain

FIGURE 4: Typical dynamic stress-strain curve.
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FiGure 5: The dynamic stress-strain curves of the specimens with variation concentrations of hydrochloric acid solution affected by
variation loading rates.

decreased, the internal corrosion of the sandstone  rate on the compressive strength. It can be seen from the fig-
increased. And the pores and fissures gradually  ure that o4 is positively correlated with the pH value and
expanded, which further increased the degree of  also positively correlated with strain rate. Figure 7 shows
compaction the relationship between the dynamic compressive strength
of sandstone samples with the pH value and strain rate
under the coupling effect of different concentrations of
HCI solutions and freeze-thaw cycles. It can be found that

(2) The stress-strain curves of each concentration of
HCI solution had obvious linear elastic stages. In
the prepeak region, the proportion of linear elastic
deformation decreased to a certain extent with the
increase of the solution concentration. When the
pH value was 1.1, the proportion was the smallest.
Thus, with the decrease of pH value, the influence
of impact loads on the linear elastic deformation of
sandstone became smaller

(1) The dynamic compressive strength of sandstone
samples increased with the increase of strain rate
under the coupling effect of the same concentration
of HCI solution and freeze-thaw cycle. At pH of
7.0, as the strain rate increased from 66.2s" to
133455, the compressive strength increased by
14.6%. At pH of 1.1, as the strain rate increased from

3.2. Variation of Dynamic Compressive Strength. Figure 6 75.85s" to 145.6s"', the compressive strength

shows the spatial surface characterizing the compressive increased by 25.7%. Equation (3) shows the linear

strength o, to describe the coupling effect of pH and strain fitting relationship of compressive strength with
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FIGURE 7: Variation curves of compressive strength.

strain rate. As the pH value of the solution (2) As the pH value of the HCI solution decreased, the
decreased, the slope of the linear fitting equation dynamic compressive strength of the sample
gradually increased. It showed that the dynamic decreased successively. Specifically, when the strain
compressive strength of sandstone samples became rate is in the range of 66.2s' to 75.9s™', the com-
more sensitive to strain rate as the pH value pressive strength increased by 16.9% with the

decreased increase of pH value from 1.1 to 7.0. When the strain
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rate is in the range of 133.5s"' to 147.7s", the com-
pressive strength increased by 6.6% with the increase
of pH value from 1.1 to 7.0. Equation (4) shows the
linear fitting relationship of compressive strength
with the pH value. As the strain rate increased, the
slope of the linear fitting equation gradually
increased. It showed that the dynamic compressive
strength of sandstone samples became less sensitive
to the pH value as the strain rate increased

2.86x 107 + 6.79 x 10, R*>=0.86,

2.75% 107 + 6.83 x 10, R*>=0.93,
: o ®)
2.43x10" +8.57 x10%, R“=0.99,

2.24 %107 +10.52 x 10*, R*>=0.99,

2.77 x 107 +8.55 x 10*pH, R*=0.99,

3.03x 107 +5.34 x 10°pH, R*=0.99, @
O'd =
3.28 x 107 +4.25 x 10°pH, R*=0.98,

3.58 x 107 +3.52 x 10*pH, R*=0.90.

3.3. Variation of Dynamic Peak Strain. Figure 8 shows the
spatial surface characterizing the peak strain ¢4 to describe
the coupling effect of pH and strain rate on the peak strain.
It can be seen from the figure that & is positively correlated
with strain rate and negatively correlated with pH. Figure 9
shows the relationship between peak strain and strain rate
of sandstone samples under different concentrations of
HCI solutions coupled with freeze-thaw cycles. It can be
found that

(1) Equation (5) is the linear fitting relationship between
the peak strain and the strain rate. It can be seen that
the strain rate had a certain influence on the peak
strain of the sample under the coupling effect of dif-
ferent concentrations of HCI solutions and freeze-
thaw cycles. With the increase of strain rate, the peak
strain of each concentration increased linearly.
When pH=7.0, as the strain rate increased from
66.2s" to 133.45s™", the peak strain increased by
9.1%; When pH=1.1, as the strain rate increased
from 75.85s°! to 145.6s7", the peak strain increased
by 11.6%. It showed that as the pH value decreased,
the sensitivity of peak strain to strain rate increased

(2) The dynamic peak strain of the sample decreased
with the increase of the pH value of HCI solution.
When the strain rate is in the range of 66.2s™" to
7595, the peak strain decreased by 26.7% with
the increase of pH value from 1.1 to 7.0. When the
strain rate is in the range of 133.557! to 147.7 s'l,
the peak strain decreased by 28.4% with the increase
of pH value from 1.1 to 7.0. Equation (6) shows the
linear fitting relationship of peak strain with the
pH value. As the strain rate increased, the slope of
the linear fitting equation gradually increased. The

results show that the dynamic peak strain of sand-
stone samples became more sensitive to the pH value
at a high strain rate. In addition, as the strain rate
increases, the increase rate of the slope of the fitting
equation gradually decreases and finally tends to
-1.14

1.50x 1072 +2.13x 107°¢, R?=0.94,

1.59x 1072 +2.28x107°¢, R>=0.95,
&g = (5)
d -2 -5 2
1.82x1072+2.57%x107°, R*=0.96,

1.99x 1072 +3.57x107°¢, R>=0.92,

2.36x1072-1.05x 107°pH, R*=0.99,

2.46x1072-1.12x 107°pH, R*=0.99, ©)
8d =
2.51x1072-1.14x 107°pH, R*=0.98,

2.61x1072-1.14x 107°pH, R*=0.99.

3.4. Variation of Dynamic Modulus of Elasticity. In order to
describe the coupling relationship between the pH value and
strain rate on elastic modulus, Figure 10 shows the spatial
surface characterizing elastic modulus E. It can be seen from
the figure that E is linearly correlated with the pH value and
shows certain nonlinear characteristics with strain rate.
Figure 11 shows the relationship between dynamic modulus
of elasticity and strain rate of sandstone samples under dif-
ferent concentrations of HCI solutions and freeze-thaw
cycles.

(1) When the the pH value was 7.0, the dynamic elastic
modulus first decreased and then increased with the
increase of strain rate. When the pH value decreased
from 5.8 to 1.1, the dynamic elastic modulus varied
little with the increase of strain rate. Therefore, the
strain rate had no obvious effect on the dynamic
elastic modulus under the coupling effect of different
concentrations of HCl solutions and freeze-thaw
cycles

(2) With the decrease of the pH value, the dynamic elas-
tic modulus decreased obviously. Equation (7) shows
the linear fitting relationship of elastic modulus with
pH value. As the strain rate increased, the slope of
linear fitting equation first decreases and then
increases. When the strain rate ranges from 66.2s™
to 75.9s-1, 86.6s " to 97.1s ", 107.7s ' to 120.3s7,
and 133.5s" to 147.7s"', the elastic modulus
increased by 83.7%, 67.6%, 78.4%, and 87.9%respec-
tively, with the increase of the pH value from 1.1 to
7.0. The results show that when the strain rate ranges
from 86.6s-1 to 97.1s-1, the sensitivity of dynamic
elastic modulus to pH value is the lowest. After that,
with the increase of strain rate, the sensitivity of
dynamic elastic modulus to the pH value increased
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FIGURE 9: Variation curves of peak strain.

598 x 10° + 1.01 x 10%pH, R?=0.89, 4. Mesomechanism of Dynamic Mechanical

6.55x 10* +9.36 x 10’pH, R*=0.98, Properties of Sandstone
6.8 x 10% +9.53 x 107PH’ R*>=0.97, The above test results showed that the strength and deforma-
tion characteristics of sandstones changed significantly under

8 8 2
6.46x 10"+ 1.16 x 10°pH, R"=0.98. the coupling effect of different concentrations of HCl solutions
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and freeze-thaw cycles, and the damage evolution of rock mate-
rial mechanical properties was closely related to the change of
microstructure. Therefore, in order to accurately analyze the
hydrochemical effect, X-ray diffractometer (XRD) and scanning
electron microscopy (SEM) were used to confirm the changes of
mineral composition and microstructure damage of samples, so
as to verify the change law of rock mechanical properties.

4.1. Variation Law of Sandstone Composition. In order to
determine the influence of HCI solution on the composition
change of sandstone, X-ray diffraction was used to analyze
the samples. Figure 12 shows the X-ray diffraction pattern
of the sandstone corroded by various concentrations of
HCI solutions. The main components of the samples in this
test are quartz, kaolinite, and muscovite. Figure 13 shows the
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variations of mineral composition W, with pH value. The
results are as follows.

The pH value of solution, the composition of solute, and
the internal structure of rock are the main factors affecting
the chemical corrosion of rock. In this paper, HCI solution
is used to affect the chemical corrosion of the same sand-
stone after the same number of times. Therefore, the pH
value of the solution is the main reason affecting the chem-
ical corrosion of rocks. According to the XRD test results,
the main components of the main possible chemical reac-
tions of various mineral components in sandstone affected

by HCI solution are shown in formula (8)-(11), which can
be found in Liu et al. [34] and Lin et al. [35].

(1) The content of quartz in the sandstone was much
greater than other mineral compositions, and
78.1% was in distilled water. In the range of pH 7.0
to 3.2, quartz content was relatively stable, showing
a gradual upward trend. It increased from 78.1% to
83.7%, with a growth rate of 7.17%. When the pH
value decreased to 1.1, it rose sharply from 83.7%
to 92.4%, with the increase rate of 10.39%. The above
situations might be caused by the hydrochemical
reaction of quartz in distilled water and HCI
solution:

SiO, + H,0 — H,Si0, (8)

Si0, + H* — Si** + 2H,0 9)

(2) Kaolinite was one of the main mineral content, and
15.2% was in distilled water. With the decrease of
pH value, the content of kaolinite decreased gradu-
ally. In the range of pH7.0 to 3.2, it decreased from
15.2% to 10.4%, and the rate of decline was 31.58%.
When the pH value decreased to 1.1, it decreased
from 10.4% to 5.4%, with a decrease rate of 48.08%.
The results showed that when the pH value
decreased to 1.1, the content of kaolinite decreased
significantly. The following chemical reactions
occurred in kaolinite affected by HCl solution:
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FIGURE 14: Sandstone microscopic images under different test conditions.

ALSi,O4(OH), + 6H —2 AP* 4 28i0, + 5H,0  (10) decreased to 1.1, it decreased significantly from
5.9% to 2.2%, with a decrease rate of 62.71%. The fol-

lowing chemical reactions occurred in muscovite
affected by HCI solution:

(3) The content of muscovite occupied the third place of
the main mineral content, and 6.6% was in distilled
water. Similarly, within the pH range of 7.0 to 3.2, KALSLO. (OH). + 10H" = 3A1" + 3Si0. + K* + 6H.0
the content of muscovite had little change, showing 351:010(OH), e 2
a slow downward trend. When the pH value (11)
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Under the operation of freeze-thaw cycles, HCI solution
has a considerable effect on sandstone samples. The funda-
mental reason for this is because during the freezing process,
the solution in the pores expands after reaching the freezing
point, causing pore fractures to form, and the expansion coef-
ficients of mineral particles differ. It is also the cause of pore
crack propagation. The contact area between the HCl solution
and the mineral particles is increased after dissolution owing
to the widening of pore fissures, and the chemical damaging
impact is intensified. The sample is mainly composed of
quartz, kaolinite, and muscovite. The chemical properties of
quartz were relatively stable, and the hydrochemical effect
was not obvious. With the increase of the concentration of
HCI solution, the proportion of quartz content showed an
increasing trend. Therefore, it could be seen that the hydro-
chemical reaction of quartz in distilled water and HCI solution
was not the main factor for the significant change in its con-
tent. According to Equations (10) and (11), kaolinite and mus-
covite gradually decomposed and produced free SiO, particles
under the corrosion of HCI solution. With the progress of
hydrochemical reaction, the proportion of kaolinite and mus-
covite gradually decreased, and free SiO, particles were pro-
duced, making the proportion of quartz increase. With the
deepening of hydrochemical reaction, the pore structure of
the sandstone sample was destroyed, and the cementation
between internal minerals became weak. With the decrease
of pH value, the hydrochemical effect was strengthened, espe-
cially when the pH value decreased from 3.2 to 1.1. It showed
that the mesomechanism of sandstone sample was consistent
with the mechanism of mechanical properties.

4.2. Variation Law of Sandstone Microstructure. Mineral
particles, cements, and pores are the fundamental compo-
nents of rocks, and they also govern the macroscopic
mechanical characteristics of rocks. The microstructure
properties of sandstone were acquired using scanning elec-
tron microscope study of sandstone samples, as illustrated
in Figure 14. The interior microstructure of the sample had
changed significantly as a result of the coupling effect of
the freeze-thaw cycles and the HCI solutions, as seen below:

(1) Microstructure of sandstone in natural state and
freeze-thaw cycles state

In the natural state, there are some pores in the sand-
stone sample but the overall density is dense. There were
many mineral crystal particles with uneven size and irregu-
lar distribution, but the degree of cementation between the
particles was better. At the same time, the crystal surface
was rough in the natural state. However, the internal cemen-
tation of the sandstone sample after the freeze-thaw cycles
was weakened and the pores were enlarged and the surface
was rougher.

(2) Microstructure of sandstone under freeze-thaw
cycles and HCI solution corrosion

The irregular mineral particles inside the sample began
to diminish as the pH reached 5.8. The surface looked to
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be eroded under the impact of the HCI solution. Simulta-
neously, the pores were filled with mineral particles, and
the prismatic edge of the crystal began to dissolve. When
the pH reached 3.2, the surface fractures began to grow
and join to one another. The crystal particles deposited at
the pore fractures grew, and the cementation between the
crystal particles diminished gradually. When the pH was
reduced to 1.1, the pores expanded substantially and the
crystal volume shrank dramatically.

5. Conclusions

In this paper, the dynamic compression tests of sandstone
samples corroded by HCI solutions of varying concentra-
tions were performed using the SHPB system under four dif-
ferent impact loads over the same freeze-thaw cycles. The
materials’ composition and microstructure were examined
using an X-ray diffractometer (XRD) and scanning electron
microscopy (SEM). Based on the preceding analysis, the
conclusions are reached:

(1) Under the coupling effect of freeze-thaw cycles and
different concentrations of HCI solutions, the
dynamic stress-strain curves of sandstone samples
experienced four stages: initial compaction stage, lin-
ear elastic deformation stage, plastic deformation
stage, and failure stage. With the decrease of pH
value, the compaction stage gradually increased and
the linear elastic deformation stage gradually
decreased in the prepeak region

(2

~

In the same dynamic load, the pH value has a posi-
tive linear correlation with dynamic compressive
strength and dynamic elastic modulus and a negative
linear correlation with dynamic peak strain. With
the increase of strain rate, the sensitivity of dynamic
compressive strength and dynamic peak strain to the
pH value increased. When the strain rate ranges
from 86.6s " to 97.1s™", the sensitivity of dynamic
elastic modulus to the pH value is the lowest. After
that, the dynamic elastic modulus increases with
the increase of the strain rate. In the same concentra-
tion of HCI solution, the dynamic compressive
strength and dynamic peak strain increased linearly
with the increase of strain rate. With the decrease
of the pH value, the sensitivity of dynamic compres-
sive strength and dynamic peak strain to strain rate
increased. However, the change of elastic modulus
with strain rate was not obvious

(3) The findings of X-ray diffraction revealed that when
the pH value declined, the quantity of quartz, the
primary component, increased while the concentra-
tions of kaolinite and muscovite, the subsidiary com-
ponents, decreased. The concentrations of quartz,
kaolinite, and muscovite altered dramatically when
the pH was decreased to 3.2. The corrosion of HCI
solution affected the content of each mineral compo-
nent dramatically, which modified the mechanical
characteristics of sandstone
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(4) The particles in the crystal were impacted by the
frost heaving force as a result of the freeze-thaw
cycles, and pores and cracks formed. The internal
mineral content of the sample and the HCI solution
interacted with each other, resulting in the formation
of pore fractures. The internal structure loosened,
and the cementation deteriorated. Finally, the
mechanical characteristics of sandstone were signifi-
cantly reduced
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To improve the productivity and efficient of modern large-scale open-cut mines, a number of technologies are developed and
trialed, including new blasting equipment, larger blasting holes, high benches, air spacing, and short-delay blasting within
holes. However, the relative blasting parameters need field calibration and further investigation of theories on these techniques
are required. This paper studied the open-cut bench blasting at Barun Eboxi Mine of Baotou Iron and Steel Group via
theoretical analysis on shock wave, numerical simulation, and field test. According to the technical conditions of the site, three
sets of vertical boreholes at 310 mm diameter were drilled on 24 m high batter; and three sets of air-spaced charges were set
up. The digital electronic detonator was used to initiate at millisecond intervals. The study found that under the condition of
24 m high bench, the use of intermediate air interval is beneficial to the rock fragmentation. The delay time within the hole is
3-8 ms. The bottom of the lower explosives and the top of the upper explosives were devised for initiation to optimize the
initiation location. The peak effective stress points are 63.6%, 52.2%, and 8.9% higher, respectively. The field test of high-bench
intrahole millisecond blasting in Barun Eboxi mine shows that the intrahole millisecond blasting parameters proposed in this

study are feasible.

1. Introduction

Millisecond blasting can improve rock fragmentation while
reducing vibration from blasting shoving wave. As bench
blasting is a complicated engineer practice and there are
many factors that can influence the results, only limited stud-
ies on the use of delayed detonation to achieve shock wave
collision are available [1-3]. Hence, it is critical to investigate
the parameters of millisecond blasting in boreholes. Refer-
ence [4] studied the influence of charge-up and millisecond
time on blasting vibration via observation on shock waves.
They suggested that the millisecond time is closely related
to amplitude and range of local amplification effect. Refer-
ence [5] used laser dynamic caustics to study the dynamic
behavior of cracks between different groups of slits in milli-

second blasting holes. Results showed that under the milli-
second time conditions, stress wave generated by the first
blast hole induced tensile stress on the delayed blast hole wall;
this helps crack initiation using the same amount of explo-
sives. Reference [6] used Euler algorithm to establish a fully
coupled numerical model of free surface air and water under
different parameters and different mesh sizes. Comparison
between simulation results and empirical formulas showed
that the blasting shock wave propagation through different
media is significantly different. At the same time, a method
of using the “ratio of the explosive radius to the grid size”
to determine the grid size was proposed. Reference [7] used
conventional TNT explosives to conduct underwater explo-
sion experiments. The peak pressure and specific impulse of
the shock wave were considered as indicators to study the
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effects of these three factors on the results of the numerical
simulation. Subsequently, the mesh size under various explo-
sive levels was determined. A regression model between
explosive level and mesh size was also defined. Reference
[8] proposed the concept of fine blasting, suggesting to study
multidisciplinary blasting theories, blasting digitization, pre-
cise numerical simulation, modernization of fine blasting
construction, and construction standardization. The study
then quantitatively analyzed and finely controlled the release
of explosive energy. This in turn provided theoretical support
with blasting design and integrated the research of fine blast-
ing with information technology. Reference [9] studied the
influence of the initiation position on blasting-induced coal
seam fracturing and permeability and analyzed the charac-
teristics of detonation wave propagation, stress field distribu-
tion, and crack development at different initiation positions.
In conjunction with the results from numerical simulation, it
was concluded that simultaneous detonation at two points
can expand the range of local fractures while increasing the
detonation locations can shorten the detonation time and
result in more uniformly distributed fractures.

Reference [10] suggested that the pressure generated by
the collision of two opposite detonating waves during the
double-point initiation of the hole is greater than the sum
of the intensities of the two shock waves by calculating the
range of rock blasting fragmentation in different ways. Most
of the above literatures (Cai et al.) have studied the effects of
blasting vibration waves, shock waves, and detonation waves
on cracks and fractures. The investigation of blasting was
mainly on mechanisms and experimental analysis of the ini-
tiation position in the hole. There is still a lack of relevant
research on the stress field distribution and rock breaking
mechanism of millisecond initiation in blasting holes on
high benches.

Therefore, the detonation wave and shock wave collision
can be used to adjust the explosive energy distribution to
meet the requirements of different engineering practices by
calibrating the parameters of delay time in the hole, the
detonation position, and the detonation combination.

In this study, the 24 m bench expansion on the highwall
side of Barun Mine was considered a field example. The
shock wave empirical formula in literature [6] was used to
express the change of shock wave overpressure during the
explosion. At the same time, numerical simulation was used
to investigate the rock fracturing mechanism from blasting
[11-13]. ANSYS software simulated the detonation sequence
parameters including middle-interval charged holes and
detonation positions of the upper and lower charge packs.
This revealed the distribution of the blasting stress field in
the rock during the millisecond blasting on the high bench
of Barun Mine.

2. Theory of Shock Wave and Millisecond
Time Calculation

2.1. Theoretical Analysis on Shock Wave. The structure of the
spaced charge in the hole is shown in Figure 1. According to
the layered and segmented millisecond delay detonation
method adopted in the field, the explosives in area D of
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a upper stemming 7 m

b upper stemming 6 m

¢ upper stemming 5 m

d lower explosives 8 m

FIGURE 1: Model charge-up structure: (a) upper stemming; (b)
upper explosives; (c) middle air compartment; (d) lower explosives.

Figure 1 detonates first after a millisecond; the detonator at
the bottom of area B detonates the explosive after a delay,
and the middle section uses air for separation. Under the ini-
tiation condition of zone D after ¢ (f =assumed time), the
detonation wave front becomes almost flat. Idealistically,
the detonation wave will maintain a stable velocity and
propagate along the hole. Since t is much smaller than the
delay time, the unstable detonation zone generated by one
end of the blast hole is much smaller compared to the delay
of the entire blast hole. In the calculation, it can be consid-
ered that the entire blast hole is still dominated by stable
detonation [9]. Based on the conservation law of medium
mass between the shock wave front and the explosive air,
the equation of the medium motion can be written as

P

>

9,(R. 1) N u(R,t)9,(R, t)} :_ap(R, t)
ot o o
SRy (R )]
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At blasting interface, R = Rvp and p= Pup> such that 2Rvp

R, + aRZVP = F(R,,), where R is radius of detonation wave

front, R, is radius of the exploded air, F is function, ¢ is time,
P, is initial density, and p, is density at any moment. For the
closed explosion pressure of the extended charge:
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As exploded air expands, p,, :2800(Rk/Rvp)4/3. When
Py =Polie, Ry, =Ryg), expansion ends, in which p  is
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pressure of exploded air, pw is average detonation pressure
of exploded air, R, is radius of concentrated charge pack, p,,
is explosive density, Ry, is radius of exploded air, and R4 is
blasting cavity radius.

Based on the theoretical analysis of shock wave, the peak
pressure of detonation induced shock wave will decrease
rapidly with the increase of the blasting center distance.
Hence, it can be considered that when the blasting center
distance increases to a threshold value, the impact of the
shock wave pressure can be ignored. This paper conducted
analysis on the change of shock wave peak pressure using
the empirical formula of explosion shock wave proposed
by Henrych [14]. Results were later compared against
numerical calculation. The shock wave peak overpressure
is the peak pressure P; on the shock wave front minus the
original pressure in the air P, (standard atmospheric pres-
sure). The specific form of Henrych’s empirical formula
can be written as

APy = AP (1 - t/t,)e ™",
AP; = 0.0662/Z +0.405/7° + 0.3288/2°,
Z=RIW",
t, =0.001W'?(0.107 + 0.444Z + 0.264Z° - 0.1292° + 0.0335Z"),

3)

where AP, is change of shock wave peak overpressure over
time, AP; is peak shock wave overpressure, Z is proportional
explosion distance, R is the distance between blasting center
to the measurement point (1-9m), W is weight of emulsion
explosive (240-250kg), t, is the duration of shock wave
overexposure, t is the barotropic pressure, and «, is the
attenuation coefficient.

When explosives are detonated, the medium is the same
as the fluid and only longitudinal waves propagate in the
medium, such that ¢, can be considered close to infinity
[15-17]. When t=0, the medium instantly obtains the
initial speed and keeps its speed unchanged, and it starts to
move, ¢, = (E/p,)/2 and average pressure p=Q,/AV. AV
approaches zero while p approaches infinity. Force at this
stage can be expressed as i = pAt. When the velocity field is
considered in conjunction with potential function, it can
be assumed that

Under idealistic fluid motion, the continuous functions
can be obtained:

ou, U, ou
2+ E =0,

oax 9y oz

o

2 2
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Based on Green’s formula [18], the kinetic energy of
medium at the point of explosion is equal to the energy of
the explosive:

Qy = —po/2dpag/ondF. (6)

By substituting the spherical velocity field of r into
Equation (4),

ur:—g—q)C:4nr2ur. (7)
x

By substituting Equation (7) into Equation (6),
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When the energy from explosion is converted to
kinetic energy, the medium point starts to move. To better
describe the movement process, strain energy (K) was
introduced:

o’s
K=py’S Aj=——. 9
P Ou s 2E ( )
By solving the above equation, the critical velocity can
be expressed as

ug=0,-(p,E)"". (10)

If K<A,, the medium oscillates; otherwise, the
medium will experience tensile failure.

2.2. Millisecond Time Calculation. By using theoretical
calculation and reasonable selection of the differential
interval time,

2w w S
f= — + — + —. (11)
C u, U

The time to reach the formation of a new free surface
can be optimized, so as to obtain the best blasting quality
and shock absorption effect. The millisecond time [19] is
25ms, which is consistent with the actual lagging time
between holes. However, it does not explain the whole
process of the mutual interference of the stress fields



generated by all the explosive packs. Thereby, this theory
is not practical for the calculation of the microdifference
in the hole. Pokrovsky [14] proposed that in the micro-
difference delayed blasting, the decisive factor on the rock
fragmentation and the reduction of the seismic effect is
the action time of the explosion air pressure
(t=a/cp + tvp). This time is about 3~8 ms.

In the formula, ¢ is millisecond time. It is equal to the
time required for the formation of a free face, which can
be further divided into three parts. The first part is the time
required for the stress wave to travel from the center of the
explosive pack to the free face and then back to the free face.
The second part is the time required to form a crack
approximately equal to the minimum chassis resistance line.
The third part is the time required for 8-10mm crack
formation. u,, is the speed of crack propagation, s is the
crack width, u, is the average speed of flying rock, a is the
interval of explosive packs, and c,, is the speed of longitudi-
nal wave in the medium.

In order to accurately calculate the differential time in
the hole, it is based on the research of Zhendong et al. in
literature [20].This paper modified the Hanukayev formula
from two factors: (i) the formation time of the new free
surface and (ii) the residual amount of the stress wave.
According to Henry and Jianguo in literature [14], it is
assumed that the pressure in the hole at the moment of
explosion is p,, and the moment when the explosion air
freely flows out at the beginning, it can be assumed that
the higher the pressure, the greater the rate of change, which
can be expressed as p = p(t) =p,e ', p(t) is the pressure in
the hole, and « is the hypothetical index. The projectile of
the rock body from blasting is assumed to be elliptical:

* Yoy (12)

where a =w tan (f/2) and b=w.

According to the above formula, the weight of the flying
body is M=p,V = (m/2)H,2p, tan (f/2). The pressure
acting on the hole element can be therefore calculated as

dp = pOe — atRw cos 8dddz. (13)

Subsequently, the weight of the flying body can be esti-
mated by integration of the above function. The force can
be roughly described by the motion equation of the flying

body: M[d*v(t)/dt*] = P(t).

Assume that p=p,) =p,e™® is replaced by a quadratic
parabola of p, = mt* + nt +1. When pg =1, ) =Py, <<
1 and dp,,, /dt = 0. Thus,

p(t)=1-p, ) t/t,m+2(p,, — 1)t/t, +1. (14)

By combining with the above formula of P(t),

v(t) = (A =pu)t {2(pm—1) l}t. (15)

+ —
ko?t*m kot ka
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A upper stemming 7 m

B upper stemming 6 m

C upper stemming 5 m

D lower explosives 8 m

FIGURE 2: Model charge-up structure.

For t=t3, v(t;) =v,, p, =4000 kg-cm™, and v, =10cm.
t; can be estimated as

ty = [T;w’p, tan (B/2)]/D. (16)

The coefficient ¢, in the formula is to consider the influ-
ence of some quantities appearing in the equation of motion
but not included in the equation. As a first-order approxi-
mation, T can be assumed as 80 x 107%. Single-row blasting
[14] V, * =awHis the blasting volume of a row in the blast-
ing zone; the blasting volume of a single hole can be consid-
ered as the average value of the single-row blasting volume.
According to Wenhai in literatures[21, 22], the most effi-
cient delay time in the hole-by-hole millisecond blasting is
at 25ms. In summary, the dolomite blasting time within
the hole was defined as t=t, +t, + t; =3 ~ 8 ms.

3. Numerical Simulation on Millisecond
Blasting and Field Validation

To improve the simulation process, the medium in the
model was set as a homogeneous, continuous, and isotropic
elastic-plastic material with no initial stress. A symmetrical
model was established with the z-axis as the symmetrical
plane at a bench height of 24m, a length of 20m, and a
width of 15m. The designed batter angle was 75°. ANSYS
was used for simulation work via a hexahedral mesh gener-
ated by Hypermesh 14.0. When defining the boundary
conditions, the section (shot hole surface) of the model
was considered as the symmetrical boundary, and the other
surfaces except the section are all nonprojection boundaries.
The crest, surface, and toe of the batter were set as free face,
as shown in Figure 2.

Three sets of numerical models were established based
on the figure to represent the field conditions. Dynamic
loading and rock yield time were quantitatively studied by
using millisecond blasting while reasonably setting delay
time, detonation sequence, and detonation location. A para-
metric study was also carried out on millisecond time of the
digital electronic detonated. The detonation combinations
can be seen in Table 1.

The dynamic experiments on many materials [23] show
that the dynamic yield stress was significantly higher than
the static yield stress. The Cowper-Symonds relationship is
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TaBLE 1: Simulation parameters of millisecond blasting in the hole.
B—sect}on 3ms 5ms 7 ms
delay time
B&D 1 2 3 4 5 6 7 8 9 10 11 12
combined D top Dtop D bottom D top D top & D D bottom D top D top & D D bottom
detonation & B & B & B & B B bottom & B & B B bottom & B
Parameters of bottom top  bottom  top bottom & Btop bottom  top bottom & Btop bottom
gllﬂli?econd 0 0 0 0 0 0 0 0 0 0 0 0
astin _secti
& D-section 5 g5 5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
detonation
location 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
15 15 15 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

a simple empirical formula between the dynamic yield stress
and strain rate ([24, 25]; [26]), which was proposed on the
basis of a large number of experiments. This study investi-
gated the feasibility of complete restart numerical simulation
technology and the Lagrangian [27] numerical algorithm on
multistage rock blasting simulation. The constitutive model
of rock material was not studied in detail, such that a bilinear
kinematic hardening model (plastic kinematic constitutive
model) was used for rock material based on the Cowper-
Symonds relationship [28]. This is a commonly used model
for rock and soil simulation. The expression is as follows:

€ *

oy = |:1 + (f) UP:| (0'0 + BEp - 35&)7 (17)

where o, is the initial yield strength. C and P are constant
related to material properties, C =35 and P = 3. ¢ = is strain
rate, and =1 (adjustable parameter). E, is the modulus of
hardening (24 MPa), €P;; is plastic strain rate, and &P is
equivalent plastic strain, which can be calculated as eP ¢ =
I, (2ep,;/3) at.

The elements of rock and blast hole filling were defined
as “ssect-lag”; and rock and stemming materials were
assumed to be subject to the constant-stress solid element
algorithm (see Tables 2 and 3 for details).

The element of the spaced air in the hole was defined as
“ssect-ale”. Mat-Null material model (5) was used to repre-
sent air; and other parameters were set as default. The state
equation of air is the ideal air equation (*EOS-001). This
equation is a linear polynomial, and the material parameters
at initial state were defined using thermodynamics:

())—l)pE’ (18)

p =
pair

where y is the adiabatic index (=1.4), p,;., = 1.29g/L, p is the
density at certain time, and E is the specific internal
energy[29]. The JWL [24] equation was used for emulsion
explosives, which can precisely describe the expansion pro-
cess of detonation products. This equation has an extensive
database for various explosives and is expressed as

TaBLE 2: Blocking material parameters.

. Elastic . R Yield Tangent
Density Poisson’s
(g/em’) modulus ratio strength modulus
§ (GPa) (MPa) (MPa)
1.85 1.2 0.38 0.8 0.1

TaBLE 3: Dolomite material parameters.

Density Elastic Poisson’s Tensile Compressive
(g/cm?) modulus ratio strength strength (MPa)
& (GPa) (MPa) 8
2.43 5 0.30 4 80

- - E
P=A|—ZlehV | Dlerv W2 (19)
R,V R,V %

where P is the required pressure and E is internal energy of
detonation product per unit volume (assumed as 50 GPa).
According to Min et al. in the literature [23, 30-32], p and
v were obtained, respectively, at values of 1.2g-cm™ and
0.4cm-us™". V is volume of detonation product, A =2.14 x
1011, B=1.82x 109, R, =4.15, R, =0.95, and w = 0.5.

3.1.  Determination of Detonation Location and
Combination. Detonation location was investigated first
while keeping other parameters the same. Although simulta-
neous initiation method is the most efficient way for rock
fragmentation, it is difficult to be achieved due to clamping
effect of the lower rock. Intermediate initiation and two-
end initiation methods within the hole are more effective
than bottom-end initiation method considering the length
of the charge from the deep-hole blasting and superposition
of detonation waves. Based on the engineering practice, this
paper simulated the single-point detonation with initiation
point at the bottom of the hole. This section discusses the
change of the effective stress in the intermediate air interval
at various millisecond time intervals (3-8 ms). Rock
strengths at Barun Mine were obtained by conducting labo-
ratory experiments on the rock specimen collected from the
toe of 1548 slope, at an average uniaxial compressive
strength of 35 MPa and ultimate tensile strength of 4 MPa.
The average tensile strength was used as the critical value
of the failure criterion. In other words, the colored area
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F1GURE 3: Equivalent stress cloud at different times.

under the stress of the rock mass corresponding to the blast
hole is in a critical or plastic strain state.

Figure 3 shows the changes in the Mises stress cloud
diagram of high-bench blasting at various conditions. The
explosives at the bottom of the blasting hole detonated first,
and the detonation wave propagated from bottom to top. By
then, the stress wave extended outward in a “teardrop-
shape” in the rock mass. The stress subsequently decreased

as decaying of detonation wave energy. When t=2199 us
in model 3, the bottom 8 m explosives were detonated first
and the stress wave of the bottom explosive began to propa-
gate in the 5m air interval while the upper explosives were
set to detonate 3ms later. Since then, part of detonation
wave from upper explosives propagated towards the surface,
whereas the other parts started to propagate downwards
along the upper 6 m explosives. When t = 2895 ps, the stress
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FIGURE 4: Locations of equidistant monitoring points in the air compartment.

waves of the upper and lower explosives collided and super-
imposed. At this point, the bottom explosives that detonated
first completed full detonation. The decaying stress area
started to increase and expand again. Subsequently, it prop-
agated until the delaying of the stress area was less than the
yield strength of the rock mass; and the whole explosion
process was completed. The changes in the Mises stress
cloud diagram of high-bench blasting at different times in
model 3 show that the detonation wave superimposition of
the upper and lower explosives induced stress superposition.
This resulted in the stress decay rate in the rock body slower
than the previous period. At this stage, the air interval in the
blasting hole played a critical role in prolonging the detona-
tion time such that the rock was subjected to a longer lasting
stress. This in turn achieved an ideal rock breaking effect.
Results from other models are similar to those shown in
model 3, such that they are not discussed here.

The delayed detonation in the high step hole adopts air
interval detonation. This is because the air had lower resis-
tance to the rock mass, such that the explosion energy of
the upper and lower sections can be directed to intermediate
section first, which can effectively store energy while
prolonging the effective time of detonation air. Thereby, this
part of the corresponding rock mass was far away from the
explosive energy, so that the explosion stress distribution
was relatively small.

Therefore, the equidistant interval was used in the inter-
mediate air interval to determine monitoring point locations
H12021~H11981, as shown in Figure 4. The stress curve of
different monitoring units was calculated by the LS-prepost
postprocessor; and the peak effective stress in each unit
was obtained. By then, the trend of Miss stress in the units
during blasting was obtained from the model.

Based on the field experience and combination of initia-
tion methods, the initiation position was determined to be
0.5m from the bottom explosives and gradually increased
the bottom initiation position by every 0.5 m. In this simula-
tion, the bottom initiation positions were selected as 0.0 m,

0.5m, 1.0m, and 1.5m from the hole base. According to
the stress time curve diagram of each point, the peak value
of the overall waveforms under all cases rose first and then
decreased with increasing time, although the time interval
when the peak stress was over rock strength was different
for each case. As the distance between the monitoring point
and the air column increases, the rate of stress reduction at
the monitoring point, that is, the degree of flatness of the
curve, was different. Schemes 4-1 and 4-2 have steeper slopes
than the curves of 3-1 and 3-2.

As there are variations during numerical calibration,
Scheme 3.2 had most fluctuation with a range between
0.2 MPa and 0.4 MPa; this variation was within the tolerant
level. The other curves were relatively flat, and the curve in
Scheme 4-1 had the flattest slope. The flatness of the curve
reflected the uniformity of the explosion energy distribution,
such that Scheme 4.1 had the most uniformed explosion
energy distribution. This was a more effective utilization of
explosion energy. At 1 m initiation position, the peak effec-
tive stress of the element was greater than the dynamic
tensile strength of the rock, which means the element had
yielded and “flaking” had occurred. If one unit does not
yield, it can be considered that the blasting process produced
a large block (>1m) than since the distance between the
selected units was 1.0 m. It is very likely that the blasting plan
should be improved based on the parameters of the mining
equipment. From Scheme 4-1 in Figure 5, it can be seen that
all units yielded; while the peak effective stresses of some
units in Scheme 3.1 were lower than the dynamic tensile
strength of the rock, which may result in larger blocks.

Based on the field experience at Barun Mine and the
authors’ experience on millisecond blasting, the initiation
time of the upper and lower charges in the hole was set
between 3 ms and 8 ms delay time.

With different initiation parameters, the bottom initia-
tion distance was set as 0m, 0.5m, 1.0m, and 1.5m. Results
showed that under Schemes 3-1, 3-2, 4-1, and 4-2, the aver-
age peak effective stresses are at the monitoring points (see
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FIGURE 5: Peak effective stress diagram at equidistant monitoring points of interval air column.

TABLE 4: Peak effective stress of the inspection points under the millisecond blasting.

Initiation method Peak effective stress (MPa)

Initiation location 0m 0.5m

1.0m 1.5m Difference between maximum and minimum

3-1 9.37 9.25 9.05 10.36 1.31
3-2 10.02 10.09 14.50 13.23 4.48
4-1 15.80 1540 15.55 15.46 0.40
4-2 14.38 14.14 14.18 14.45 0.07
Difference between maximum and minimum 6.43 6.15 6.50 5.10 11

Table 4 for details). It also shows that under the same
bottom detonation distance, the detonation method had an
impact on the peak effective stress at each monitoring point,
with a variation between 5.10 and 6.50MPa. On the
contrary, under the same detonation method and different
bottom detonation distances, the peak effective stress of each
monitoring unit varied from 0.07 MPa to 4.48 MPa, while
the millisecond initiation sequence influenced the fragmen-
tation and was larger than the bottom initiation distance.
Considering the changes in the peak effective stress values
at each point around the intermediate air space, the intensity
of the full stress field, and the duration, the best millisecond
initiation parameter was determined, i.e. millisecond time of

3~8 ms. Based on model 3, the initiation distance was deter-
mined to be 1 m.

3.2. Field Test. Barun Mine is a subsidiary of Baotou Iron
and Steel Group. The main drilling equipment of Barun
Mine is a KY-310 roller drilling rig. The prestrip equipment
mainly includes ER9350 large hydraulic shovel Liebherr and
4410 large electric truck. It is a modern superpit. The lithol-
ogy at the site is mainly dolomite, slate, and Quaternary. Due
to the requirement of pit boundary optimization, the high-
wall needs to be expanded towards the north. To improve
the efficiency of the expansion, Barun Mine decided to
utilize the upper existing 12m high bench, modification of
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FIGURE 6: Rock fragmentation at front of high-bench blasting.

FIGURE 7: Rock fragmentation at the crest of high-bench blasting.

drilling rig, and production process. The upper 12 m bench
was expanded to a 24 m high bench without the change of
original mine design parameters. Thus, 24m boreholes
through two benches were drilled at one time. This would
increase the efficiency of blasting. Due to the height of the
benches at Barun Mine, the factors including blast reliability
improvement were considered; such improvement was
achieved by setting initiation points at top and bottom of
the blasting hole. However, with the increase in bench height,
the length of the explosives in the blasting hole also
decreased. It was required to redetermine the parameters of
explosives in the upper and lower segments of the blast hole.

The blasting zone was located on the north side of the pit
at the level of 1548. The bench lithology is mainly medium
strength dolomite. Blasting holes had a diameter of
310mm and a chassis resistance line of 10m. To reduce
the influence of blasting vibration, the short delay time in
the holes was set as 3~8 ms and the detonation was carried
out between the rows. The charging method was interval
charging with 7m stemming. There were 71 blast holes in
total, and the rock blasting volume was 66 134.88t. Based
on the field test results, it can be seen that the average block
size satisfied the requirements of shoveling. The block diam-

eter was about 20 cm, and the forward moving was about
20m. The back and side movements were limited by other
in-rock masses, such that the distance was relatively small,
at approximately 3m. The reasonable fragmentation size
was acceptable and uniform, which satisfied the capacity of
mining equipment. The throwing distance of the blasted
rock was greater than 25 m. The on-site blasting results are
shown in Figures 6 and 7.

4. Conclusion

Under the condition of 24 m bench and large vertical drilling
at Barun Mine, multiple analytical and numerical models
were constructed to analyze the distribution of blasting
stress in the rock mass at various initiation sequence and
locations. The millisecond blasting initiation parameters
provided a theoretical basis for high-bench blasting; and
the following conclusions were drawn:

(1) Based on numerical simulation and field test, it was
concluded that the effective stress duration was longer
when the lower end of the lower explosives was deto-
nated first and the millisecond time interval between



12
the holes is 3~8 ms. The delayed detonation at the top
of the upper grain is reasonable, which can result in
sufficient rock fragmentation. This provided a favor-
able analysis and technical support for the develop-
ment of the millisecond blasting at Barun Mine
(2) By comparing the peak stresses of same detonation
sequence under different detonation locations with
the same detonation location under different detona-
tion sequences, it was found that the millisecond
initiation sequence was the key factor affecting the
rock fragmentation. Thereby, the emerging high-
precision digital electronic detonators provide
sufficient preciseness for millisecond blasting in
high-bench holes. Moving forward, the advantages
of electronic detonators will be further utilized to
specific working conditions, aiming at improving
the blasting efficiency of open-cut operations
List of Symbols
a: Interval of explosive packs, m
C and P: Constant related to material properties, C = 35
and P=3
Ep: Modulus of hardening, MPa
E: Internal energy of detonation product per unit
volume, GPa
F: Function
AP,: Change of shock wave peak overpressure over
time, MPa
AP;: Peak shock wave overpressure, MPa
P: The required pressure, MPa
Pup! Pressure of exploded air, MPa
®p: Average detonation pressure of exploded air, MPa
R,: Radius of detonation wave front, m
Rvp: Radius of the exploded air, m
R4 Blasting cavity radius, m
R,: Radius of concentrated charge pack, m
R: The distance between blasting center to the mea-
surement point, m
st Crack width
t: Duration of shock wave overexposure, ms
t: Time, ms
t: Barotropic pressure, MPa
ty: Millisecond time, ms
Uy Speed of crack propagation
U, Average speed of flying rock
Ww: Weight of emulsion explosive, kg
Z: Proportional explosion distance, m/kg'"?
Po: Initial density, kg/m’
P Density at any moment, kg/m’
Pt Explosive density, kg/m’
oy Attenuation coefficient
€ Speed of longitudinal wave in the medium, m/s
0y Initial yield strength
€ *: Strain rate
B 1 (adjustable parameter)
Py Plastic strain rate
P g Equivalent plastic strain.
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Data Availability

The data basically comes from the mining data of the Baiyun
Obo rare earth mine. This article makes a corresponding
study on the delay time in the hole.

Additional Points

Highlights. The delayed detonation at the top of the upper
grain is reasonable, which can result in sufficient rock frag-
mentation. This provided a favorable analysis and technical
support for the development of the millisecond blasting at
Barun Mine. The emerging high-precision digital electronic
detonators provide sufficient preciseness for millisecond
blasting in high-bench holes. Moving forward, the advan-
tages of electronic detonators will be further utilized to
specific working conditions, aiming at improving the blast-
ing efficiency of open-cut operations
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The water-sediment two-phase seepage in coarse fractures is one of the major factors to trigger mine water inrush disasters. Based
on seepage mechanics theory, a mechanical model of the water-sediment two-phase seepage in coarse fractures was established.
An experimental system was also developed to study the seepage characteristics under various conditions. The relationships
between the absolute value of the pressure gradient and the seepage velocity were analyzed during the test process. The
nonlinear characteristics of the seepage test were revealed. In addition, variation laws of the absolute value of the pressure
gradient with the sand volume fraction and the sand particle size were illustrated, which were related to the loss of pressure
during the particle movement. The impacts of the sand volume fraction and the sand particle size on the equivalent fluidity
and B-factor of non-Darcy flow were discussed and analyzed. It was determined that the local turbulence was the main reason

for the change of nonlinear variation characteristics of seepage parameters.

1. Introduction

Water inrush is one of the major disasters affecting coal
mine safety production. It causes the direct cost of tens of
billions of yuan every year in China. Therefore, it is of great
significance to find clear water inrush disaster mechanisms
and effectively control the disasters for the construction of
green mines in China [1, 2]. Water-sediment two-phase flow
in course fractures is the precursor of mine water inrush
disasters. It is the key to study seepage characteristics of
the water-sediment mixture to reveal the mine water inrush
mechanism.

The formation of fissure channels and the seepage of
water-sediment mixture are two core factors of mine water
inrush disasters. The fissure channels are caused by the sur-
rounding rock deformation during the roadway driving and
the mining of the working face [3-5]. The surface of the
fracture is usually coarse. The water-sediment mixture
mainly exists in old roofs or water-rich areas [6, 7]. The con-
tent of the water-sediment mixture is mainly water, and the
content of sand is less in Eastern China, while thick sand

layers usually exist above coal seams in Northwest China.
A complete channel penetrating fractures will form after
the overburden failure [8]. Then, the overlying thick land
layers will flow to fractures along with the water and thus
trigger water and sand inrush disasters. Many scholars used
numerical calculation methods to reveal the complete pro-
cess of water-sediment two-phase flow, and they adopted
the software, such as ANSYS, FLAC, PFC, and COMSOL,
to study the seepage fields and stress fields [9-12]. However,
the numerical calculation results have limited guidance value
for actual engineering, due to inaccurate mechanical param-
eters and simplified models. Therefore, scholars are trying to
find more scientific methods to study mechanical problems
of water-sediment two-phase seepage.

Limited by the testing equipment, the water-sediment
two-phase seepage experiments took water and prefabri-
cated parallel fractures as research objects [13]. With the
development of test equipment and the signal acquisition
system, water-sediment two-phase seepage experiments in
coarse fractures were carried out and a series of research
results were achieved [14-16]. Based on a large number of
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FIGURE 2: Water-sediment seepage principles inside the fissures.

studies on the water-sediment seepage process in coarse
fractures, scholars mainly study the factors affecting the
seepage characteristics, including fracture roughness, frac-
ture aperture, sediment concentration, and sand particle size
[17-21]. However, the current studies on fracture seepage
mainly focus on a single-fluid seepage field and rarely
involve the liquid-solid two-phase flow in fractures [22,
23]. When the particle concentration is relatively low, the
particle cannot be treated as the quasi-fluid and the inter-
phase forces cannot be ignored. At the point, water-
sediment transport can be treated neither as two-fluid seep-
age nor as single-fluid seepage. The research on particle
phase and continuous phase flow in fractures is rare.

At present, there is rare research involving the liquid-
solid two-phase flow in fractures. In the paper, a mechan-
ical model of water-sediment two-phase seepage in coarse
fractures was established based on the seepage mechanics
theory. A testing system was built to simulate water-
sediment two-phase seepage in coarse fractures. Then,
the mechanical test was carried out by using prefabricated
coarse fracture specimens. The water-sediment two-phase
seepage characteristics and the influencing factors were
studied systematically. The test results are aimed at reveal-
ing the water and sediment inrush mechanism and provid-
ing references for water-sediment inrush disaster
prediction and control.

2. Experimental Principles and Introduction

2.1. Preparation of Coarse Fracture Specimens. Natural rock
specimens are generally used to get fissure surfaces by fracture
splitting in fluid flow experiment in fractures. The obtained
fractures are relatively close to the actual fractures but cannot
be used to describe geometrical characteristics and construct
the numerical model. Meanwhile, the composition of natural
rock is complex and may easily cause a water-soluble phenom-
enon to occur, which will affect the experimental results. On
this basis, Ni-Cr alloys (06Cr19Ni10 GB/T 20878-2007) were
used to make coarse fracture specimens in this experiment.
Figure 1 shows the sizes of fracture specimens. The height (b
) is 100 mm, and the diameter (k) is 70 mm + 2a + ¢. The pro-
jections of the fissure surfaces on the longitudinal section are
continuous and uniform distributed isosceles triangles. The
height of the triangle (a) is 1 m. The distance between two fis-
sure surfaces (d) is 2mm. The fissure aperture (c) is 0.8 mm.
The fissures are anastomosed between two fissure surfaces.
Water and quartz sand were used as the liquid phase and solid
phase, respectively, for the experiment.

2.2.  Experimental Principles and the Test System
Establishment. Water and sediment belong to solid-liquid
two-phase mixtures. The flow of water and sediment in frac-
tures is complex turbulent flow. In this paper, a generalized
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FiGURE 3: The water-sediment seepage testing system in fissures (a: the stirring system; b, d: the water-sediment transport system; c:

permeameter; and e: control panel).

FIGURE 4: Seepage system and specimen installation method (a:
upper water-conducting transition plate; b: high water material; c:
cylinder tube; d: lower water-conducting transition plate; e:
conical base; f: capping; g: fissure specimen; h: O-shaped rubber
seal ring; i: bolt; j: coarse fissure surface; k: the inner of the
seepage system).

flow-seepage was used to simplify actual flow of water and
sediment. Taking the direction parallel to crack length as
the X, axis and the direction of crack aperture as the X, axis,
the coordinate system OX,X,X; was established according
to right-hand grip rule, as shown in Figure 1.

In actual flow, the distributions of water flow rate v,

sand flow rate ¥ , hydraulic pressure p, and sediment con-
centration (fractional volume @) are uniform. This is
because fracture surfaces have unilateral constraints to water
and sediment.

In seepage mechanics, the normal distributions of flow
velocities among fractures are usually not considered along
the fissure surfaces, and the seepage velocity (the average
seepage velocity along the fracture width direction) is used
to replace the permeability velocity. The water phase seepage

velocity was marked as V, the sand phase seepage velocity

—
was marked as VP, and the distance between two fissure
surfaces was marked as ¢; then, the following equations
could be obtained.

— 1 (¢
V=EJ v, (1)

0

— 1 (‘=
V- _J W dx,, 2)

¢Jo

where x, is the local coordinate. The transformation
relation between x, and X, is given as follows:

_ *
x, =X, - X3,

(3)

where X7 is the coordinate of X,, the point of intersec-
tion between the lower fissure surface and cross section.

As shown in Figures 1 and 2, the seepage velocities V and
N -
VP were one dimension less than the actual flow velocities v

and VP, To facilitate the analysis, the physical quantity was
assumed to be constant along the direction of X;. Thus, the

— H . . .
actual flow velocities v and v* were two-dimensional, while

— —
the seepage velocities V and VP were one-dimensional, that is,

— =
VP =FB(X, ;1)

In seepage experiments, the distributions of flow velocities
along direction X, were unavailable, so flow velocities in fissures
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were measured. The experimental phenomena and water-
sediment flow laws were explained and analyzed by viewpoints
and theory of seepage mechanics.

During the seepage of water and sediment in two parallel
fissure surfaces, the water was the Newtonian fluid, while the
sediment was the non-Newtonian fluid. The fissure surfaces
are curved surfaces generated by polyline translation.

€,(i=1,2,3) was the base vector of the coordinate sys-
tem OX,X,X;; then, the seepage velocity was V= Ve, and

VP = VPe,. The sum of the water flow and sediment flow
in fissures could be obtained by the following equation:

Q= VO"hD + VPOhD, (8)

where @V is the volume fraction of water and @ is the
volume fraction of sediment. Due to

OV +D=1, 9)
equation (8) could be transformed into

Q=[V(1-®") + VP®O|hD. (10)
Therefore, the seepage velocity of the water-sediment
mixture could be obtained by

Q

V==

=V(1-DY) + VPO,

(11)

To realize accurate measurement of flow in fissures, the
following boundary conditions should be met for water-
sediment flow.

(12)

Va |X3:1D/2 =0,V; ‘X3=irD/2 =0,

=0, V% 0. (13)

Vi ’ X,=+D/2 |X3:¢D/2 =

In the experiment, X;=+D/2 was set as the closed
boundary without mass transfer.

To realize the boundary conditions in equations (12) and
(13), high water seal materials were used around two specimens

with fissure surfaces. A rigid frame was arranged outside the
high water materials, as shown in Figure 2(a). The seepage
velocity of fluids was parallel to the X, axis, as shown in
Figure 2(b).

According to principles in Figure 2, a water-sediment
seepage test system in fissures was designed, as shown in
Figure 3. The system consists of a stirring system (a in
Figure 3), a water-sediment transport system (b and d in
Figure 3), a self-developed permeameter (c in Figure 3),
and a control panel (e in Figure 3). Figure 4 shows the
installation methods of the permeameter and specimens.
Manual control was used for the relative positions between
fissure surfaces. Firstly, the specimen was sealed in the cyl-
inder tube. A 0.8 mm copper wire was placed on the fis-
sure surface along both sides of the specimen. High
water materials were filled between the specimen and cyl-
inder tube.

2.3. Calculation Methods of Characterization Parameters.
The water-sediment mixture flow in coarse fissures belongs
to typical non-Darcy flow. In the experiment, the equivalent
fluidity I, and the B-factor of non-Darcy flow were chosen as
characterization parameters.

The inner diameter of pipe-segment ABC was d, ., and
the average flow velocity could be obtained by

4Q

2
T[dtube

(14)

Vtube =

The seepage velocity in fissures could be calculated by

Q

- - (15)

On the precondition that linear loss and local loss were
neglected, the Bernoulli equation was given as follows:

2 2
%+E=€1+L+AH,
P9 29 p'g 29

(16)

where p*, p, and pP are densities of water-sediment mix-
ture, water, and sand, respectively, and p* = pP® + p(1 - @).
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g is the acceleration of gravity. p; is the pressure at fissure
entrance. AH is the height difference between point B and
the middle of the fissure surface (AH was about 1.1 m in this
system). Equation (16) could be used to get the pressure p,
at the entrance of the fracture.

The outlet of the fracture was open, so the pressure p,
was approximately equal to zero. Then, the average pressure
gradient of water-sediment mixture along X, was given:

ap _ M

average

That is, the absolute value of the pressure gradient G,
could be calculated by

G,=2, (18)

The water-sediment mixtures were treated as power law
fluids. The power exponent was marked as n. Then, in
steady-state flow, the equivalent fluidity I, p-factor of
non-Darcy, seepage velocity V, and absolute value of pres-
sure gradient G, could meet the following relation:

Low, wpu2_ Pr— Py
—vreptpy= i (19)

€

Considering p, = 0, equation (19) could be simplified as

=

1
I—V”+p*[3V2:‘%. (20

e

According to equation (18), equation (21) could be
obtained.

1 n * 2
I_V +p V- =G, (21)

e

By introducing the symbol A, and A,, equation (22)
could be obtained.

A’l = l’
I, (22)

A=p"B

Then, equation (21) could be transformed into

MV + 4,V =G,. (23)

In this experiment, four groups of screw pump rotation
speeds were set. The flow and the pressure at the entrance
were Q; and p!, respectively. The corresponding seepage
velocity V; and the absolute value of the pressure gradient
were G;, i=1,2,3,4.

The functional was constructed as follows:

M-

Il= (Alv;’ +A,V2 —G;)z =0. (24)

5

[
—_

To take the minimum value of I, equation (25) could be
obtained.

4 4 4
(Z Vf“) A+ <Z Vf*”) A, = (Z V;fG;),
i=1 i=1 i=1
(i V“") A+ <i V4> A, = (i VzGi>
i 1 i 2 iJp |-
i=1 i=1 i=1

(25)
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The solution of equation (25) was calculated as follows:
(Zhvig) (B0 V) - (BLvi) (Bhvig)
(zLve) (zhvh) - (zLver) (zhvir)
(zhvi) (Zhvigy) - (ShviGy) (Shvi™)

( )
(2w (E0) - (5 ()

Ay =

(26)

By using equation (22), the equivalent fluidity I, and S
-factor of non-Darcy flow could be obtained as follows:

I=—,

-1 (27)

(28)

2.4. The Testing Scheme and Methods. In this experiment, the
sediment particle size D, and the sediment volume fraction
(concentration) @ were selected as variables to study water-
sediment two-phase seepage characteristics in coarse fractures.
There were three groups of D, that is, 0.02-0.06 mm, 0.06-
0.10mm, and 0.10-0.14 mm. @ values were divided into five
groups, that is, 0%, 1.02%, 2.07%, 3.04%, and 4.06%.
The whole process is as follows:

(i) The first step is to pour water into the stirring pool

with the inner diameter of D,. The depth of water
= (1/4)
DpoolH The sediment volume required for the test
could be converted according to @, that is,

was H,. Then, the volume of water was B,,
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FIGcuUre 8: Gp‘Dp curves.

(29)

According to the density of sand, the quality of sand
could be calculated as follows:
mP = pPBP. (30)
By substituting equation (29) into equation (30), equa-
tion (31) could be obtained.

1-0
mP = 5 pPBY.

(31) (iii)

(ii) The second step was to turn on the motor to drive
the stirring impeller to make sand particles mix in
the water. After a certain period of stirring, the

(iv)

(d) n=2800r/min

screw pump was started to extract water-
sediment mixtures. The sand concentration (vol-
ume fraction) @ was measured. If there was a big
difference between @ and @, a hand pump was
used to lift the container. At this point, the sand
concentration would be measured again. After the
relative error between @ and @ was no more than
5%, the handle of the reversing valve of the hand
pump was placed at the neutral position to stop
the movement of the double-acting hydraulic
cylinder

The screw pump was connected to the permea-
meter by a hose to form a penetration channel.
The permeameter was connected with the stirring
pool to form a backflow channel

VVVF (Variable Voltage and Variable Frequency)
was used to adjust the screw pump rotation speed
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to n; =200(r/min). The real-time flow and pres-
sure displayed by the paperless recorder were
observed. After the flow and pressure became sta-
ble, the flow Q, and pressure in pipeline p; were
recorded

(v) The screw pump rotational speeds were adjusted to
1, = 400(r/min), n; = 600(r/min), and n, = 800(r/
min), and the corresponding flows Q;(i=2,3,4)
and pressures Pj(i =2, 3,4) were recorded

(vi) The screw pump was closed and @ was changed.
Steps (i) to (v) were repeated

(vii) The screw pump was closed and D, was changed.
Steps (i) to (vi) were repeated

(viii) According to above steps, the water-sediment
seepage tests were completed for three groups of
sediments with different particle sizes and five
groups of sediments with different volume frac-
tions. The penetration test was carried out with
the fracture width of 0.8mm, D, of 0.02-
0.06 mm, and @ of 4.06%. Figure 5 shows the
pressure-time curve and flow-time curve. It could
be seen that when the screw pump rotational speed
became stable, the volume flow of the water-
sediment mixture changed slightly, and the aver-
age value was relatively stable. This showed that
the fracture resistance had little effect on screw
pump displacement

3. Pressure Gradient Change Characteristics of
Water-Sediment Two-Phase Seepage in
Coarse Fractures

3.1. Nonlinear Characteristics of Water-Sediment Two-Phase
Seepage. Figure 6 shows the change curves of absolute values
of pressure gradient G,, of water-sediment mixtures with the
flow rate V in coarse fractures under different sand particle
sizes D, and sand concentrations @. As V increased, G,
increased gradually. A remarkable nonlinear relationship
existed between G, and V, proving that the water-
sediment two-phase seepage in fracture specimens belonged
to the typical non-Darcy flow.

3.2. Variation Laws of Pressure Gradient with the Sand
Volume Fraction. Figure 7 shows change curves of the pres-
sure gradient G, with the sand volume fraction ¢ under var-
ious screw pump rotational speeds n. When »n were 200/
min and 400 r/min, change characteristics of curves were
similar. When n were 600 r/min and 800 r/min, the charac-
teristics of curves varied a lot.

In Figures 7(a) and 7(b), under low rotational speeds
and three kinds of sand particle sizes, the absolute value
of G, firstly increased, then decreased, and increased again
with the change of sand particle volume fraction @. When
D,=0.02~0.06mm and D, =0.06 ~0.10mm, monotone
intervals of G,-® curves were consistent. When D, =

TaBLE 1: Parameters involved in water-sediment seepage in rock
fractures under various conditions.

D, (mm) D (%) I (m"?. s> kg™) B (m™)
0 0 5.06 x 1077 6.87E + 05
1.02% 1.46E — 08 5.72E + 05
2.07% 1.91E - 08 5.41E + 05
0.02-0.06
3.04% 7.17E - 09 4.11E+05
4.06% 6.40E — 09 3.98E + 05
1.02% 7.59E — 09 4.39E + 05
2.07% 6.03E — 09 3.01E + 05
0.06-0.10
3.04% 5.91E — 09 3.35E + 05
4.06% 6.67E — 09 4.00E + 05
1.02% 2.68E — 08 5.96E + 05
2.07% 1.25E - 08 5.33E + 05
0.10-0.14
3.04% 1.04E — 08 4.01E +05
4.06% 6.82E — 09 3.88E + 05

0.10 ~ 0.14 mm, monotone intervals changed significantly,
presenting that the whole of the curve shifted to the right.
The comparison of two groups of curves indicated that
when 7 =200 r/min, three groups of G,-® curves showed
an overall upward trend, while with #=400r/min, they
showed horizontal fluctuations.

In Figures 7(c) and 7(d), under high rotational speeds
and three kinds of sand particle sizes, the change of G, with
O firstly decreased and then increased, showing an overall
downward trend.

Comparisons of each group of curves indicated that the
curves of pressure gradient absolute values and sand particle
volume fraction had multiple monotonicity. When the flow
velocity was low, sand movement increased the pressure loss
of the water-sediment flow in fractures. As the flow velocity
increased, the pressure loss also decreased.

3.3. Variation Laws of Pressure Gradient with the Sand
Particle Size. In the water-sediment mixture, the sand
particle size could affect the pressure gradient. Figure 8
gives variation laws of G, with D, under various
conditions.

In Figure 8(a), with n of 200 r/min and various @, the
absolute values of G, first increased and then decrease with
the increase in D,, showing an overall upward trend with
different positions of extreme points of G,. Compared with
the two groups of curves with @ values of 1.02% and
2.07%, the maximum values of curves with @ of 3.04% and
4.06% shifted to the right. When n increased to 400 r/min
in Figure 8(b), G,-D,, curves had obvious differences under
four kinds of @, showing horizontal fluctuations on the
whole.

As n increased to 600 r/min in Figure 8(c), the variation
trends of two kinds of curves with @ of 1.02% and 2.07%
were relatively consistent. G, first decreased and then
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FIGURE 9: Variation curves of seepage parameters with the sand volume fraction.

increased with the increase in Dp. When @ were 3.04% and
4.06%, Gp decreased with the increase in DP. When »n =800

r/min, the change characteristics of the lower curve were
basically the same with those when n =600 r/min. That is,
under low @, G, first decreased and then increased with

the increase in D,,, while under high @, G, reduced gradually
with the increase in D,,.

On the whole, the variation of sand particle size could
significantly change the characteristics of pressure gradi-
ent. Meanwhile, the changes of the rotational speed of
the pump and sand concentration could also affect the
pressure gradient. When the flow velocity was low and
the particle size was large, the particle movement caused
loss of pressure. As the flow velocity increased, the pres-
sure loss became weak gradually.
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4. Change Characteristics of Parameters
Involved in the Water-Sediment Two-Phase
Seepage in Coarse Fractures

Based on the experimental results and calculations, the
equivalent fluidity I, and p-factor of non-Darcy flow were
obtained under various particle sizes D, and sand volume

fraction @, as shown in Table 1.

4.1. Variations Laws of Seepage Parameters with Sand
Volume Fraction. According to the data in Table 1, variation
curves of the equivalent I, and f-factor of non-Darcy flow
with the sand volume fraction were obtained under three
kinds of particle sizes, as shown in Figure 9.

Figure 9 shows that variation laws of I, and f-factor of
non-Darcy flow with @ were basically the same, proving that
the two factors could represent the same seepage character-
istics. With D,, between 0.02 and 0.06 mm, as @ increased,
I, and f-factor showed an overall decreasing trend. When
@ increased from 1.02% to 2.07%, I, showed a small
increase, while f-factor was basically unchanged. When @
increased from 3.04% to 4.06%, I, and f-factor were basi-
cally unchanged. When @ increased from 2.07% to 3.04%,
I, and B-factor decreased by over 60%. When D, =0.06
~0.10mm, I, and B-factor increased with @, showing the
trend of first decreasing and then increasing. When D, =
0.10~0.14mm, I, and B-factor decreased rapidly with the
increase in Q.

4.2. Variation Laws of Seepage Parameters with the Sand
Particle Size. Based on the experimental results, variation
laws of I, and f-factor with D, were obtained, as shown in
Figure 10.

Figure 10 indicates that variation laws of I, and f-factor
with D, were basically the same. When ® =1.02%, 2.07%,
and 3.04%, I, and -factor first decreased and then increased
with the increase in D,. When @ =4.06%, I, increased with
the increase in D, and the increase became slow gradually,

while -factor first increased and then decreased and the
overall amplitude of variation was not obvious.

4.3. Analysis and Discussions. In seepage mechanics, the
equivalent fluidity I, refers to the ratio of the flow and
cross-sectional area. It is used to represent the seepage
capacity of the mixtures. The larger the value, the stronger
the seepage capacity. 3-factor of non-Darcy flow is used to
represent nonlinear characteristics of seepage in fractures.
The larger the value, the more obvious the nonlinear charac-
teristics. Compared with the water phase seepage flow, the
sand particle size and the sand concentration (volume frac-
tion) are important factors affecting the water-sediment flow
in fractures, which has been illustrated in the experiment.

In the fixed mixtures with various sand particle sizes, the
higher the sand volume fraction, the narrower the overall
permeable channel of the fracture and the lower the perme-
ability of the fracture, resulting in a smaller equivalent fluid-
ity I.. Meanwhile, the narrow permeable channel reduced
the nonlinear characteristics of the seepage, macroscopically
characterized by the decrease in -factor of non-Darcy flow,
as shown in Figures 9(a) and 9(c). However, remarkable
solid-liquid two-phase seepage characteristics existed when
the water-sand mixture passed through the narrow channel,
which led to significant nonlinear changes in seepage param-
eters under certain conditions. As shown in Figure 9(b),
when D, =0.06~0.10 mm, the solid-liquid two-phase seep-
age might cause turbulent flow to occur in the local channel,
as the sand volume fraction increased from 2.07% to 3.04%,
causing sudden changes in variation laws of seepage
parameters.

When the sand volume fraction was fixed in the water-
sediment mixture, variations of the sand particle sizes could
lead to uncertain nonlinear seepage characteristics in the
seepage process. The increase in the particle size firstly nar-
rowed the local permeable channels, weakened the whole
seepage capacity in fractures, and lowered the nonlinear
seepage characteristics of the medium. As the particle size
further increased, the overall migration capacity of the
water-sediment mixture increased. The overall impact



Geofluids

capacity of the mixture on the channel section enhanced.
The equivalent fluidity of the sandstones became larger.
Meanwhile, local turbulence could be found around the par-
ticles, leading to the increase in the equivalent fluidity I, in
the channel of fractures and fS-factor of non-Darcy flow.
The processes are shown in Figures 10(a)-10(c). When the
volume fraction of the water-sediment mixture reached a
certain level, the influences of the particle clusters composed
of fine particles and the large-volume particles on the overall
seepage characteristics were basically unchanged; that is, the
change characteristics of I, and p-factor of non-Darcy flow
were not obvious, as shown in Figure 10(d).

5. Main Conclusions

To further clarify the mechanism of mine water inrush haz-
ards, this paper carried out an experiment to study mechan-
ical characteristics of the water-sediment two-phase seepage
in prefabricated coarse fractures. The nonlinear characteris-
tics of the water-sediment seepage in fractures were studied
systematically, and the influencing factors were analyzed in
detail. The main research conclusions are as follows:

(i) Based on theory of seepage mechanics, the formulas
for the principle of the water-sediment two-phase
seepage in fractures were deduced. The mechanical
model was established. A system was developed to
conduct the water-sediment seepage test, and the
characterization parameters were determined and
analyzed

(ii) Variation laws of the absolute values of the pressure
gradients with the seepage velocities were systemati-
cally analyzed under various conditions. The non-
linear relationships were clarified. On this basis, it
was determined that the water-sediment two-phase
seepage test was a typical non-Darcy flow
experiment

(iii) The impacts of the sand volume fraction and the
sand particle size on the absolute values of the pres-
sure gradients were significant. When the particle
size was fixed and the pump rotational speed was
slow, the pressure gradient first increased, then
decreased, and increased again with the change of
the sand volume fraction. When the pump rota-
tional speed was high, the pressure gradient first
decreased and then increased. When the sand vol-
ume fraction was fixed, the absolute value of pres-
sure gradient changed from first increasing and
then decreasing to first decreasing and then increas-
ing, as the speed of the pump changed from high to
low. This was related to the pressure loss caused by
the sand particle movement

(iv) During the seepage process of the water-sediment
seepage in fractures, the change characteristics of
equivalent fluidity I, and p-factor of non-Darcy
flow with the sand volume fraction and the sand
particle size were basically the same. When the par-
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ticle size was fixed, with the higher sand volume
fraction, both I, and fB-factor decreased. When D,

=0.06~0.10mm, they first decreased and then
increased. When the sand volume fraction was
fixed, they first decreased and then increased with
the increase in the sand particle size. When the sand
volume fraction was relatively high, they changed
slightly
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In order to meet the security and high-efficiency production needs, high-strength bolt (cable) reinforcement technology is usually
used to maintain the stability of roadways. However, due to the great variability of lithology and mechanical properties, the failure
form and stability of the layered roof in coal roadways are significant differences. The traditional supporting design method of the
layered roof support in coal roadways is the engineering analogy method, which depends on experiences rather than theoretical
analysis. Based on the theory of the elastic foundation beam and key stratum, this paper establishes a simplified analytical model of
layered roof strata in coal roadways. Based on the Mohr-Coulomb theory, this paper gives the failure criteria of the layered roof
strata, and the failure range of the layered roof strata is obtained. The length and pretightening force of bolt (cables) of the layered
roof strata can be calculated based on the suspension theory and composite beam theory, which providing a quantitative
theoretical basis for the determination of supporting parameters. Finally, as a case, the layered roof strata failure range and

supporting parameters of the S1301 auxiliary transportation roadway in Gucheng coal mine are calculated.

1. Introduction

With the continuous innovation of energy mining technol-
ogy [1], the support technology of roadway is also constantly
innovating. However, due to the complex formation and
changeable characteristics of the coal seam, the characteris-
tics of the roadway roof strata are complex and changeable,
which makes the stability control of roadway layered roof
strata very difficult [2-7]. Therefore, it is very important to
analyze the surrounding rock pressure and failure character-
istics of the layered roof strata.

After excavation, due to the existence of the free surface
and unbalanced surrounding rock pressure, the layered roof
strata of rectangular coal roadways will bend and deform to
the free surface. If the length and pretightening force of the
bolt (cable) are not adequate, the layered roof strata in coal
roadways will separate and even collapse [8, 9]. The study
on the deformation mechanism and the supporting parame-
ters of layered roof strata mainly depend on simulation tests,
numerical simulations, and field measurements rather than

theoretical analysis [10-13]. Zhang et al. [14] studied on
the mining instability characteristics and failure modes of
the layered roof with three types of weak intercalation which
depended on simulation tests and proposed the control prin-
ciple of the roadway surrounding rock. Sofianos and Kapenis
[15], Sofians [16], and Lin [17] studied on the stability and
deformation failure process of the layered roof, which was
supported by bolts, based on the discrete element method.
Jiang et al. [18] classified the roadways compound layered
roof into seven types. The classification scheme of roof cav-
ing possibility was established, and the hidden danger level
of the typical roadway compound layered roof structure
was divided.

Based on the composite beam theory and elastic founda-
tion beam model [6, 19-21], the deformation characteristics
of the layered roof strata in rectangular roadways are ana-
lyzed in this study. Based on the Mohr-Coulomb theory, this
paper gives the failure criteria of the layered roof strata, and
the failure range of the layered roof strata is obtained.
Finally, we can calculate the length and pretightening force
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of the bolt (cable) based on the suspension theory and com-
posite beam theory, which provides a quantitative theoretical
basis for the determination of the supporting parameters.

2. Theoretical Background

2.1. Problem Definition. As the length of the roadway is far
larger than the section size, the analytical model is idealized
as a plane strain problem. This study assumes that the com-
pound layered roof of roadways are composed of n-layer
strata, numbered 1,2---i---n from bottom to top
(Figure 1). After excavation, the bending deformation of lay-
ered roof strata may lead to separation or interlayer sliding
of the compound layered roof. If there is no bolt (cable) sup-
port, the failure layered roof strata of coal roadways may
lead to roof caving accident. After the application of bolt
(cable), the fractured layered roof strata will be suspended
in the upper stable roof stratum and form a self-stable
structure.

According to the above discussion, the first step in calcu-
lating the length and pretightening force of the bolt (cable) is
to analyze the internal force of the layered roof strata based
on the composite beam theory and the elastic foundation
beam model. Then, the range of the failure roof can be deter-
mined. Finally, the bolt (cable) support parameters are
obtained based on the suspension theory and composite
beam theory.

Here, we assume that a certain number of layered roof
strata in coal roadways form the composite beam structure.
For the roadway is a plane-symmetric structure, we can
assume that the stress and deformation of the layered roof
are also symmetric. Thus, the right part of the layered roof
strata relative to the symmetrical axis is taken as the analysis
object. Based on the elastic foundation beam theory [14], the
composite elastic foundation beam model and its coordinate
system are established (Figure 1).

Here, q is the load on the composite elastic foundation
beam structure, [ is half of the roadway width, o; is the hor-
izontal stress, and k is the foundation characteristic coeffi-
cient of the elastic foundation beam.

2.2. Basic Equations. The Winkler hypothesis considers that
the settlement amount of any unit point in the foundation
surface is proportional to the pressure. Therefore, the foun-
dation counterforce of the elastic foundation beam can be
determined as follows:

R=-kY, (1)

where Y is the settlement amount of the foundation, namely,
the bending amount of the foundation beam, k = kb, where
b is the width of the beam, b=1m, and k; is the Winkler
foundation coefficient.

According to the above simplifications and the equilib-
rium conditions, the deformation differential equation of
the composite elastic foundation beam is

Geofluids
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EIdY q+yh 0<x<l
- = y’ <x< |
dx*

: @)
ay
EI—d T =q+yh-kY, I<x<co,

X

where EI is the bending stiffness of the composite elastic
foundation beam, which can be obtained using formula
(3), q is the load on the composite elastic foundation beam,
y is the unit weight of the composite elastic foundation
beam, and £ is the thickness of the composite elastic founda-
tion beam.

El= Z JyHEi(y ~ A)dA, (3)

i=1Jy;

where E; is the elastic modulus of the ith roof stratum in the
composite elastic foundation beam, y is the ordinate of any
point in the composite elastic foundation beam, y; is the
ordinate of the upper boundary of the ith roof stratum,
and A is the ordinate of the neutral axis, which can be calcu-
lated using the following equation:

A it Ki’lEi)’dA

" YL R W

According to the relationship between the bending, rota-
tion angle, moment, and shearing force of composite elastic
foundation beam, the deflection, moment, and shearing
force are calculated as follows:

dy )
0=-2=Y',
dx
dzy
M=-El-5 = -EIY", (5)
X
d3 m
F,= —Eld_y3 - _EIY",
X

where 0 is the rotation angle, M is the moment, and F, is the
shearing force of any section of the composite elastic foun-
dation beam.

For the model is a symmetric structure, the rotation
angle and shearing force are zero at the symmetrical axis
(x =0). Moreover, for the excavation influence of the road-
way is relatively limited, the rotation angle is zero at infinity
(x — 00). These conditions are expressed as follows:
Y'=Y"=0, x=0,
(6)
{ Y' =0, X——00.

Considering the continuity of analytical solutions, the
bending, rotation angle, moment, and shearing force should
be continuous while x = ; thus, the continuity condition can
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FIGURE 1: Analysis model of layered roof strata in coal roadway.
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TasLE 1: Rock properties of the roadway roof strata.

] Depth Thickness
Rock strata Litholo

gy (m) (m)
The 8th roof Siltstone 601.32 1.89
stratum
The 7th roof Medium 605.02 3.70
stratum sandstone
The 6th roof Fine sandstone  606.27 1.25
stratum
The 5th roof Siltstone 607.82 1.55
stratum
The 4th roof Fine sandstone  609.72 1.90
stratum
The 3rd roof Medium 612.02 230
stratum sandstone
The 2nd roof Fine sandstone  614.47 245
stratum
The 1st roof Sandy mudstone  615.29 0.82
stratum
3# coal Coal 621.80 6.51

TABLE 2: Mechanical parameters of coal and rock.

. E y (kN/  k (GN/ R, R, 10
Lithology (GPa) m®)  m) (MPa) (MPa) ()
Medium 1896 2718 —— 537 623 373
sandstone
Fine 111 2679 —— 301 506 352
sandstone
Siltstone 1008 2613 —— 297 502 333
Sandy 1059 2623 —— 257 2665 321
mudstone
Coal 129 1460 006 057 53 301

be expressed by the following equations:

lim Y(x)= lim Y(x),

x—l+ x—l-
. ! . !
i )= lim Y'(5),
(7)
i (5= fim ¥"(5),

lim Y (x)= lim Y (x).

x—l+ x—l-

3. Results

3.1. Deformation and Internal Force. The general solution of
the differential equation (formula (2)) that satisfies the
boundary condition (formula (6)) can be expressed as fol-
lows:

h
ry A+ A, I < x<o0,
o) 2
h
e BED[B, cos (B(x— 1)) + B, sin (B(x—1))] + ‘“TV 0<x<l,

where A,, A,, By, and B, are undetermined constants that
can be determined by the continuity conditions, formula
(7). B is the characteristic coefficients, which can be
expressed as

k
4ET

B=1 9)

According to the continuity conditions (formula (7)), the
undetermined constants of formula (8) can be expressed as
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FIGURE 3: Deflection and bending moment curve of composite
beam.
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27 12EI Bl

In fact, the bending expressed by formula (8) includes
two parts: the deformation caused by excavation and the ini-
tial deformation caused by the initial surrounding rock
stress. Therefore, the deformation caused by excavation
can be obtained as follows:

0<x<l,

h h
vy x4+A1x2+A2——q+V ,
Y,=( 24EI k

e FUD(B, cos (B(x D)+ B, sin (B(x~1)], 1<x<co.

(11)

According to formulas (5) and (8), the moment and
shearing force value of the composite elastic foundation
beam are obtained as follows:

+yh
—%xz—ZAIEI, 0<x<l,

M=

—2B%Ele P (B, sin (B(x ~ 1)) - B, cos (B(x - 1)), < x<co,

(12)

0<x<],

{ —(a+yh)x

-2f°Ele P ((B, - B)) sin (B(x —1)) + (B + B,) cos (B(x - 1)), 1< x<c0.

(13)
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3.2. Internal Force and Failure Analysis. According to the
theory of the key stratum, the load of any strata in the com-
pound layered roof generally affected by its adjacent strata in
addition to itself. According to the definition and deforma-
tion characteristics of key stratum, when the key stratum
deflects, the strata on the key stratum will undergo collabo-
rative deformation, and the failure of the key stratum will
lead to the synchronous failure of the strata on the key stra-
tum. Practice shows that there are several key strata that play
a major role in the stability control of the roadway, and there
is a key stratum that plays a decisive role. Therefore, in order
to calculate the failure range of the overlying strata, this arti-
cle assume that the strata within the control range from the
first key stratum to the decisive key stratum form the com-
posite beam structure. Firstly, we assume that the first key
stratum is the decisive key stratum. If the calculation result
shows that the decisive key stratum is a failure and the com-
posite beam structure does not meet the requirements of
roadway stability, then we assume that the second key stra-
tum is the decisive key stratum, and so on. The load (g) on
the composite elastic foundation beam structure is the over-
lying rock strata gravity. Based on this hypothesis and ideal-
ization, the bending and deformation of the layered roof
strata in coal roadways are calculated.

According to the deduction process of the bending nor-
mal stress and the uniaxial compression stress of a beam, the
positive stress of any point of the roadway compound lay-
ered roof can be obtained as follows:

E(y-A
ai:—M% +oy. (14)

According to the deduction process of the bending shear
stress, the shear stress of any point of the roadway com-
pound layered roof can be obtained as follows:

i-1

FS
Ti= 2El |:2Ej<)’112 -,A _)’jz + ZyjA> +Ei()’i712 —2y,4 -y ZYA) >
j=1

(15)

where y is the ordinate of any point in the composite beam
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and y, , is the ordinate of the upper boundary of layer i - 1,
namely, the ordinate of the lower boundary of layer i.

We take part of the composite beam as the analysis
object and consider its force balance in the vertical direction
(Figure 2).

2ELdx |5, "

0. =

e [ s

Jj=2

Ly

In the plane rectangular coordinate system, the Mohr
stress circle of any section in the composite beam can be
expressed as

where o and 7 are the normal stress and shear stress of any
section.

According to the Mohr-Coulomb criterion [22], the fail-
ure criterion of the layered roof strata can be expressed as
follows:

2

1 /R
> (0+R) | =4[5 -3 | +(0+R)R,
2\/R,

=| =
\Y
(O8]

£

=

<

> (0 +R,)R,, <3,

(18)

where R, and R, are the compressive and tensile strength of
the rock, respectively.

Then, the failure criteria of the roadways layered roof
strata can be expressed as follows:

1 1 > (R,
. ERC—ERt—U,‘X—o,‘y - E+l RR+ R +0,0;, —

(0 +0;,~R )

o

2 ) =0 R>3
20, 2

(R +0,,0; 72)20, 5<3.

ix%iy

o

—~

19)

It should be noted that the yielding behavior of the sur-
rounding rock and the failure criteria of the roadways lay-
ered roof strata is judged by the stress in the elastic state,
which is not an exact elastic-plastic solution.

3.3. Bolt (Cable) Length and Its Pretightening Force

3.3.1. Calculation of the Bolt Length. According to the theory
of composite beam, the supporting function of the bolts is to
provide enough pretightening force to increase the friction

1 dF i y i-1 Vi
e LZ[ Ep (7" =20 =y + 204 ) dy + Z[ Ei(y’ =24y +2yA)dy+[ Ei(yii’ 2,4~y +294)dy|,

¥ y
- A-y 2 )dy+ ZJ Ej(y,-,lz -2,,4-5 +2J'A)dy+J E(y* ~ 24—y + 2pA)dy

The normal stress of any point in the vertical direction of
the composite beam can be obtained as follows:

0<x<l|,

Yie1

, I<x<co.

(16)

Yin1

force of the failure roof strata and prevent the strata from
sliding or even separating. Therefore, the effective length of
the bolt should be greater than the thickness of the failure
roof strata. The length of the bolt is

Ly =Ly + Ly, (20)

where L;, is the exposed length of the bolt, which typically
takes 0.1-0.2m. L, is the effective length of the bolt, which
is larger than the thickness of the failure roof strata.

3.3.2. Calculation of the Bolt Pretightening Force. According
to the composite beam theory, in order to prevent the sliding
or even separating, the friction force provided by the bolt
should be greater than the maximum shear stress generated
by self-weight of the failure roof strata [23-25]. Thus, the
bolt pretightening force can be expressed as follows:

3 (y,h,+2, 1vih )

Fp,> -

abbb’ (21)
4tan q)mm<h +Z’ 1h>

where i is the number of the failure roof strata; h, is the fail-
ure thickness of the ith roof stratum; a; and b, are the trans-
verse and vertical distances of bolts, respectively; ¢_. is the
minimum value of the friction angle of the failure roof strata;
and [ is half of the roadway width.

3.3.3. Calculation of the Cable Length. According to the the-
ory of composite beam and suspension, the function of cable
is to suspend the failure roof strata in the upper stable strata
and provide enough pretightening force to increase the fric-
tion force of the failure roof strata and prevent the strata
from sliding or even separating. Thus, the effective length
of the cable is

Ly= Z hj’ (22)

where L, is the effective length of the cable, i is the number
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FIGURE 6: Breaking function curve of the composite beam.

of the failure roof strata, and h : is the thickness of each fail-

ure roof stratum.
Therefore, the cable length (L,) can be determined as fol-
lows:

Lc = Lcl + LL‘2 + Lc3’ (23)

where L, is the exposed length of the cable, which typically
takes 0.2-0.3m. L, is the effective length of the cable. L , is
the anchor length, which can be determined by test accord-
ing to the pretightening force.

3.3.4. Calculation of the Cable Pretightening Force. The
essential role of the cable is to limit the plastic deformation
of the surrounding rock and avoid separation or local roof
collapse. Therefore, the cable pretightening force should be
greater than the equivalent gravity of the failure roof strata,
and the friction force provided by the cable support should
be greater than the maximum shear stress between the fail-
ure roof strata.

Thus, the pretightening force of the cable can be
obtained as follows:

” b
F, = max {achZyjhj, Fb%

j=1 cYc

}f @ (24)

where F_ is the pretightening force of the cable, a, is the
cables equivalent spacing values, b, is the cables row spacing
values, y; is the unit weight of each failure roof stratum, and
f, is the safety factor, which typically takes 1.1-1.2.

It should be note that the failure range of the roadways
layered roof strata is judged by the stress in the elastic state,
and the stress of support structure varies with the develop-
ment of surrounding rock. Thus, the support parameters
are experience results that based on theoretical analysis.

4. Application

Taking the S1301 auxiliary transportation roadway of the
Chinese Gucheng coal mine as an example, its width is
52m (2/=5.2m), height is 3.6m (h=3.6m), and buried
depth is 6153 m. The rock properties of the roadway roof
strata is shown in Table 1, and the layered roof strata are
numbered 1, 2...8 from bottom to top.

According to the geological data and field measure-
ments, the horizontal stress is 9.1 MPa. The elasticity modu-
lus, unit weight, foundation coefficient (Winkler’s
coefficient), and strength parameters of the roof strata are
shown in Table 2.

4.1. Determination of Composite Beam Structure and Its
Load. According to the key stratum theory, the 1st, 2nd,
3rd, and 4th key strata of the layered roof strata are the
Ist, 2nd, 3rd, and 7th roof strata, respectively. Due to the
low strength of the composite beam structure formed by
the first and second key strata, the strata within the control
range of the 1st, 2nd, and 3rd key strata can be taken as
the research object directly, which means that the 3rd key
stratum is the decisive key stratum. Namely, the first to sixth
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FIGURE 7: Endoscopic research results of roadway roof strata.

roof strata form the composite beam structure, and the load
of the overlying strata is 15.7 MPa.

4.2. Neutral Axis and Bending Stiffness. The first step is to
establish the coordinate system, with the boundary of the
roadway roof as its x-axis and the central axis of the roadway
as its y-axis. Then, the neutral axis ordinate and bending
stiffness can be obtained (A =-5.01m, EI=992.3GN - m?)
by substituting the composite beam parameters into formu-
las (3) and (4).

4.3. Deflection and Internal Force Calculation of Composite
Beam. After substituting the bending stiffness (EI), the over-
lying load (q) and the thickness (h) of the composite beam
into formulas (9) and (10), and the coefficients of the bend-
ing and internal forces of the composite beam are =
0.06235m™, A, =-1.6909m™”, A,=0.31719m, B, =
0.04984 m, and B, = 0.03649 m.

According to formulas (11), (12), and (13), the deflec-
tion, bending moment, shear force, and shear force differen-
tial value of the composite beam can be determined, and the
curves are shown in Figures 3 and 4.

According to Figures 3 and 4 and formulas (11)and (12),
the bending and moment reach their maximum values in the
middle of the roadway (while x=0m), ¥,=5.1cm and M
=335.56 x 10°N - m, respectively. And the shear force reach
its maximum value in the side of roadway (while x = 2.6 m),
F,=41.53 x 10°N.

4.4. Determination of the Failure Strata. According to the
above analysis, the thickness of the composite beam is
10.27 m. Taking the composite beam on both sides of the
roadway centerline, within 15m, as the calculation model,
the size of the numerical calculation model is 30 m x 10.27
m. Dividing the calculation model into 31 x 60 matrix grid
by the software of MATLAB. According to equations
(14)-(16), the stress state of each matrix point are obtained,
respectively. The failure factors of each matrix point can be
obtained by equation (19). The cloud chart of failure factor

(as shown in Figure 5) and the curve of failure factor when
x=0m and x = 2.6 m (as shown in Figure 6) can be obtained
by MATLAB, which is a Coulomb-Mohr solution. It obvious
that the maximum failure depth of the roof strata is 2.3 m
according to Figures 5 and 6. Thus, according to the key
stratum theory, the 1st-2nd layered roof of the roadway
may break down. Namely, the effective length of the cable
is L, = 3.27 m according to equation (22).

The endoscopic research technology was used to obtain
the broken depth of the roof strata. The criterion for deter-
mination of the roof strata failure range is the thickness of
the roof strata that loss integrity. The endoscopic research
results (Figure 7) show that the roadway roof strata within
2.1m is broken at different positions and loss its original
integrity. Namely, the failure depth of roadway roof strata
is 2.1 m.

4.5. Calculation of Bolt Length and Pretightening Force.
According to Figures 5 and 6, the thickness of the damaged
roof is 2.3 m, so the effective length of the bolt is 2.3 m, and
the length of the bolt is 2.6 m. The transverse and vertical
distances of bolts are 0.8 m x 0.8 m in this roadway. Due to
the minimum friction angle of the damaged roof being
32.1°, the pre tightening force of the bolt is 120 kN according
to formula (21).

4.6. Calculation of Cable Length and Pretightening Force.
According to the above analysis, the 1st-2nd roof strata are
likely to be damaged, the effective length of the cable can
be determined to be L, — 3,27 m, and the exposed length
of the cable are 0.25m. The spacing values of the cables are
a.=2.6m and b, =0.8m, and the safety factor is f, = 1.15.
According to formula (24), the pretightening force of the
cable should be greater than 210 kN. According to the pre-
tightening force of the cable, the anchorage length can be
determined by a pull-out test, which is 1.75m. Thus, the
length of the cable is L =5.3m.



5. Conclusion

(1) Based on the theory of the elastic foundation beam
and key stratum, this paper establishes a simplified
analytical model of layered roof strata in a coal road-
way. Assuming that the roof strata within the control
range from the first key stratum to the decisive key
stratum form the composite beam structure. The
analytical solution of deformation and internal force
of the composite beam structure are obtained

(2) Based on the Mohr-Coulomb theory, the failure cri-
teria of the layered roof strata is obtained; then, the
failure range of the layered roof strata is determined.
The length and pretightening of bolt (cable) can be
calculated according to the suspension theory and
composite beam theory, which provide a quantita-
tive theoretical basis for the determination of bolt
(cable) supporting parameters and a significant guid-
ing for actual project

(3) Finally, a case is given to demonstrate the analysis
and calculation process of the stress and supporting
parameters of the layered roof strata in a coal road-
way. The cloud chart of the composite beam failure
factor and the curve of failure factors (when x=0
m and x =2.6m) are obtained by MATLAB, which
makes the process of determining the failure range
of the layered roof strata simpler. Apart from this,
the calculation result of the failure range is basically
consistent with the endoscopic research results. To
some extent, it proves the usefulness of the study.
However, the theoretical calculation results still
needs more case to verify

(4) It should be noted that the yielding behavior of the
surrounding rock and the failure criteria of the road-
ways compound layered roof is judged by the stress
in the elastic state, which is not an exact elastic-
plastic solution. The supporting parameters are
experience results based on theoretical analysis
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1. Introduction
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To study the rock mechanical behaviors and damage process mechanism of granite samples under triaxial stress, conventional
triaxial compression tests were carried out on an RMT-150B rock mechanics testing machine and acoustic emission detector.
The test results show that the strength of the granite sample has a good linear relationship with the confining pressure, the
cohesion force ¢ of the granite samples is 29.37 MPa, and the internal friction angle is 54.23° by calculation based on the
Mohr-Coulomb strength criterion. The larger the initial confining pressure of the rock sample is, the larger the crack initiation
stress (0;) and dilatancy stress (o) of the granite specimen are, the larger the energy values at the crack initiation point and
dilatancy point are, and the larger the peak energy storage and energy release rate at the failure are. In the case of a small
initial confining pressure, the AE ringdowning counts and the cumulative AE ringing counts increase to their maximum
instantaneously at the peak stress point, and the damage of the sample develops rapidly. While the initial confining pressure is
high, the AE ringing counts and the cumulative AE ringing counts of the granite specimens increase evenly, and the
deformation damage of the granite specimens is slow. Before the crack initiation point, AE signals are mainly low-energy and
low-frequency friction-type AE events, while after the dilatation point, AE signals of samples are mainly high-frequency and
high-energy fracture-type AE events. The failure mode of granite samples judged by acoustic emission parameters according to
the distribution of characteristic values of AE parameters RA and AF is consistent with the reality. The AE b value of the
granite sample is large when the confining pressure is low, and there will be a sudden drop, the decrease time is late, and the
decrease rate is large. Under the same stress level, the larger the confining pressure is, the larger the damage variable D is.

neering geological hazards, engineering stability control, and
reasonable formulation of prevention and control measures

The stress concentration of surrounding rock in the high-
stress area caused the energy stored in the rock mass to be
released suddenly and violently in the process of underground
engineering construction, and eventually, the surrounding
rock will fracture loosening, spalling, ejecting and even burst-
ing the rock, and other geological disasters will occur [1-3].
Such geological hazards have seriously threatened the safety,
progress, and cost of underground engineering construction
[4, 5]. Meanwhile, the study of the mechanical behavior and
damage mechanism of deep buried hard rock under triaxial
stress is of great significance for revealing underground engi-

(6, 7].

A large number of papers have studied in-depth and sys-
tematically researched on the mechanical properties and
energy evolution characteristics of rock materials in triaxial
compression. Martin and Chandler [8] obtained a complete
stress-strain curve and failure mode of the hard rock by a
large number of brittle rock load tests using a rigid testing
machine. Zong et al. [9] obtained the law that peak strength,
elastic modulus, and deformation modulus increase linearly
with confining pressure by analyzing the stress-strain
characteristics and strength deformation characteristics of
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sandstone. The essence of failure of loaded rock is energy
accumulation and release, so it is meaningful to study the
law of energy evolution under different mechanical environ-
ments to reveal the failure mechanism of rock under load
[10-12]. Based on this, Xie et al. [13, 14] analyzed the energy
evolution mechanism and the influence of energy on rock
strength in the failure process of rock under different
mechanical states, the internal relationship between rock
energy dissipation and release, and the rock strength, and
the process of failure was established. Tian and Yu [15] car-
ried out triaxial compression tests on limestone samples and
revealed the energy conversion methods of the rock in each
stage of the compression process. Zhang and Gao [16] ana-
lyzed the relationship between granite energy characteristics
and stress, strain, and confining pressure through triaxial
compression tests. The above research result has greatly
promoted the development of the research on the energy
evolution law in the process of loading failure of hard rock,
but the above research has not linked the energy evolution
with the fracture damage process of rock.

Acoustic emission monitoring technology is of great sig-
nificance to study crack propagation and internal damage
fracture behavior of brittle materials under complex stresses
[17-19]. Eberhardt et al. [20] researched the failure process
of granite through acoustic emission monitoring and found
that the beginning of significant AE activity corresponds to
the initiation of new cracks. Ganne et al. [21] proposed the
four stages of acoustic emission energy accumulation in the
rock fracture process through the AE test technology corre-
sponding to the occurrence of microcracks, propagation
accumulation, aggregation, and final failure; the material will
show obvious characteristics of accelerated energy release
before failure. Cai et al. [22] proposed that the frequency
of acoustic emission in the spectrogram is related to the size
of the fracture. A new method which is called the cumulative
AE hit method which has been developed for objective
determination of the crack stress was forwarded by Zhao
et al. [23]. Zhang et al. [24] studied the variation law of
acoustic emission b value of coal rock and showed that the
b value would drop rapidly when the rock was failing. Tang
and Xu [25], Eberhardt et al. [26], and Liu et al. [27] used AE
events and ringing to characterize the damage of rock and
studied the damage evolution law of rock. As can be seen
from the above, acoustic emission technology plays an
important role in the failure and instability mechanism of
rock [28-30]. However, the research is mainly focused on
uniaxial compression, and actual rock mass is more in the
state of triaxial stress than uniaxial stress. Therefore,
researches on acoustic emission characteristics of hard rock
under different confining pressures are not in-depth and
systematic enough.

To establish the relationship between AE parameters and
the faijlure mechanism of hard rock, and further study the
damage evolution law of hard rock under triaxial stress, in
this paper, conventional triaxial compression tests under
different confining pressures (5MPa, 10 MPa, 15 MPa, and
20 MPa) for granite specimen were carried out. The mechan-
ical properties and energy evolution mechanism of granite
specimens under different confining pressures were studied.
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The crack initiation stress (0,) and dilatancy stress (04) of
hard rock were determined based on the law of linear energy
dissipation. According to the results of AE monitoring, the
characteristics of acoustic damage in the process of hard
rock deformation and fracture under different initial confin-
ing pressures were studied. The types of granite specimen
crack propagation under different loading times were clari-
fied by judging the types of acoustic emission signals. The
evolution law of the acoustic emission b value under differ-
ent confining pressures was studied. The damage model D
of granite was established in this paper. The research results
of this paper are meaningful to the correct understanding of
the mechanical properties and fracture mechanism of hard
rock under triaxial stress and provide a theoretical basis for
the selection of mechanical parameters of rock mass, engi-
neering design calculation, and selection of support schemes
in deep underground engineering.

2. Experimental Investigations

2.1. Experimental Instrument and Specimen. Conventional
triaxial compression in this paper was carried out by the
RMT-150B rock mechanics testing machine (as shown in
Figure 1(a)). The instrument can apply a maximum confin-
ing pressure of 50 MPa, and the maximum axial stress is
1000 kN. In this study, the AE events of granite is monitored
by DS-5 8-channel in the process of sample loading, as show
in Figure 1(b). Meanwhile, in order to avoid attenuation of
acoustic signal, butter was used as a coupling agent between
the sensor and the sample, as shown in Figure 1(c), and a
proper intensifying force was used to ensure good contact
between the sensor and the granite sample. The sampling
frequency was 3 MHz, the threshold value was set as 50,
the amplification factor was set as 40 dB, and the frequency
of acoustic emission sensor RS-2A was set as 150 kHz during
the acquisition of acoustic emission signals.

The rock mass is complete relatively, without obvious
defects, and the surface of the rock looks smooth. The orig-
inal rock was processed into a cylinder with a diameter of
50mm and a height of 100 mm, as shown in Figure 1(d).
The machining accuracy of the granite samples was strictly
in accordance with the standard of ISRM. The density of
the granite is 2.63 g/cm® [31]. XRD analysis is widely used
to testing the mineral compositions of the rock mass [32].
Therefore, in this study, XRD tests of granite powder were
carried out by the Bruker X-ray diffractometer, as shown
in Figure 2. Quartz and albite are hard and chemically stable;
therefore, the higher the content, the greater the strength of
the rock. The content of quartz and albite in the granite sam-
ple accounted for 71%, of which albite is 66% and quartz is
5%. In the sample, laumonite accounted for 25% and
laumontite accounted for 4%.

2.2. Unloading Scheme. The rock sample was wrapped with
a latex sleeve before loading; then, rigid cushion blocks with
a diameter of 50 mm and a height of 25 mm were, respec-
tively, placed on the upper and lower ends of the granite
rock sample; finally, the rock sample was put into the pres-
sure cylinder for loading. Rock samples were loaded to
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FIGURE 2: X-ray diffraction patterns of rock samples.
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FIGURE 4: Relationship between confining pressures and peak stress.

predetermined confining pressures under hydrostatic pres-
sure, four groups of initial confining pressures (5MPa,
10 MPa, 15MPa, and 20 MPa) were set in this paper, the
loading rate of axial stress is 1.00 kN/s, and the loading rate
of confining pressure is 0.500 MPa/s when applied to hydro-
static pressure. And then, axial compression was applied at a
constant displacement load rate (0.005mm/s) until rock
samples were destroyed.

3. Experimental Analysis of Mechanical
Properties of Granite

3.1. The Stress-Strain Curves of Granite. The complete stress-
strain curves of granite samples under different initial con-
fining pressures are shown in Figure 3.

It can be seen from Figure 3 that the stress-strain curves
of the granite samples under different initial confining
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FIGURE 5: Fracture characteristics of granite samples under different confining pressures.

pressures all experienced the compaction stage (OA), linear
elastic deformation stage (AB), plastic deformation stage
(BC), and postpeak failure stage (CD). In the compaction
stage (OA), the original holes and fissures inside the rock
sample were compacted, and the stress-strain curves show
obvious concaveness. When the sample enters the linear
elastic stage (AB), in Figure 3, the elastic modulus (E,) of
the granite sample is 50.70 GPa, and the elastic modulus
(E,) of granite is 69.54 GPa, which indicates that the granite
sample exhibits significant compression hardening. In the
plastic deformation stage (BC), the stress-strain curve of
samples becomes concave upward; the greater the confining
pressure, the more obvious the prepeak yielding phenome-
non and plastic deformation of the sample, and the speci-
men is gradually transformed from brittle to ductile. With
the further application of the axial stress, the samples reach
their peak point (C), and the peak stress and peak strain of
the granite specimen both increase with the increase of the
confining pressure.

3.2. The Strength Characteristics of Granite. Rock strength
theory is aimed at expressing the yield and failure laws of
rocks under complex stress conditions, which has always
been a significant issue in the field of geotechnical engineer-
ing. And the Mohr-Coulomb strength criterion is the most
authoritative strength theory [33] whose expression is
shown in the following formula:

o,=805+0.. (1)

In the formula, £ is a constant and o, is the uniaxial
compressive strength (MPa). According to formula (1), the
fitting results are shown in Figure 4.

It can be seen from Figure 4 that the correlation coeffi-
cient R? of the triaxial compression test results fitted is
0.999, which has a good linear relationship. The parameters
& and o_ in equation (1) can both be expressed in terms of

the strength parameters of the specimen, the cohesion (¢),
and the angle of internal friction (c), whose expressions are
shown in equations (2) and (3) as follows:

1+sin ¢
:7) 2
1-sin¢ @

2c¢ cos ¢
= T=sing’ G)

where ¢ is internal friction of the rock sample (°) and ¢ is
the cohesion force of the rock sample (MPa). Based on the
fitting results in Figure 4 and equations (2) and (3), the
cohesive force ¢ of the granite specimen was calculated to
be 29.37 MPa and the angle of internal friction ¢ was 54.23".

3.3. Failure Characteristics of Granite under Different
Confining Pressures. The granite presents a microdrum
shape, resulting in an obvious expansion along the trans-
verse direction during the fracture process of conventional
triaxial loading. The crack sound of the granite specimen is
heard clearly when it fails, which reflects the characteristics
of hard rock failure. The photos of fracture characteristics
of granite samples are shown in Figure 5.

It can be seen from Figure 5 that near the end of the
sample, there are partially fractured surfaces on both sides
of the main fracture surface; the end of the rock sample is
more severely broken which is caused by the friction effect
between the indenter of the testing machine and the end of
the rock sample. The main forms of damage of granite spec-
imens in triaxial compression are tensile and shear damage.
As shown in Figure 5(a), two axial tensile failure surfaces
appear in the rock sample, which shows that the damage
of the specimen is compression-induced tensile cracking,
and the extension of the tensile crack within the sample
plays a dominant role in the damage of the granite speci-
mens when the initial confining pressure is lower. When
the initial confining pressure ranges from 10 to 20 MPa,
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FIGURE 6: Relationship between dissipated energy and releasable
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the failure of the rock sample ends with the formation of a
macroscopic shear surface. As shown in Figure 4(b), the
granite specimen fractured with a large number of splitting
cracks in the axial direction; as shown in Figure 4(c), the
rock sample shows typical Y-type conjugate shear failure;
and as shown in Figure 4(d), the rock fracture pattern tends
to be simplified, and the complex fracture pattern domi-
nated by a tensile fracture gradually transforms into a single
shear fracture pattern. Because the mineral particles inside
the rock sample are bonded to each other and fit tightly
under high pressure, which results in an increase in the
cohesion of the granite sample, it is not prone to tensile frac-
ture, and eventually, shear failure occurs. As show in
Figure 4(d), the fracture angle of rock sample is 73", which
is close to the theoretical fracture angle of 72.3° predicted
by the Mohr-Coulomb strength criterion (8 =45° + ¢/2).

4. Energy Evolution of Granite under Different
Confining Pressures

4.1. Principle of Energy Analysis. Rock loading failure is a
process accompanied with energy absorption, storage, and
dissipation [34, 35]. Assuming that the thermal energy gen-
erated by the external temperature change is not considered,
the work done by the external force on the rock system is
partly stored as elastic strain energy, and others are dissi-
pated in the form of dissipation energy [36, 37] (as show
in formula (4) and Figure 6). The rock will be destroyed
when the elastic strain energy reaches its energy storage
limit, a part of the stored elastic strain energy is converted
into surface energy for the generation of new cracks, and
the excess energy is used for rock kinetic energy, sound
energy, thermal energy, and various kinds of radiation to
be release to the outside world in other forms [14, 35].

W=U=U,+U,, (4)

where U is the density of total energy (MJ/m?), U, is the
density of elastic strain energy (MJ/m?), and U, is the den-
sity of dissipated energy (MJ/m?®). The schematic diagram
of the relationship between the elastic strain energy U, as
shown in Figure 6.

Geofluids

Conventional triaxial compression tests were carried out
in this paper, Therefore, it can be concluded that o, =03,
formula (5) gives the calculation method of total energy U
as follows:

U= E(Tldsl + J:O'zdez + J:%d% = Elaldsl + 2J2303d83’ (5)
1
U, = 2E. [012 + 0'22 + 032 - 2.‘"(0102 +0,03 + 0103)]
11 (6)
~3F [0, +20,% - 2u(0,05 +205%)],

Uu,=U-U, (7)

where E; is the elastic modulus at unloading; it can be
replaced by the elastic modulus E; in the calculation [14].

4.2. Energy Evolution Process under Different Confining
Pressures. According to formulas (5), (6), and (7), the evolu-
tion laws of total energy U, elastic strain energy U,, and dis-
sipated energy U, of granite specimen during loading and
damage under conventional triaxial stress path are obtained
by using Origin software, as shown in Figure 7. Based on the
conventional triaxial stress-strain characteristics of the sam-
ple, the stress-strain curve can be divided into the initial
compression stage (OA), elastic deformation stage (AB), sta-
ble fracture growth stage (BC), unstable fracture growth
stage (CD), and failure stage (DE).

(1) Initial compression stage (OA): the energy absorbed
by the rock sample is basically transformed into the
dissipated energy U, that causes the microcracks
inside the rock to close and frictionally slip, at which
point there is essentially no stored energy within the
sample.

(2) Elastic deformation stage (AB): the original cracks of
the sample were compacted; there is no energy dissi-
pation phenomenon in the rock sample. The elastic
strain energy stored increases with the occurrence
of elastic deformation, and the increase in elastic
strain energy is constant. In this stage, the higher
the confining pressure is, the higher the elastic strain
energy storage rate is.

(3) Stable fracture growth stage (BC): at this stage, the
energy is still continuously inputted to the specimen,
and the input energy is mainly stored in the form of
releasable strain energy. There is a large number of
microcracks in the sample initiation and develop-
ment, but the initiation speed of microcracks in the
sample is stable at this time, so the internal dissipa-
tion energy of the sample increases linearly at this
stage. The crack initiation stress and dilation stress
of the sample can be determined by the law of linear
energy dissipation (as show in Figure 7). According
to Figures 7(a) and 7(b), the crack initiation stress
and dilatancy stress of granite samples increase with
the increase of confining pressure.
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FIGURE 7: Energy evolution characteristics of granite under different confining pressures.

(4) Unstable fracture growth stage (CD): the micro-
cracks inside the rock sample begin to accelerate
expansion and penetrate. The growth rate of elastic
energy decreases sharply, and the growth rate of
dissipated energy increases gradually. At the end
of the unstable fracture growth stage, the elastic
strain energy reaches the energy storage limit of
the specimen, and the dissipation energy increases
significantly.

(5) Failure stage (DE): the sample can still absorb energy
from the outside after the axial stress reaches its peak
stress. However, at this time, the elastic strain
decreased sharply, and the dissipated energy increases
rapidly due to plastic deformation, macroscopic crack
penetration, and slippage dislocation of macroscopic
cracks which dissipate a large amount of energy.
Finally, the strength of the whole rock structure is lost,

and the rock is destroyed. At this stage, the greater the

confining pressure is, the faster the energy release rate
of the granite sample is. In Figure 7(a), the energy
release rate of the granite sample is 377.69 MJ/m’,
and in Figure 7(d), the energy release rate of the gran-
ite sample is 904.92 MJ/m”’.

4.3. Analysis of Energy at Characteristic Points. The thresh-
old stress of the granite sample was determined according
to the law of linear energy dissipation in Section 3.2, and
the relationship between the confining pressure of the sam-
ple and the total energy, elastic strain energy, and dissipated
energy was obtained at the threshold stress and peak stress
point, as shown in Figure 8.

According to Figure 8, each energy of the specimen
under different times is highly correlated with the confining
pressure. (1) At the crack initiation point, the confining
pressure has a greater impact on the total energy U and elas-
tic strain energy U, of the granite specimen. The energy
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absorbed and stored by the sample increases linearly, and its
growth rate is 0.011 (MJ/m?)/MPa, while the change trend of
absorbed and stored energy with confining pressure is steep,
which is only 0.023 (MJ/m?)/MPa when the confining pres-
sure is greater than 15 MPa. The change of dissipated energy
at the crack initiation point is not significant, and the value of
dissipated energy is both 0.039 MJ/m>. (2) At the expansion
point, when the confining pressure is less than 10 MPa, the
change trend of total energy and elastic strain energy of granite
sample is slow, and the energy growth rate is
0.002 (MJ/m*)/MPa and 0.005 (MJ/m>)/MPa, respectively.
However, the growth rates of total energy and elastic strain
energy are 0.027(MJ/m’)/MPa and 0.022 (MJ/m®)/MPa,
respectively, when the confining pressure is larger. At this time,

the change of dissipated energy is still not significant; the dissi-
pated energy is both 0.039 MJ/m”. (3) At the peak point, the
overall linear law of the total energy, elastic strain energy, and
confining pressure of the granite sample is more significant;
when the confining pressure is larger than 15 MPa, the dissi-
pated energy of the sample increases significantly. As shown
in Figures 8(b) and 8(c), the greater the confining pressure
is, the more energy is dissipated by the granite sample in the
process of damage and failure, and the damage deformation
of the sample is sufficient relatively. A large amount of energy
was absorbed in the rock specimen when the confining pres-
sure is high. At this time, the limit energy storage capacity
of the rock sample is reduced. Therefore, the sample will
release a large amount of energy and have a large energy
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FIGURE 9: AE ringing count characteristics of granite specimens.

release rate when it is broken. This phenomenon has been
confirmed in dynamic disasters such as rock bursts during
the construction of a high geostress environment of under-
ground engineering.

5. Damage Analysis of Hard Rock with
AE Parameters

Acoustic emission of rock is an elastic wave released by the
propagation of original cracks and defects in rock materials
and the formation, initiation, evolution, expansion, and frac-
ture of new microcracks during the process of loading [38,
39]. The acoustic emission of rock contains the evolution
information of the failure process inside the rock, and the
rock will show different acoustic emission signals and crack
propagation characteristics under different stress levels. The
analysis of the relationship between the acoustic emission
signals and the characteristics of crack propagation in the
process of rock fracture is helpful to the study of the internal
fracture mechanism of rock under the three-direction stress

path, which is of great significance to the further prediction
and prevention of rock mass disasters [40, 41].

5.1. Qualitative Damage Analysis of Hard Rock with
AE Parameters

5.1.1. The AE Ring Count Characteristics of Granite. Acous-
tic emission technology is of great significance to the study
of material damage and fracture processes. Ringing count
is a parameter that can better reflect the changes in material
damage and fracture processes among many acoustic emis-
sion parameters, because it is proportional to the strain
energy released by dislocation movement, inclusion and sec-
ond phase particle peeling, and fracture and crack propaga-
tion in the rock material [18, 19]. Figure 9 shows AE ringing
counts and cumulative ringing counts in the deformation
and failure process of granite samples.

It can be seen from Figure 9, at the initial loading stage,
there were small amounts of AE events in the granite speci-
men during the compaction stage due to the original cracks
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FIGURE 10: The relationship between peak frequency and energy under different moments.

inside the sample beginning to close and the frictional effect
of rough crack surfaces occurring. With continuous loading,
the sample enters the elastic deformation stage; at this time,
acoustic emission events are still rare, because the stress in
the granite specimen is not enough to product new cracks,
and the generation of acoustic emission events is caused by
the dislocation and grain slip between closed microcrack
surfaces. When the sample enters the stage of stable micro-
crack growth, the cracks in the sample initiate, bifurcate,
and develop stably, and the old cracks also enter the state
of stable development. Acoustic emission events in the sam-
ple begin to increase, and the cumulative ringing count
increases linearly. With the further application of axial load,
internal microcracks of the sample accelerate extension,
aggregation, and penetration; the acoustic emission event
of the sample becomes active; and the cumulative ringing
count curve is concave. At the peak stress, AE events are
hyperactive, the AE ringing counts reach their maximum
value, and the cumulative ringing counts increase suddenly.

When the confining pressure is small (see Figure 9(a)),
the AE ringing counts are small in the prepeak stage, and
the cumulative ringing count is only 0.46 x 10°. The cumu-
lative ring count increases sharply from 0.46 x 10° to 6.27
x 10° from the peak point to the failure process of the sam-
ple. When the confining pressure is large (see Figure 9(d)),
the AE activity of the sample is relatively active before it

fractures, and its cumulative ringing count has reached
2.24 x 10°. In the case of low confining pressure, the granite
specimen undergoes brittle failure when the axial stress
reaches it material strength; therefore, the AE ringing counts
increase to its maximum value instantaneously in the failure
stage; on the contrary, the axial stress reaches the strength of
the rock material and plastic deformation occurs. However,
the strength of the rock material is greatly enhanced due to
the confining pressure effect. At this time, the specimen still
has a strong bearing capacity, the internal damage of the
sample continues to develop, and the load-bearing capacity
of the sample is gradually reduced while the deformation
increases gradually. Finally, the specimen reaches its ulti-
mate bearing capacity at the peak stress and ductile failure
occurs; the acoustic emission ringing count grows more
evenly in this process.

5.1.2. Acoustic Emission Types under Different Confining
Pressures and Moments. Acoustic emission ringing count
can qualitatively reflect the degree of the internal damage
of the sample during the conventional triaxial loading failure
process, and the type of acoustic emission signal can be
judged by the frequency and energy of the acoustic emission
signal, which can further investigate the type of damage
within the specimen. There are two types of AE events in
the process of rock deformation and damage under stress
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[42]. The first is the friction-type acoustic emission event
caused by the closure of original cracks and the friction
between material particles, which has low frequency and
weak energy. The other is the fracture-type acoustic emis-
sion event caused by the expansion of new cracks, and this
kind of acoustic emission has relatively high frequency and
energy. Two types of AE events correspond to friction and
fracture mechanisms, respectively. Figure 10 shows the rela-
tionship between the peak frequency and the acoustic emis-
sion energy of the specimen at the end of the compaction
stage (point A), the crack initiation point (point B), the dilat-
ancy point (point C), the peak stress point (point D), and the
failure point (point E) under the initial confining pressure
which is 5MPa and 20 MPa.

According to Figure 10, the peak frequency and energy
of acoustic emission signals at different times with the same
confining pressure have great differences. In Figures 10(al),
to 10(d1), with the application of axial load, the energy value
of the acoustic emission signal keeps increasing. The maxi-
mum acoustic emission energy at moment A is 28 mV-ms,
the maximum value of acoustic emission energy is
420 mV-ms at the moment of C, and the maximum acoustic
emission energy at moment E is as high as 4610 mV-ms,
which is 171.79 times higher than that at the moment of
A. At the same time, as the loading-applied AE high-
frequency signal points increase, the frequencies of acoustic
emission signals of the samples are concentrated in the range
of 8.8~23.4kHz at the moment A and moment B (see
Figures 10(a) and 10(b)), which are dominated by low-
frequency and low-energy friction-type acoustic emission
events. At moment C, a small number of high-frequency sig-
nal points appear in the sample, which indicates that before
the crack initiation point, AE events are mainly induced by
the crack closure and interparticle friction in the granite
sample. At moments D and E (see Figures 10(d) and
10(e)), a large number of high-frequency signal points
appear. At this time, the acoustic emission model gradually
transform from low-frequency and low-energy friction-
type AE events to high-frequency and high-energy
fracture-type AE events, and the above process is consistent
with the deformation and damage process of the sample
under triaxial loading. The AE signals of granite samples
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gradually evolve to high-frequency and high-energy regions
under a low confining pressure. When the confining pres-
sure is high, in Figures 10(d), the density of high-frequency
and high-energy region points is the largest, while in
Figure 10(e), the number of high-frequency and high-
energy signal points is significantly reduced, and more inter-
mediate frequency signals appear, which indicate that high
confining pressure inhibits the generation of tension cracks.

5.1.3. The Relationship between RA and AF Parameters with
Failure Mode. According to the research, the value of RA
and average frequency (AF) in acoustic emission parameters
can reflect the failure type of the rock material, where the
value of RA can be obtained by dividing the rising time by
the amplitude value of acoustic emission, and the average
frequency AF is obtained by the ratio of ringing count and
duration. Generally speaking, the AE signal has a low AF
value and high RA value when the shear crack is initiated
in the sample; otherwise, if the tensile crack is initiated, the
AE event has a high AF value and low RA value [43], as
shown in Figure 11.

The RA value and AF value of the granite samples were
calculated, and the scatter distribution diagram is drawn, as
shown in Figure 12.

As can be seen from the distribution of points in
Figure 12, with the increase of confining pressure, the distri-
bution region tends to approach the horizontal axis. In
Figure 12(a), the points cover the entire longitudinal axis,
which are mainly concentrated in the interval of 10 < AF <
80. At this time, the AE signal has a lower RA value and a
higher AF value, which indicates that the tensile crack of
the sample is developed, when the confining pressure is 0
< RA < 40. At this time, the difference between the acoustic
emission signals AF and RA is small, and the tensile cracks
and shear cracks are relatively developed in the sample;
when the confining pressure is 15 MPa, the points are mainly
concentrated near the horizontal axis and are dense rela-
tively in the interval of (0, 40); the cracks produced by spec-
imen failure are mainly shear cracks. In Figure 12(d), the
points are all over the entire horizontal axis, the maximum
value of AF decreases from 100 to about 70, and the RA
value of the acoustic emission signal is much larger than
the AF value. At this time, the shear crack of the sample is
relatively developed, and the ultimate performance is typical
shear failure. The failure modes of rock samples under
different confining pressures determined above are consis-
tent with the actual situation.

5.1.4. The Characteristic of AE b Value under Different
Confining Pressures. Acoustic emission is a phenomenon of
acoustic waves monitored by the release of strain energy
during rock deformation and failure. Therefore, the acoustic
emission event can be regarded as a kind of microseismic
activity [44, 45]. Gutenberg and Richter [46] proposed the
statistical relationship between earthquake magnitude and
frequency distribution:

lgN=a-0bM, (8)
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where a and b are constants related to seismic activity
characteristics; N is the number of earthquakes with magni-
tude in the range of AM, which can be considered as acoustic
emission events of samples; and M is the magnitude of the
earthquake, which can be replaced by the acoustic emission
amplitude (dB) divided by 20; formula (8) can be rewritten as

A
lgN:a—b(dB),
20

where Ay (dB) is the amplitude of the acoustic emission
signal, N is the number of AE events, and a and b are constant.
The b value of acoustic emission is a measure of the change of
crack development, and the overall value and change trend of
the b value are closely related to the internal crack develop-
ment of rock. When the b value of acoustic emission is large,
which indicates that the number of small events increases,
and the development of internal rock cracks is a gradual and
stable propagation. When the value of b is small, it means that
the proportion of AE small events decreases, while the number
of large events increases, which indicates that the crack inside

©)

the sample develops dramatically, and the rock may be dam-
aged. In order to avoid large errors in the calculation, this
paper selects 100 AE signals as a group of data to calculate
the b value of AE by using the least-square method; the varia-
tion of the b value of samples during the conventional triaxial
loading is shown in Figure 13.

As can be seen from Figure 13, in the early stages of
loading, the b values of the sample under different confining
pressures were low, and the AE amplitude was high and typ-
ically around 10-20dB. Low b values and high amplitudes
are due to the original holes and cracks in the rock samples
which were compacted. In the elastic deformation stage, the
AE amplitudes were low and below 10dB. The b value of
acoustic emission suddenly increases to its maximum value,
and it fluctuates slightly near the maximum value. This indi-
cates that the number of small AE events is increasing, the
proportion of large and small events changes little at this
stage, the development of internal cracks in the rock is slow,
and the development of original cracks and regenerated
cracks with different scales is relatively stable. As the load
continues to increase, the b value of acoustic emission begins
to decrease and reaches the minimum value at the peak
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TasLE 1: Fitting results of V and N.
Confining pressure (MPa) a c q R?
5 0.0127  0.224  27.822  0.982
10 0.0170  0.224  33.846  0.992
15 0.0307  0.248 14712  0.966
20 0.0384 0.214 37594  0.976

stress. In this process, the proportion of AE major events
keeps increasing, the internal cracks of the sample accelerate
the expansion, and the number of large-size cracks gradually
increases, and finally, the failure occurs.

As seen Figure 13(a), the maximum value of the b value
is 0.44, the b value of acoustic emission drops sharply at 79%
0., and then, the rate of decline is 3.65x 107 s™!. As seen
Figure 13(d), the maximum value of the b value is 0.28,
which begins to decrease at 59.3% o, but the reduction rate
is 9.46 x 107 s™!. The above phenomenon is mainly due to
the insufficient development of deformation and damage in
the specimen under a small confining pressure, which shows
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the characteristics of brittle failure. Therefore, during the
deformation and failure process, the b value is larger, and
the b value will drop suddenly and decrease rapidly. In the
case of a large confining pressure, due to the restraint of con-
fining pressure and high stress level, the cracks of the speci-
men are fully developed and exhibit well ductility during the
deformation and failure process. At this time, the b value is
small, the decrease time of b value is early, and the rate of
decrease is slower.

5.2. Damage Model of Granite under Triaxial Stress. From
the above study, it is clear that acoustic emission parameters
can qualitatively characterize the damage and failure of mate-
rials to a certain extent [47, 48]. The probability-density
function f(V') was introduced into this paper [2] to establish
the relationship between acoustic emission events and corre-
sponding stress level quantitatively, as shown:

N (10)

where V is the stress levels; it can be obtained by dividing
the stress at a certain moment by the strength of the granite
specimen under the corresponding confining pressure, N is
the number of cumulative events, and N is the number of
total cumulative events. The relationship between V and N
is shown in the following formula [49]:
V=aN+cln (1+¢gN). (11)
Based on equation (11), the conventional triaxial com-
pression test data of the sample were fitted, and the fitting
results are shown in Figure 14.
As can be seen from Table 1, the correlation coefficient
R? of the fitting results is distributed between 0.966 and

0.992, all of which are greater than 0.950. It indicates that
the stress levels V and the number of cumulative events N
under different confining pressures have a good logarithmic
relationship, and the values of 4, ¢, and g of equation (11)
under different confining pressures were obtained through
fitting. We substitute (11) into formula (10), through integral
operation, as shown:

1 1+¢gN
" Ny\a+cq+agN )’

fv) (12)

From equation (12) and the fitting result in Figure 13, the
relationship between f(V) and V can be obtained as shown
in Figure 15.

In order to study the damage variables D of granite in the
postpeak stage, the stress level in the postpeak stage is
defined as follows:

V=14 _max

(13)

where o0, is the peak stress of the granite specimen
under the corresponding initial confining pressure (MPa).
o is the stress of the granite specimen at a certain point in
the postpeak stage (MPa).

The damage variable D of the granite specimen can be
obtained by integrating the probability-density function f

(V) as shown:

(14)

D= Jvf(V)dV.

0

The damage curves of granite under different confining
pressures can be obtained using Origin software to
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integrate the f(V)-V curve, as shown in Figure 16 and
formula (15).

03 =5MPa: D=1.350V> - 1.570V?* + 0.494V - 0.023, R* = 0.997,
0,=10MPa: D=0.712V> - 0.573V* + 0.167V - 0.005, R* = 0.999,
0;=15MPa: D=0.761V> - 0.369V2 + 0.119V - 0.001, R* = 0.998,
0;=20MPa: D=0.783V> - 0.313V2 +0.088V - 0.001, R* = 0.999.

(15)

It can be seen from Figure 16 and formula (15) that
there was a positively proportional linear relationship
between D and the cubic polynomial in V; the correlation
coefficients obtained by fitting are all greater than 0.99. As
can be seen from Figure 16, the larger the initial confining
pressure is, the larger the rock damage parameter D is
under the same stress level, which is caused by the rock
which will appear as a stick-slip phenomenon under the
high confining pressure. When the stress level is greater
than 1.1, the damage variable of the specimen at 5MPa
is greater than that at 10 MPa.

6. Conclusion

Conventional triaxial compression tests under different con-
fining pressure were carried out in this paper. The following
main results are obtained through the test results:

(1) The elastic modulus and plastic deformation of the
granite sample are small, and the brittleness charac-
teristics are significant when the confining pressure
of the sample is low; conversely, the granite sample
has obvious compression hardness and ductile char-
acteristics. The peak stress and strain of the granite

specimen increase linearly with the increase of the
confining pressure of the sample. According to the
Mohr-Coulomb strength criterion, the cohesion of
the granite sample is 29.37 MPa and the internal fric-
tion angle is 54.23°

(2) The crack initiation (o) stress and dilatancy stress
(0.4) of hard rock were determined based on the
law of linear energy dissipation, which concluded
that the o and o4 of granite specimens increase
with the increase of confining pressure. Confining
pressure has a significant promoting effect on the
energy storage capacity of granite samples. At the
crack initiation point and expansion point, the total
energy and elastic strain energy of the specimen
increase with the increase of the confining pressure,
but the dissipated energy is less affected by the con-
fining pressure. The value of each energy in the sam-
ple increases significantly with the increase of initial
confining pressure at the peak stress. And the higher
the confining pressure is, the faster the energy release
of the sample is in the failure stage

(3) The ringing counts and cumulative ringing count
increase rapidly to the maximum value near the peak
stress while the confining pressure is small, and the
specimen suddenly fails in a very short time. Con-
versely, when the ringing counts and cumulative ring
counts increase more smoothly, the acoustic emis-
sion signal becomes active at the expansion point
and the deformation damage of the sample is fully
developed. Before the crack initiation point, AE sig-
nals are mainly low-energy and low-frequency
friction-type AE events, while after the dilatation
point, AE signals of samples are mainly high-
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frequency and high-energy fracture-type AE events,
and the acoustic emission signal has greater energy
when the confining pressure is larger

(4) Typical tensile failure fracture occurs in granite sam-
ples under the low confining pressure, and tension-
shear composite failure or typical shear failure is
found in granite samples under high confining pres-
sure, which is consistent with the failure mode of
granite samples judged by acoustic emission param-
eters according to the distribution of characteristic
values of AE parameters RA and AF. In the case of
a low confining pressure, the acoustic emission b
value of the granite sample is large, there will be a
sudden drop, the decrease time is late, and the
decrease rate is large. Under the same stress level,
the larger the initial confining pressure is, the larger
the damage variable D is
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The influence of low temperature on longitudinal wave velocity, uniaxial compression strength, tensile strength, peak strain,
secant modulus, and acoustic emission characteristics of yellow sandstones was studied. The results show that the secant
modulus increases with decreasing temperature when the axial strain is less than 0.6%, and a contrary influence performs
for the subsequent stage due to the fracture of the pore ice. With the decrease in temperature, the uniaxial compression
strength first increases and then remains at a relatively constant value of 34.44 MPa at about -40°C while the temperature
ranges from -40°C to -70°C. The tensile strength shows an approximate linear increment as the temperature. The peak
strain gradually increases with temperature in a three-stage piecewise linear form, and the increasing rate gradually
decreases with the decreasing temperature. The phase transformation from liquid water at a temperature of 20°C to solid
ice at a temperature of -3°C significantly increases the longitudinal wave velocity from 1.55km/s to 3.36 km/s. When the
temperature is lower than -10°C, the longitudinal wave velocity approximately increases linearly at a rate of 2.67 x 107> km

/s-°C™! with decreasing temperature.

1. Introduction

The mechanical properties of porous rock mass in a water-
rich stratum at subzero temperature are of significance for
the construction of highways, artificial freezing in a vertical
shaft and metro, and storage and mining in cold regions
such as the Tibet Plateau and Xinjiang district [1]. Subzero
temperature can induce thermal effects, i.e., phase transition
of water and frost heave, which results in significant changes
in the mechanical properties of rocks [2]. The mechanical
properties are a basic consideration for the design and stabil-
ity evaluation of engineering. Therefore, the influence of
temperature on the mechanical properties of rocks should
be thoroughly investigated.

Many achievements have been obtained in the past
decades. The experimental results denote that the strength,
elastic modulus [3, 4], fracture toughness [5], and accumula-

tive acoustic emission (AE) quantities [6] increase with
decreasing temperature. The effects of cyclic loading-
unloading [7], explosion [8], and chemical corrosion [9]
decrease the strength, elastic modulus, and Poisson’s ratio
of rock samples. Additionally, the strength and modulus
gradually decrease with the increase in frost-thaw cycle
times [10-14]. A series of constitutive models have been
proposed for frozen sandstone considering the loading ratio
effect [7]. Among these studies, the frozen temperature is
within -20~20°C according to the standard requirements of
the International Society of Rock Mechanics (ISRM), and
the red sandstone is widely used with a porosity less than
10% [15]. However, in particle engineering, the environment
temperature is much lower than -20°C, and the porosity of
rock samples is much larger than 10% [4].

Due to the much lower temperature and higher porosity,
the rocks may perform different mechanical behaviors from
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the conventional results, which has not been investigated. In
this study, the experiments on frozen saturated yellow sand-
stones with a porosity of 13.08% at a wide range of temper-
ature -70~20°C are conducted to investigate the mechanical
behaviors, including compression strength, tensile strength,
deformation characteristics, and AE characteristics accord-
ing to the uniaxial compression test. This study can provide
some references for the construction and development of
structures in high porosity rocks in very cold regions.

2. Experimental Details

The yellow sandstone blocks with a porosity of 13.08% and a
dry density of 2.10 g/cm™ were retrieved from Daban dis-
trict, Xinjiang, China, where the minimum temperature
reaches -41°C. According to the requirements of ISRM, the
parallelism was controlled within +0.05 mm and the surface
flatness within +0.02mm. Standard cylindrical specimens
with a diameter of 50mm and heights of 100mm and
25mm for compression and Brazilian Split tests were pre-
pared. And samples with similar initial longitudinal wave
velocity tested using RSM-SY6 were selected. Three rock
samples were carried out for the same experimental condi-
tion to avoid the random error induced by the discreteness
of rock.

The uniaxial compression tests were conducted with the
electrohydraulic servocontrolled material testing machine
MTS810, and the saturated samples were frozen using the
low-temperature furnace MTS615.06 with a rate of
-1.0°C/min. Eight temperature levels of 20, -3, -10, -20, -40,
-50, -60, and -70°C were selected. When the environment
temperature reached the preset value, the temperature was
maintained for 30 mins. Then, the uniaxial compression
tests were carried out with a loading rate of 0.002 mm/s.
During the compression test process, the AE signal was
detected and recorded using a DS5-8A.

3. Results and Analysis

3.1. Stress-Strain Behavior. Figure 1 shows the strain-stress
curves at various temperatures. The elastic behavior is
divided into two stages, i.e., hardening stage and weakening
stage, by the inflection point of &, = 0.6%. For the specimens
at a relatively high temperature (i.e., T > —10°C), an obvious
compaction behavior is observed in the hardening stage.
With the decrease in temperature, the compaction behavior
becomes unsuspicious instead of an initial approximately
linear behavior. For the specimens with T < -20°C, the ini-
tial elastic modulus increases more significantly than that
for T > -20°C. When the temperature is lower than -30°C,
the strain-stress curve turns from a concave shape to a con-
vex curve. Contrary to the hardening stage, the secant mod-
ulus at the weakening stage decreases with the decreasing
temperature. A brittle failure occurs with a sudden drop in
strength when the peak strength is reached. The vibration
in stress-strain behavior due to freezing temperature is
mainly induced by the pore frozen ice, which fractures at
an axial strain of 0.6% [16].
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At the initial frozen stage within -3~-10°C, the volume
and strength of ice significantly increases. Due to the filling
of porous ice, the relative movement of the matrix is con-
strained, which enhances the whole stiffness and reduces
the concentration effect. Thus, with the same axial strain,
the potential sample cracks at a lower temperature are less
than those at a higher temperature, which leads to the initial
enhanced stress-strain behavior, ie., the hardening stage.
Once the strain reaches the critical strain of ice, fracture
simultaneously occurs. Due to the enhanced strength for
lower temperature frozen rock, the friction coefficient of
the fracture surface would be much smaller than that of
samples at a higher temperature. Thus, in the weakening
stage, the stiffness of the sample at a lower temperature is
less than that at a higher temperature.

3.2. Variations in Uniaxial Compression Strength and Tensile
Strength. Figure 2 shows the evolutions of uniaxial compres-
sive strength (UCS) and tensile strength with temperature.
The UCS gradually increases with the decreasing tempera-
ture in a piecewise linear manner as shown in Figure 2(a).
When the temperature decreases from 20 to -3°C, the UCS
increases from an average value of 20.41 MPa to 23.69 MPa
at an increase rate of 16.07%. Then, the UCS increases to
34.01 MPa at an increase rate of 43.56% for specimens sub-
jected to temperatures within -3~-40°C, and the strength
increases at an average rate of -0.28 MPa/°C with tempera-
ture. This is the same as the strength evolution of ice, which
sharply increases within 0~-10°C, then remains as a linear
increase at a smaller rate [17]. In fact, the increase in
strength is mainly induced by the increasing ice strength.
However, a larger volume expansion also induces internal
force and potential cracks, if any. Thus, when the tempera-
ture is lower than -40°C, potential cracks may form inside
the sandstone, which will induce the whole strength. Under
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the above two influences, a slight increase in UCS occurs
with an average increase of 0.78 MPa for the specimen at
-40°C and -70°C, and the mean UCS of specimens within
-40~-70°C is 34.44 MPa. Thus, -40°C is the critical tempera-
ture, which distinguishes the influence of temperature on the
strength of porosity yellow sandstone.

The tensile strength based on the Brazilian test is calcu-
lated by the formula as follows:

2P
o, =,
' Dt

(1)

where o, is the tensile strength, P is the peak load, D is the
diameter of the disc, and ¢ is the thickness of the disc.

The tensile strength of yellow sandstone samples
changes significantly along with the temperature as shown
in Figure 2(b). The tensile strength is 1.42 MPa, 2.22 MPa,
4.96 MPa, and 6.06 MPa corresponding to a temperature of
20°C, -3°C, -40°C, and -70°C, respectively, showing an
approximate linear increase with the decreasing tempera-
ture. For the frozen samples, the average increasing rate of
the tensile strength with temperature is 0.07 MPa/°C. How-
ever, when the temperature is lower than -40°C, the increas-
ing rate in the tensile strength decreases. The average
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increasing rate in the tensile strength is only 0.03 MPa/°C for
samples within -40°C~-70°C.

3.3. Variations in Peak Strain and Secant Modulus. Figure 3
shows the evolutions of peak strain and secant modulus with
temperature. Similar to the evolution of UCS, the peak strain
(strain corresponds to the peak strength) gradually increases
in a three-stage linear manner as temperature decreases by
two inflection temperatures of -3°C and -40°C. When the
temperature decreases from 20°C to -3°C, the peak strain
increases from an average value of 0.87% to 1.16% with a
rate of —1.25x 107*°C™! with decreasing temperature. For
temperatures within -10~-40°C and -40~-70°C, the peak
strain decreases to 1.35% and 1.40% with the rates of

-5.17x107*°C™" and -1.89x 107*°C™!, respectively. This
is influenced by pore ice, which constrains the deforma-

tion of the rock matrix. A lower temperature corre-
sponds to a larger stiffness of

ice and a more
significant constriction effect.

The secant modulus performs a two-piecewise character-
istic with temperature. When the temperature decreases
from 20°C to -3°C, the secant modulus decreases from
2.07 GPa to 1.64 GPa, at a decrease rate of 20.77%. This is
mainly induced by the expansion damage during the phase
transition of water. However, for the frozen samples, the
secant modulus shows an approximate linear increase as
the decreasing temperature. When the

temperature
decreases to -20°C, the secant modulus

increases to
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2.04 GPa, which approximately equals to that at T'=20°C.
Compared to the secant modulus at T =-3°C, the secant
modulus increases to an average value of 3.33 GPa for the
specimen at T =-70°C, at an increase rate of 103.05% with
respect to that at T =-3°C. The average increasing rate in
the secant modulus is 0.025 MPa/°C for subzero temperature
specimens.

3.4. Variations in Peak Strain and Secant Modulus. Figure 4
shows the influence of temperature on the longitudinal wave
velocity and accumulative AE characteristics. The transfor-
mation from liquid water at a temperature of 20°C to solid
ice at a temperature of -3°C in the pore of yellow sandstone
increases the longitudinal wave velocity from 1.55km/s to
3.36km/s. When the temperature further decreases to
-10°C, the velocity increases to 3.52km/s [18] and keeps an
average increasing rate of —2.67 x 10> km/s-°C™" for the
temperatures from -10 to -70°C. Thus, the initial solid stage
of water significantly increases the longitudinal wave veloc-
ity. With the decrease in temperature when T < —10°C, the
increase in amplitude gradually decreases and remains at
approximately a constant value.

During the initial freezing process, the accumulative AE
qualities change a little, which increases from 11.97¢4 to
12.03e4. With a further decreasing temperature from -3°C
to -70°C, the accumulative AE quantities follow an exponen-
tially decreasing manner with a decreasing decay rate. For
specimens at T =-30°C, the accumulative AE quantities
are 6.15e4 at a decrease rate of 48.76% corresponding to that
at T = -3°C. Figure 5 shows the typical AE characteristics at
T =-30°C. Obviously, a series of significant AE rings occur
at an axial strain of 0.6% corresponding to the ice fracture
strain. Before this point, there is a silence period, in which
only a few AE rings occur due to the compaction of initial
cracks. The AE characteristics subsequently become active,
and the AE ring quantity increases robustly after the fracture
of ice.

4. Conclusions

A series of uniaxial compression tests and Brazilian tests
were carried out at a wide range of temperature within
-70~20°C. The results show that the stress-strain curves are
divided into two stages by the axial strain of 0.6%, which
corresponds to the approximate fracture point of ice. In
the initial stage, the second modulus gradually enhances
with the decreasing temperature; however, a decreasing
modulus performs in the second stage. The uniaxial com-
pressive strength firstly shows a linear increase for tempera-
tures within -3~-40°C at an average rate of -0.28 MPa/"C.
Then, the uniaxial compressive strength remains approxi-
mately constant value of 34.44 MPa subjected to tempera-
tures within -40~-70°C. With the decreasing temperature,
an approximate linear increase in tensile strength is per-
formed. With the decrease in temperature, the peak strain
shows a three-stage piecewise increasing characteristic, and
the increasing rates of —1.25x 10™4°C™!, -5.17 x 107°>°C"!,
and -1.89 x 107*°C™! correspond to the temperature ranges
of -3~20°C, -20~-40°C, and -70~-40°C, respectively. The

phase change from liquid water to solid ice significantly
increases the longitudinal wave velocity, and an increasing
rate of —2.67 x 10~ km/s-°C™! remains for specimens at a
temperature that is lower than -10°C. The freezing water
changes a little in accumulative acoustic emission quantities,
and a further exponential decrease occurs for subzero
samples.
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In this study, four homogeneous porous media (HPM1-HPM4), consisting of distinct proportions of sand-sized and clay-sized
solid beads, were prepared and used as single fracture infills. Flow and nonreactive solute transport experiments in HPM1-
HPM4 under three flow rates were conducted, and the measured breakthrough curves (BTCs) were quantified using
conventional advection-dispersion equation (ADE), mobile-immobile model (MIM), and continuous time random walk
(CTRW) model with truncated power law transition time distribution. The measured BTCs showed stronger non-Fickian
behaviour in HPM2-HPM4 (which had clay) than in HPM1 (which had no clay), implying that clay enhanced the non-Fickian
transport. As the fraction of clay increased, the global error of ADE fits also increased, affirming the inefficiency of ADE in
capturing the clay-induced non-Fickian behaviour. MIM and CTRW performed better in capturing the non-Fickian behaviour.
Nonetheless, CTRW’s performance was robust. 12.5% and 25% of clay in HPM2 and HPM3, respectively, decreased the
flowing fluid region and increased the solute exchange rate between the flowing and stagnant fluid regions in MIM. For
CTRW, the power law exponent (B-rpy) Values were 1.96, 1.75, and 1.63 in HPM1-HPM3, respectively, implying enhanced
non-Fickian behaviour. However, for HPM4, whose clay fraction was 50%, the B gy Value was 1.87, implying a deviation in
the trend of non-Fickian enhancement with increasing clay fraction. This deviation indicated that non-Fickian behaviour
enhancement depended on the fraction of clay present. Moreover, increasing flow rate enhanced the non-Fickian transport
based on Borpw-

1. Introduction

Filled fractures are ubiquitous in the subsurface. Despite the
narrow nature of such fractures compared to the size of the
host rock, the fracture infills, most often sediments, are
regarded as porous media through which fluid flow and sol-
ute transport occur. The sediment infills are in different
forms ranging from purely sand to complex compositions
of sand, silt, and clay. Previous studies have shown that sed-
iments that fill the void spaces in single fractures have signif-
icant implications for flow and transport [1, 2]. Despite
numerous studies, the role of clay, as a proportion of homo-
geneous mixed sediment infill, on the transport of solutes in

single fractures is poorly understood. Below are extensive
researches about the significance of clay on dissolved con-
taminant transport in natural and engineered systems.

At Sarnia in Ontario, Goodall and Quigley [3] detected
pollution fronts beneath two young landfills built on dense
silty clay formations. Crooks and Quigley [4] performed lab-
oratory and field studies and compared the results of brine
leachate through clay. In these studies, diffusion was identi-
fied as the main mechanism responsible for the migration of
the dissolved chemical substances through the clays. Apart
from diffusion, which is a physical process, clay also attenu-
ates the transport of dissolved contaminants through chem-
ical processes, for example, complexation and adsorption
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[5-8], ultimately causing the groundwater cleanup time to
be longer than expected [9-11].

To further understand the influence of clay on the con-
taminant transport behaviour in aquifer systems, researchers
have paid much attention to scenarios where clays exist as
lenses within aquifers [12, 13] and aquitards around aquifers
[9, 14-20] in contact with dissolved plumes. These studies
documented that clays occurring as lenses within aquifers
and as aquitards near aquifers inhibited the transport of con-
taminants, yielding comparatively low concentrations of
plumes at late times. In the context of groundwater quality,
the occurrence of such low concentrations at times longer
than expected is a problem and needs critical attention.

Solute transport modelling is essential. Nonetheless, the
question of which model can quantify the migration of sol-
utes in porous media remains challenging. The conventional
advection-dispersion equation (ADE) model has been pro-
posed to be adequate in modelling solute migration through
homogeneous porous media [21]. However, in homoge-
neous porous media, there exist inherent heterogeneities
[22, 23] and this gives breakthrough curves (BTCs) charac-
terised by early arrival times and long late temporal tails.
Hence, using the ADE solution to model the travel of solutes
in such media may not be sufficient.

A mobile-immobile model (MIM), an improved version
of the ADE model, was developed to resolve the nonequilib-
rium processes causing the anomalous transport behaviour
of passive solutes. In the MIM model, long late-time tailing
BTCs are ascribed to the trapping of portions of solutes in
stagnant fluid regions. The transfer of solute between flow-
ing and stagnant fluid regions is called the physical nonequi-
librium process [24, 25]. Even though the MIM model is
widely employed to model solute transport through homo-
geneous porous media [26-28], its validity is questionable
in the sense that the transfer of solutes between the flowing
and stagnant fluid regions, in reality, is a multiple-rate phe-
nomenon and not a single rate suggested by the MIM model.

To address the issue of anomalous transport, the contin-
uous time random walk framework (CTRW), a type of time
nonlocal transport model, has been developed and widely
used in modelling solute transport through different porous
media. In homogeneous porous media, CTRW has been
compared with MIM and/or ADE in many studies. For
example, in a sand medium, Levy and Berkowitz [29]
observed that the CTRW model performed better than the
ADE model in terms of capturing the quick arrival time
and long late temporal tailed BTCs. An analogous finding
was reported by Cortis et al. [30] when they explored the
transport behaviour of a conservative tracer through homo-
geneous porous media and fitted the observed BTCs with
both ADE and CTRW models. Bromly and Hinz [31] con-
ducted repacked sand experiments and discovered that the
MIM model could not fit the measured BTCs, especially
the long late temporal tails, while the CTRW model did.
Zhang and Lv [32] also reported similar diffusive-flux of
conservative solute in homogeneous media. Recently, Zaheer
et al. [33] conducted solute displacement experiments in clay
and documented that the CTRW model performs better in
accounting for early breakthrough time and long late tempo-
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ral tails than the ADE and MIM models. This implies that it
is insufficient to use the classical ADE model and its variants
to describe the transport behaviour of a solute through
homogeneous porous media.

In order to choose a suitable model to quantify the trans-
port of solutes in a sediment-filled fracture, the mechanism
driving the solute in that fracture infill must be understood.
However, in the case of homogeneous mixed media (with
distinct fractions of clay and sand) filling a single fracture,
the knowledge of solute transport behaviour is limited. To
create well-controlled experimental conditions and have
more access to the flow and transport data than in the field,
we used an idealised one-dimensional physical model to rep-
resent the single fracture. It should be mentioned that the
idealised single fracture employed in this study may not be
the case in reality since natural filled single fractures have
nonuniform apertures with rough surfaces. The objectives
of this study are to (i) explore the effect of clay on solute
transport characteristics in homogeneous mixed media as a
single fracture infill, (ii) find an appropriate transport model
that can describe the solute transport behaviour, and (iii)
assess how distinct flow rates can impact the solute transport
behaviour.

2. Materials and Methods

2.1. Experimental Set-Up and Materials. The experimental
set-up (Figure 1) comprised a deionised water tank, a tracer
tank, a peristaltic pump (BT101L+ YZ15, Lead Fluid,
China), flow control valves, connecting tubes, a column,
two digital pressure gauges (HD-100G, China), and an auto-
matic effluent collector (SBS-100, Huxi, China). The two
tanks were joined to the column through the peristaltic
pump using tubes and flow control valves. The peristaltic
pump, whose flow control accuracy is £0.5%, has a head
pump flow ranging from 0.006 to 2300 mL/min. Valve A
changed the flow from the deionised water tank to the tracer
tank to inject the solute and vice versa to flush the column.
The column, made of acrylic glass, served as the idealised
single fracture. The column was 51 cm in length with an
inner diameter and a thickness of 5c¢cm and 1cm, respec-
tively, with both ends sealed by flanges and shims to prevent
water leakage. Both ends of the column had three metal
pipes purposely to get a uniform distribution of flow in the
column. The pressure gauge measured the pressure at the
inlet and outlet of the column.

To avoid the effect of chemical reaction in the solute
transport process, we used synthetic glass beads with no
intragranular pore space to represent the porous media.
Four homogeneous porous media (HPM1-HPM4), compris-
ing different fractions of sand-sized and clay-sized particles,
were prepared and used as single fracture infills. The sand-
sized and clay-sized beads were spherical. The estimated
hydraulic conductivities of high- and low-permeability beads
were 1.94 x 107*°cm/s and 3.05 x 10~°°cm/s. The range of
sand and clay particle sizes, the proportions of sand and clay,
and the porosity of the porous media are summarised in
Table 1. Brilliant Blue FCF, commonly used as a colourant
in foods and medications with a maximum optical
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FIGURE 1: The experimental setup.

TABLE 1: Porous media properties.

Porous  Particle size range of Mass proportions of Porosity
media sand and clay (mm) sand and clay (%) (n)
HPM1 0.355-0.5 100 0.368
HPM2  0.355-0.5, 0.071-0.09 87.5:12.5 0.316
HPM3  0.355-0.5, 0.071-0.09 75:25 0.285
HPM4  0.355-0.5, 0.071-0.09 50:50 0.230

absorption wavelength of 630 nm [34], was used as the non-
reactive tracer.

2.2. Experimental Procedure. For each column experiment,
the beads were washed and soaked in deionised water for
24h purposely to remove any impurities on the surface of
the beads. In filling the column, water was first poured into
the column placed in a vertical position followed by the
wet beads. Small quantities of the wet beads were poured
and pressed firmly with a rod, and this was to obtain
dense uniform media. Water was always above the beads
throughout the filling, and the reason was to prevent air
bubbles in the column. The column was laid horizontally
on two metal supports and connected to the feed tanks,
pump, and pressure gauges using the tubes and valves. Fil-
ters were placed at both ends of the column to prevent the
beads from flowing out of the column. Deionised water
was injected into the column until steady-state saturated
flow was achieved.

An accurate description of a flow field is essential for
studying the transport behaviour of solutes in porous media.
In this study, flow experiments, with different pump rates
(0.48, 0.72, 0.96, 1.20, 1.44, and 1.68 mL/min), were per-
formed. To verify Darcian flow, since the groundwater flow
is limited to Darcy’s law, the hydraulic gradient (J) and spe-
cific discharge (g = Q/A) were estimated, where Q and A are
the discharge rate (L*T") and inner cross-sectional area (L?)
of the column, respectively. The hydraulic gradient (J) was
computed using

h=—, (1)

-(®)

where h is the hydraulic head, p is the inlet or outlet pressure
(ML T™), p, is the density of water (ML), g denotes the
acceleration due to gravity (LT?), dh is the difference
between the inlet and outlet hydraulic heads, and [ is the
length of the column (L). Out of the six tested pump rates,
three (i.e., 0.96, 1.44, and 1.68 mL/min) were used in the sol-
ute displacement experiments. Table 2 summarises the dis-
charge rates and average flow velocities for the three pump
rates in HPM1-HPM4.

A dimensionless number, Reynolds number (Re), was
employed to assess the flow regime in HPM1-HPM4. The
Reynolds number is simply a ratio of inertial force to viscous
force and is given as

Re= P14, (3)

where p, g, d, and p denote the density of the fluid (ML),
specific discharge (LT™), the characteristic length of flow
(L), and the dynamic viscosity of the fluid (ML T™), respec-
tively. The properties of water at 25°C (i.e., p = 997.04 kg/m”,
$=0.89 x 107 Pa-s) and d = 5 cm were used. In this study, d
is the diameter of the column, representing the aperture of
the filled single fracture. The aperture of a filled single frac-
ture has also been used in a previous study by Qian et al. [1].
In their study, they documented that using the average grain
size as the characteristic length may not be always conve-
nient when the size of grains varies significantly, which
was exactly the case in this study. The estimated Re values
were less than some values within the range 1 and 10, signi-
tying the Darcian flow regime [21] in HPM1-HPM4 for the
six tested pump rates. Only Re values for 0.96, 1.44, and
1.68 mL/min are shown in Table 3. Moreover, the relation
between hydraulic gradient and flow velocity was linear with
the coefficient of determination (R?) above 0.990 as shown
in Figures 2(a)-2(d). The linear relationship implied Dar-
cian flow in HPM1-HPM4. The verification of Darcian flow
regime was done to ensure that there was no chaotic flow
phenomenon in the packed media since such flow can



TasLe 2: Flow conditions in HPM1-HPM4 at 0.96, 1.44, and
1.68 mL/min.

Porous Pump rate  Discharge rate Q Average flow velocity
media (mL/min) (mL/min) v* (cm/min)
0.96 0.7995 0.111
HPM1 1.44 1.2991 0.180
1.68 1.5793 0.219
0.96 0.8998 0.145
HPM2 1.44 1.3492 0.218
1.68 1.6189 0.261
0.96 0.8997 0.161
HPM3 1.44 1.2326 0.220
1.68 1.4990 0.268
0.96 0.8496 0.188
HPM4 1.44 1.2492 0.277
1.68 1.4991 0.332

¥* = Q/An, where n and A are the porosity and cross-sectional area of the
column, respectively. A is 19.63 cm”.

TaBLE 3: Estimated Reynolds number (Re) for HPM1-HPM4 at
0.96, 1.44, and 1.68 mL/min.

Pump rate (mL/min) HPM1 HPM2 HPM3 HPM4
Re Re Re Re
0.96 0.380 0.428 0.428 0.404
1.44 0.618 0.642 0.586 0.594
1.68 0.751 0.770 0.713 0.713

induce a non-Fickian transport behaviour [35] even in
homogeneous porous media [36].

After the verification of Darcian flow, a Brilliant Blue FCF
solution, with a concentration of 4 mg/L, was injected contin-
uously into the column, representing a step input boundary
condition. The tracer injection continued until the effluent
concentration was uniform and equivalent to the input con-
centration (C;). The 4 mg/L solution was replaced with deio-
nised water for the flushing of the tracer. The tracer injection
and flushing were carried out using 0.96, 1.44, and 1.68
mL/min at a constant room temperature of 25°C. At the outlet
of the column, effluents were collected in 10 mL-sized glass
tubes placed in an automatic part collector (SBS-100, Huxi,
China) over the entire period of the experiment. An
ultraviolet-visible light spectrophotometer (HACH DR5000)
was used to measure the absorbance (Ab) of the effluents at
a wavelength of 630 nm. At this wavelength, a concentration
above 4 mg/L was not detected by the spectrophotometer,
hence the choice of 4 mg/L as the initial concentration in this
study. The absorbance (Ab) values were then converted to
concentrations (C) using the relation Ab =0.1397C-0.0006,
with the coefficient of determination (R?) above 0.999.

3. Inverse Models for Solute Transport

3.1. ADE Model. The ADE model is based on two assump-
tions. First, the ADE model treats the transition of solute
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particles as a Markovian process, meaning the present trait
of the solute not dependent on its history [37]. Second, the
ADE model adopts a Fickian-driven dispersive flux of a sol-
ute, with the coeflicient of dispersion assumed to be constant
in spatial and temporal scales [38]. For one-dimensional
nonreactive solute transport through a homogeneous, iso-
tropic, steady flow porous medium, ADE is given by [28]

oc *c _oc

57 = Pabe55 ~V5 0 (4)
where C is the solute concentration (ML), ¥ is the average
pore-water velocity (LT™"), and D, is the coefficient of
hydrodynamic dispersion (L*T™Y), ¢ is time (T), and x is a
distance (L). The analytical solution of ADE for flux type
upstream boundary condition is given as [39]

Ao e x-vt . V2t —(x - t)?
c(x,t)= 2 erfc [ ——= ] +¢ ex
) 2 2v/Dsprt *\ Dbk P 4D pgt

CO(I+ LI T/Zt) (T/x> " ( X+t >

-2 exp erfc [ ———1,

2 Dape Dype Dape 2/Dppgt
(5)

where erfc means the complementary error function.

3.2. MIM Model. For the MIM model, which describes the
physical nonequilibrium part applied in this study, the trans-
port of a solute plume is modelled on the assumption that
the porous media through which the plume migrates and
has two different liquid phases: mobile (flowing) and immo-
bile (stagnant). The migration of a solute in the flowing
region is driven by an advection-dispersion process, while
the immobile region exchanges its solute content with the
mobile region through a rate-limited diffusion process and
is described as a first-order process [25, 39]. For one-
dimensional transport of a solute in the absence of chemical
reaction, MIM is given as

oc oc; o%c oc
_m Lo_m_ _m _ _m 6
6, o +6,, > 6,D, = 6,v, = (6)
(6= ) = Oy )

im 5t

where 0,,, 0,,,, ¢,,» and ¢;,,, respectively, denote the amounts
of water and concentration in the flowing and stagnant lig-
uid regions; v,, and D,,, respectively, define the mean flow
velocity and coeflicient of hydrodynamic dispersion in the
flowing fluid region; and w is the first-order coefficient of
mass transfer between the two flowing and stagnant liquid
regions (T"'). The flowing liquid fraction is expressed by a
dimensionless f=6,,/(6,, +0,,)-

3.3. CTRW Model. The idea of CTRW was introduced in
electronics to explore transport in semiconductors [40] and
later applied in geological media to study solute transport
[41]. In porous media, a solute is transported by a fluid in
which it dissolves through tortuous paths. This transport
process is conceptualised by CTRW as particles randomly
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FIGURE 2: Relationship between hydraulic gradient and specific discharge for HPM1 (a), HPM2 (b), HPM3 (c), and HPM4 (d).

undergoing a series of “hops” and each “hop” is described by
a displacement and waiting time. Here, the displacement of
the particles is defined by the physical and chemical hetero-
geneous nature of the media, and the waiting times describe
the durations of hopping events. The displacements and the
waiting times are independent random variables, and their
distributions are governed by a joint probability density
function (PDF), represented by w(s, t). For simplicity, the
PDF is decoupled as (s, t) = P(s) y(t), where P(s) defines
the probability distribution of the distance travelled by the
particles between sites and w(¢) is the probability rate for
the transition time to cover the transition displacement [42].

As a solute migrates in porous media, a portion of the
solute is held in immobile regions and later diffuses slowly
out of the region to produce late temporal tailed BTCs, a
mark of non-Fickian behaviour. The capturing of the wait-
ing times of the solute held in the immobile region is the
core of the CTRW model. This means that CTRW places
more emphasis on the transition time distribution than the
transition length since the residence times of fluids and sol-
utes quantify transport in porous media. In this study, the
concept of CTRW is summarised and the detail of the
importance of waiting time distribution, which the CTRW
model is all about, is documented in the publications [7, 43].

Assuming a Gaussian distribution for the transition dis-
placement, the one-dimensional solute concentration

defined in Laplace space for a uniform system is expressed
as [44]

2

Vy 3o c(x,u) =D, P c(x,u) |,

uc(x, u) — cy(x) = —M(u)

(8)

where

M(u)EZuLNM). 9)

In the above equations, M (u) is a memory function and
is governed by the waiting time distribution [7]. M(u)
accounts for undetectable heterogeneities that exist at all
scales, and u denotes the Laplace variable. ¢(x, u) is Laplace
transformed ensemble-average, normalised concentration,
whereas ¢, and x denote the initial concentration and loca-
tion in space, respectively. The characteristic time, transport
velocity, and generalised coefficient of dispersion are defined
by t, Vi and DV/’ respectively. The transport velocity, Vyo is
not equivalent to the average pore velocity, v, as both are
reported to be similar in the classical ADE. Likewise, D, i

y s
different from D in ADE.



Considering a unit constant flux boundary condition j
=u! at the inlet (x=0) of a finite system of length 1 (i.e.,
x =0, 1]), a zero concentration gradient boundary condition
(i.e., 0¢/0x=0) at the outlet (x=1) and initial condition ¢,
(x) =0, the resident concentration in the Laplace transform
is given as

(w—-1)el+ (w+1)e
[(w+1)Mv,, + 2ucc, |’ + [(w— 1)Mv, - 2ucc, ]’

(10)

1
E(u, x)= -
u

where

(13)

The behaviour of solute transport is quantified by the
distribution of transition time, which can take on three dif-
ferent expressions, namely, asymptotic, truncated power
law, and modified exponential models. In this study, only
the truncated power model is discussed. The comprehensive
description of the remaining models is documented in a
publication by Cortis and Berkowitz [45]. To quantify the
temporal regimes of transport in disordered media, charac-
terised by heterogeneity at all scales, the transition time dis-
tribution of solute particles is defined by a truncated power
law (TPL) [42]:

-1 exp (—t/t,)
(1+t/t,)*F

vt ={nn" exp (5)0(-B.72") | (14)

which transforms to Fickian behaviour at extended times. In
Equation (14), 7, =t,/t; and I'() denotes the incomplete
Gamma function. ¢, denotes the characteristic median tran-
sition time and sets the lower limit for the power law trans-
port behaviour such that t>¢,. t, is a cutoff time for the
truncated power-law transition time distribution function
that corresponds to the largest heterogeneity length scale.
For the time regime t; < t < t,, y(t) behaves in line with
power law whereas /() decreases exponentially for ¢ > ¢,
[42]. To find the memory function, TPL in Laplace trans-
form (Equation (15)) [42] is substituted into Equation (9),
with £ =t¢,.

I(-B73! +tu)

ey (1)

Y(u) = (L+zyut)) exp (tu)

For the truncated power law transition time distribution,
the nature of solute transport (i.e., non-Fickian or Fickian) is
dictated by the parameter 3, where f is a constant exponent.
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The value of 8 is in three ranges, 0 < < 1,1< <2, and f3
>2. The nature of transport for the interval 0 < <1 is
extremely non-Fickian with early and long late-temporal
tailed BTCs. For 1 < 3 <2, the mean of the plume migrates
with steady velocity and yields non-Gaussian-shaped BTCs
with long late-time tailings. When f8 > 2, the movement of
the dissolved chemical species is already Fickian for t > t,,
and t, becomes insignificant in the solute migration process.
In this case, the solute plume mass centre migrates with the
average fluid velocity and yields a dispersion coefficient that
is constant spatially and temporally [42].

3.4. Estimation of Parameters from Measured BTCs. The
inverse models of ADE, MIM (from the nonlinear least-
squares optimisation software CXTFIT2.0 [39]), and CTRW
(from the CTRW Matlab Toolbox v.4.0 [44]), subject to an
initial condition, Robin boundary condition at the inlet,
and Neumann boundary condition at the outlet,

Clx, t=0) =0, (16)
aC
<ch - DE) |x:0 = VxCO’ (17)
oC
- = 18
Ox |x:L 0, ( )

were fitted to the measured BTCs to obtain the transport
parameters: v,pp, Dapp for the ADE model; vy, Dy
By and wygy for the MIM model; and vergpws> Derrws
and Berry for the CTRW framework. The values of v,
and D,pp were used as the initial guesses for the CTRW
inverse modelling. The choice of the Robin boundary condi-
tion at the upstream was based on mass conservation [46].
Besides, the infinite outlet condition applied to the finite sys-
tem of length L was based on the assumption that the solute
concentrations at the upstream were not altered by the
downstream boundary [46]. The measured effluent concen-
trations (C) were normalised by the input concentration
(Cy).

To assess the goodness of the fitted models, the coefhi-
cient of determination (R*) and global error (Ej) were com-

puted as

R2:1_2i=(

 (

Ejz\/gg (c;’—c{)z, (20)

where j is ADE, MIM, or CTRW model; C; and C{
denote the observed and fitted tracer concentrations, respec-
tively; C° is the mean of the observed concentrations; and N
represents the total number of observed concentrations
obtained in a transport experiment.

—

f>2, (19)

co-c
- )’
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4. Results and Discussion

4.1. Effect of Clay on Breakthrough Curves. The measured
BTCs were analysed to explore the effect of clay on the
nature of arrival and elution portions of the measured BTCs.
The BTCs measured for HPM1-HPM4 at 1.68 mL/min are
shown in Figure 3. The measured BTCs showed a non-
Fickian transport behaviour (i.e., early breakthrough and
long late temporal tails of the solute plumes). The distinct
shaped BTCs, indicating a varying degree of non-Fickian
characteristics, were due to microscale heterogeneity
induced by the increasing fraction of clay. The poorly or
highly interconnected pores created by the clay led to the
evolution of high-velocity and low-velocity fluid regions [47].

In HPMI, the BTC was near Gaussian in shape with its
elution limb exhibiting a weak late-temporal tail. The result
was consistent with previous studies [22, 23, 29] that the
transport behaviour of solutes in even uniformly packed
porous media will not be Fickian as generally assumed for
a classical advection-dispersion equation model. The near
Gaussian-shaped BTC could be a result of the narrow distri-
bution of solute advective velocities induced by the uni-
formly packed spherical-shaped solid grains. Moreover, the
weak solute plume tail at late times implied the occurrence
of a small diffusion-dominated fluid region. An analogous
weak tail characteristic was reported in a recent study by
Crevacore et al. [48] who employed a comparable shape of
solid particles as the component of the porous medium.
Compared to HPM1, the solute transport in HPM2 also dis-
played a near Gaussian-shaped BTC with a low degree of late
temporal tail. However, the solute particles arrived at the
measurement plane earlier than observed in HPM1, defining
the spatial memory of the medium. This breakthrough time
was enhanced by the presence of preferential pathways,
characterised by high advective velocities, along which the
solute particles migrated quickly with small residence time.
The preferential pathways could result from the effect of
bridging [29] induced by 12.5% of clay in HPM2.

In contrast, the non-Fickian characteristics (i.e., early
breakthrough time and heavy late temporal tail) were more
pronounced in HPM3 than in HPM2. The solute particles
in HPM2 and HPM3 arrived at the measurement point ear-
lier than that in HPM1. 12.5% and 25% fractions of clay in
HPM2 and HPM3, respectively, were not enough to fill all
primary pores between the sand particles; meaning, some
pores were less filled or not filled at all. The unfilled pore
spaces formed connected channels with enhanced hydraulic
conductivity. The solute particles migrated along the prefer-
ential paths with relatively high velocities, explaining the
earlier arrival times of solute in HPM2 and HPM3 compared
to that in HPM1. The closeness of arrival times of solute in
HPM2 and HPM3 could be attributed to the similarity in
their preferential pathways along which the solute particles
migrated. An increase in the proportion of clay from
12.5% to 25% in HPM3 did not only yield the earliest solute
breakthrough time but also yield a solute elution limb, char-
acterised by a heavy late temporal tail, compared to HPM1
and HPM2. This strong solute plume tailing was due to
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F1GURE 3: Measured BTCs in HPM1-HPM4 for 1.68 mL/min.

the increased stagnant fluid region, causing solute mass
exchange between the flowing fluid regions. At early times,
the stagnant fluid region served as a sink for the solute.
The retention of the solute in the stagnant fluid region and
subsequent release of held-up solute particles into the flow-
ing fluid region delayed the mixing of the solute [27]. It is
worth mentioning that the proportion of clay had a signifi-
cant impact on the pace at which the solute diffused into
and out of the stagnant fluid region.

The solute transport in HPM1-HPM3 revealed an inter-
esting trend of non-Fickian characteristics enhancement
with an increasing proportion of clay. However, this trend
did not continue in HPM4, consisting of equal fractions of
sand and clay. The breakthrough time and late-temporal tail
characteristics of HPM4 were almost the same as those of
HPM1 even though HPM4 contained both sand and clay.
Compared to HPM2 and HPM3, 50% of clay in HPM4
was enough to fill the primary pores between the sand parti-
cles, yielding well-connected and uniformly distributed
pores with less immobile fluid regions. The well-connected
and uniformly distributed pores explained the closeness of
non-Fickian characteristics in HPM1 and HPM4. Our
results indicated that in homogeneous mixed media, com-
prising sand- and clay-sized particles, the degree of non-
Fickian transport of the solute was dependent on the pro-
portion of clay present.

4.2. Inverse Modelling of Measured BTCs. To quantify the
effect of clay on the solute transport in the filled single frac-
ture, the BTCs measured in HPM1-HPM4 were analysed
and interpreted using the inverse models of ADE, MIM,
and CTRW. The representative fits to the BTCs for
1.68 mL/min are shown in Figures 4-7. The coeflicient of
determination (R*) and global error (E]-) and the optimised

transport parameters are presented in Tables 4 and 5,
respectively.

The model of ADE performed relatively poorly in fitting
the non-Fickian characteristics of the measured BTCs. In
contrast, the models of MIM and CTRW showed a better
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F1GURE 5: Measured BTCs fitted with the ADE, MIM, and CTRW
models for HPM2 at 1.68 mL/min.

performance in describing the measured BTCs, especially
early arrival and late temporal tails, than the ADE model.
Compared to MIM, the fitted results of CTRW were better
than MIM. While CTRW allows multiple rates of waiting
times of solute particles, MIM assumes a single rate for all
diffusion-driven solute mass exchanges between the mobile
and immobile fluid regions, which explains MIM’s relatively
poor performance as discussed by Gao et al. [49]. According
to Gao et al. [49], an alternative reason for the CTRW’s best
performance was its five fitting parameters, which enhanced
the degree of freedom in fitting the measured BTCs com-
pared to the two and four fitting parameters of ADE and
MIM models, respectively. The largest and smallest values
of coefficient of determination (R?) and global error (Ej),
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FIGURE 6: Measured BTCs fitted with the ADE, MIM, and CTRW
models for HPM3 at 1.68 mL/min.
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FIGURE 7: Measured BTCs fitted with the ADE, MIM, and CTRW
models for HPM4 at 1.68 mL/min.

TaBLE 4: Coefficient of determination (R*) and global error (Ej) for

assessing the goodness of the fitted ADE, MIM, and CTRW inverse
models for 1.68 mL/min.

Porous media ADE MIM CTRW

R? E; R? E; R? E;
HPM1 0.9967 0.0273 0.9967 0.0272 0.9981 0.0206
HPM2 0.9937 0.0368 0.9971 0.0251 0.9973 0.0240
HPM3 0.9925 0.0374 0.9983 0.0178 0.9987 0.0159
HPM4 0.9910 0.0445 0.9913 0.0437 0.9983 0.0195

respectively, revealed the best performance of the CTRW
model as shown in Table 4.

The ADE model produced an increasing global error.
Adding 12.5%, 25%, and 50% of clay in HPM2-HPM4 led
to increasing global error by 34.8%, 37%, and 63%, respec-
tively. This showed that the classical ADE model could not
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TaBLE 5: Estimated parameters for the ADE, MIM, and CTRW models for HPM1-HPM4 at 1.68 mL/min.
Models Parameters HPM1 HPM2 HPM3 HPM4
ADE Vapg (cm/min) 0.204 0.219 0.220 0.225
Dypp (cm®/min) 0.0470 0.204 0.852 0.0718
Vi (cm/min) 0.173 0.189 0.226 0.212
Dy (cmn®/min) 0.0392 0.153 0.177 0.0626
MIM B 0.849 0.815 0.672 0.9400
Wy (min™) 0.00419 0.00509 1.580 0.0178
Verpw (cm/min) 0.208 0.303 0.365 0.248
Dergy (cm?/min) 0.0479 0.176 1.752 0.0722
CTRW Berrw 1.96 1.75 1.63 1.87
t, (min) 8.75x 107* 3.86x 1073 5.22x 1073 1.51x 1073
t, (min) 3.42x10° 8.63 x 10° 1.52x 10 9.53 x 10°

quantify the characteristics of non-Fickian behaviour as the
proportion of clay increased. For HPM1, which had no clay,
the errors of the ADE and MIM models were very close with
an error difference of 0.0001. However, as clay was consid-
ered in an increasing proportion in HPM2-HPM4, the error
difference also increased (i.e., 0.0117, 0.0196, and 0.0008,
respectively). HPM2 and HPM3 recorded large values, indi-
cating the inefficiency of ADE to capture the enhanced non-
Fickian characteristics. The results were consistent with the
results by Scheibe et al. [50], who employed ADE and
diffusion-driven mobile-immobile mass exchange model to
quantify solute transport and found reasonable ADE fits
for single particle-sized medium and poorer ADE fits for
mixed media. The relatively low errors displayed by the
MIM inverse model explained the presence of clay-induced
physical nonequilibrium process, which was not accounted
for in the classical ADE model.

The difference between the average flow velocities esti-
mated from the flow experiments (Table 2) and the opti-
mised transport velocities of the ADE model (Table 5)
widened as the proportion of clay increased, and this could
be explained by increasing microscale heterogeneity and
the variation in flow velocities induced by the fractions of
clay. As the clay was considered in varying fractions, the tor-
tuosity of the porous media was enhanced and led to vari-
able local velocities, which could be the reason for the
widening of the difference between the average flow veloci-
ties and transport velocities. Moreover, comparing the veloc-
ity values obtained from the three inverse models (i.e., v,pg,
Yy and Verpw)> the verpy values were higher. This con-
trast was expected because the average velocities of solute
particles and water molecules in the porous media were
not the same [7]. vy described the average solute particle
whereas v, and vy expressed the average water velocity,
hence the reason for the contrast.

The dispersion coeflicient values (which quantify the
spatial extent of solute through spreading) of ADE, MIM,
and CTRW, as shown in Table 5, increased with a growing
proportion of clay except for equal proportions of clay and
sand. An increase in dispersion coeflicient values with a

growing proportion of clay except for equal proportions of
clay and sand could be explained by the tortuosity of the
media and a variation in velocity distribution. For HPM1,
which contained only spherical sand-sized particles, there
was a narrow distribution of local velocities due to less tortu-
ous flow paths. Because the velocity distribution was narrow,
the spatial extent of solute through spreading was also nar-
row, explaining its smaller dispersion coeflicient value.
12.5% and 25% of clay in HPM2 and HPM3, respectively,
aided in the evolution of more tortuous pathways, producing
a wide range of local velocities. As the velocity distribution
became broader, the spread of solute through the pores also
widened, explaining the larger dispersion coefficient values
of HPM2 and HPM3. However, 50% of clay was large to fill
the pore spaces between the larger spherical sand-sized par-
ticles in HMP4, yielding a well-connected and even distribu-
tion of pores (with a narrow velocity distribution). The
narrow velocity distribution resulted in less solute spreading,
hence the smaller dispersion coeflicient value of HMP4 com-
pared to that of HPM2 and HPM3. In all, the dispersion
coefficient values of the MIM model were less than those
of the ADE model. The dispersion coefficient values of the
MIM model only described the spreading of the solute par-
ticles in the flowing fluid region, whereas the ADE model
merged both solute dispersion in the flowing fluid region
and diffusive solute mass exchange between the flowing
and stagnant fluid regions, hence the reason for the relatively
low dispersion coefficient values of the MIM model. There
was a wide range of stagnant fluid regions in the porous
media. For HPM1-HPM4, the stagnant fluid regions were
15.1%, 18.5%, 32.8%, and 6%, respectively. An increasing
spread of solute was reflected in the enhancement of the
early breakthrough of BTCs. According to Dou et al. [51],
the optimised dispersion coeflicients might not be enough
to describe non-Fickian transport since the process of solute
spreading only quantifies the early arrival characteristic of
BTCs and not the late temporal tail, which is mainly con-
trolled by solute mixing. In other words, the spreading of
the solute plume did not necessarily mean the true mixing
of the solute plume.



10

The additional parameters (ie., By and wyp) in
diffusion-driven mobile-immobile mass exchange models
are not only for improving the degrees of freedom in fitting
measured BTCs but also to explain the physical connection
between microscale geometrical configuration and diffusion
rates of solute mass exchange [52]. Therefore, to further
understand the effect of clay fractions on the physical non-
equilibrium solute transport that resulted in late temporal
tailed BTCs, the optimised values of B, and wyy, were
analysed. As presented in Table 5, fitting the measured BTCs
with the MIM model revealed a variation in the flowing fluid
region f3,;- In HPMI, the value of 3, was 0.849, which
implied that 15.1% of the medium’s fluid phase was stag-
nant. The occurrence of such a stagnant fluid regions was
consistent with a previous study by Scheibe et al. [50] who
observed trapped solute particles in the intergranular pore
spaces in single particle-sized media when the simulated
spatial solute distribution was visualised. The addition of
clay (i.e., 12.5% and 25%) in HPM2 and HPM3, respectively,
further reduced the fraction of the flowing region (B,,,)
and increased the fractions of immobile fluid region (1-
Byiv) in these two mixed media. For HPM2 and HPM3,
the stagnant fluid region increased to 18.5% and 32.8%,
respectively. However, for HPM4, which had 50% clay, the
fraction of mobile region was 0.940, which implied that 6%
of the medium’s fluid phase was stagnant. The largest mobile
fluid region of HPM4 resulted from well-connected and
even distributed pores caused by 50% of clay which filled
the primary pore spaces between the sand-sized particles.
Compared to 1-f,,;,, in HPM1, this 6% implied a reduction.
The occurrence of stagnant fluid region showed a deviation
from the Fickian solute transport behaviour. In addition,
the variation in the stagnant fluid region indicated the signif-
icance of clay fractions in the development of stagnant fluid
regions in mixed media consisting of sand and clay.

The presence of stagnant fluid regions, according to
Padilla et al. [27], has a considerable effect on solute mixing
in terms of contact areas between flowing and stagnant
regions. Therefore, we analysed the interactions between
stagnant and flowing fluid regions in terms of solute mass
exchange expressed by first-order mass transfer coefficient
(wynyp)- In HPM1, which had no clay, the wyyy value was
small, connoting a low diffusion-driven solute mass
exchange between the flowing and stagnant fluid regions.
The small rate of solute diffusion explained the weak tailed
BTC. Because the synthetic glass beads were impermeable
[53], the low solute mass exchange resulted from solute par-
ticles trapped in potential dead-end pore spaces and narrow
pores caused by the packing process [54].

Compared to HPMI, the fraction of clay in HPM2-
HPM4 enhanced the trapping of solute particles in the stag-
nant regions and increased the diffusive solute mass transfer
between the flowing and stagnant fluid regions by 21%,
3761%, and 325%, respectively. These percentage increase
values implied a higher degree of physical nonequilibrium
process (i.e., mass exchange between mobile and immobile
fluid regions), which reflected in the heavy late temporal
tails, especially in HPM3. The heavy late-temporal tailed
BTCs, a typical non-Fickian characteristic, implied an
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incomplete solute mixing process. The increasing trend
of wyyy values with growing clay fraction in HPM2 and
HPM3 created a notion that the larger the clay fraction
in mixed media (consisting of sand- and clay-sized parti-
cles), the higher the diffusion-driven solute mass transfer
between flowing and stagnant fluid regions. However, in
HPM4, which had 50% of clay, the wyy, value was
smaller compared to that of HPM3. This could be
explained by the relatively less pore-scale heterogeneity
in HPM4. An increasing rate of solute mass exchange
between the two regions (with clay fraction less than the
sand fraction) and a sudden drop in the solute mass trans-
fer rate when both fractions were equal did show not only
the significance of clay occurrence but also the importance
of its proportion on non-Fickian characteristics enhance-
ment in mixed media.

The study also analysed the non-Fickian behaviour of
the solute in HPM1-HPM4, using the remaining optimised
parameters (t,, t,, and Berpy) of the CTRW inverse model.
The cut-off time values (t,), which served as a limit of the
transition from a power-law model to an exponential model,
were large, implying that the solute transport during the
entire period of the laboratory experiments was non-
Fickian. Moreover, compared to the time scale of the exper-
iments, the characteristic median transition time values (f,)
were small, and therefore, the transition time distribution
was controlled mainly by the exponent of the power law
(Berrw)- As presented in Table 5, the B.ipy Vvalues were
in the range 1< fB.ipw <2, implying a less non-Fickian
transport behaviour. In this case, the solute transport veloc-
ity was steady, yet the coefficient of dispersion varied with
the time scale. Even though the non-Fickian transport was
less, the degree of non-Fickian characteristics (i.e., early
arrival and late temporal tails) varied in HPM1-HPM4 as
shown in Table 5. The variation in the degree of non-
Fickian behaviour was due to a wide range of advective
velocities and slow diffusion of solute particles into and out
of stagnant fluid regions [29, 55, 56] induced by the fractions
of clay.

This study has strengthened the understanding that the
contribution of clay-induced physical heterogeneity is signif-
icant and cannot be neglected in solute transport through
mixed media as also suggested by Liu et al. [57].

4.3. Effect of Flow Rate on Solute Transport Behaviour. Since
the power law exponent () €Xpresses the nature of sol-
ute transport in porous media, the estimated Big,, Vvalues
of the CTRW fits to the measured BTCs for 0.96, 1.44, and
1.68 mL/min were employed to assess the impact of flow rate
on the solute transport behaviour. Figures 8(a)-8(f) show
the measured BTCs fitted with the ADE, MIM, and CTRW
models for HPM1 and HPM3. In HPMI, increasing the
pump rate (0.96, 1.44, and 1.68mL/min) vyielded the
power-law exponent (B-rpy) Vvalues of 1.97, 1.974, and
1.96, respectively. The same trend was observed in HPM3.
However, the B.pw Values (1.74, 1.71, and 1.63) were
smaller than those in HPML1. The closeness of Bz Values,
especially in HPM1, indicated minor heterogeneity created
by the flow rates.
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FiGURE 8: Measured BTCs fitted with the ADE, MIM, and CTRW models for HPM1: 0.96 mL/min (a), 1.44 mL/min (b), and 1.68 mL/min
(c), and HPM3: 0.96 mL/min (d), 1.44 mL/min (e), and 1.68 mL/min (f).

For 0.96 mL/min, the Bz value in HPM1 was close to  dominated region and diffusion dominated region, leading
the threshold defining the onset of Fickian transport. The  to greater solute mixing. As the rate of flow increases, the
reason could be the greater interaction between the advective ~ interaction between the two regions lessens, which amplifies
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non-Fickian behaviour [58]. This mechanism could be the
reason for the relatively more non-Fickian transport as the
flow rate increased, which was consistent with previous
studies [29, 56]. The small yet significant distinction in the
solute transport behaviour in the porous media at 0.96,
1.44, and 1.68 mL/min indicated the relevance of flow rate
in enhancing non-Fickian solute transport, especially in the
presence of clay, which was well quantified by the CTRW
model with truncated power law transition time distribution.

5. Summary and Conclusions

To explore the influence of clay on solute transport in
homogeneous mixed media as a single fracture infill, flow
and nonreactive solute transport experiments in HPMI-
HPM4 under three flow rates were conducted. The conven-
tional ADE, MIM model, and CTRW framework with trun-
cated power law transition time distribution were fitted to
the measured BTCs to quantify the solute transport based
on the optimised parameters. Our results allowed the follow-
ing conclusions to be drawn.

The measured BTCs showed non-Fickian behaviour (i.e.,
early arrival times and long late temporal tails) in HPMI1-
HPM4. However, the non-Fickian behaviour was stronger
in HPM2-HPM4 (which contained some fractions of clay)
than in HPM1 (which contained no clay). This implied that
the presence of clay enhanced the non-Fickian transport.

Fitting the classical ADE model to the measured BTCs
yielded an increasing global error as the fraction of clay
increased in HPM2-HPM4, affirming the inefficiency of
classical ADE in capturing clay-induced non-Fickian trans-
port. The models of MIM and CTRW performed better in
describing the non-Fickian characteristics. However,
CTRW’s performance was robust.

Compared to HPMI, 12.5% and 25% of clay in HPM2
and HPM3, respectively, decreased the flowing fluid region
and increased the solute transfer rate between the flowing
and stagnant fluid regions in the MIM model. In addition,
the CTRW model yielded power law exponent (Bcrpw)
values of 1.96, 1.75, and 1.63 in HPM1-HPM3, respectively,
implying enhanced non-Fickian behaviour with increasing
clay fraction. However, for HPM4, whose clay fraction was
50%, the Bigy Vvalue was 1.87, indicating a deviation in
the trend of non-Fickian enhancement with increasing clay
fraction. This deviation showed that the enhancement of
non-Fickian characteristics in homogeneous mixed media
was dependent on the fraction of clay present.

Moreover, increasing flow rate enhanced the non-
Fickian behaviour based on the optimised values of B.rg-

Our study has presented interesting results about the
impact of clay and flow rate on nonreactive solute transport
in homogeneous mixed media as an infill of a single fracture,
which may be useful in groundwater contamination and
remediation.
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The joint morphology is multiscale. The effect of each asperity order on the mechanical properties of joints is different. The shear
mechanical properties of joint specimens are related to its surface damage characteristics. At present, there are still few studies on
the effect of roughness on the shearing mechanical properties of joint from the perspective of damage of each asperity order. In this
paper, the standard roughness profile was chosen as initial morphology. The standard roughness profile was decomposed into
waviness and unevenness by the method combine the ensemble empirical mode decomposition (EEMD) and the cut-off
criterion. Then, the joint specimen which contains waviness and unevenness and the specimen which only contains waviness
were prepared by the 3D engraving technology. The 40 sets of joint specimens with different asperity order were subjected to
direct shear tests under different normal stresses. Based on the 3D scanning technology and ICP iterative method, the damaged
area and the damage volume were calculated. Based on the damage volume data and the acoustic emission (AE) data, the effect
of asperity order to the joint mechanical behaviour was studied. The results indicate that (1) under low normal stress, the
unevenness plays a control role in the failure mode of the joint specimen. Under low normal stress, the joint surface containing
only waviness exhibits slip failure, and the joint surface with unevenness exhibits shear failure. With the increase of the normal
stress, the failure mode of the specimen containing only waviness changes from slip failure to shear failure; (2) the unevenness
controls the damage degree of the joint specimen. The damaged area, damage volume, AE energy rate, and accumulative AE
energy of the joint specimen with unevenness are larger than those of the specimen with only waviness, and this difference
increases with the normal stress increase; (3) the difference between the joint specimen with unevenness and specimen with only
waviness mainly exists in the prepeak nonlinear stage and the postpeak softening stage. The characteristic parameters of
acoustic emission generated in the postpeak softening stage of the joint specimen with unevenness are greater than those of the
specimen with only waviness. This phenomenon can be used to explain the stress drop difference at the postpeak softening
stage; (4) the AE b value can be used to evaluate the damage of joint specimens. Analysing the damage difference of each
asperity order under different normal stresses is of great significance to the analysis of the influence of the morphology of the
joint surface on the mechanical properties of the joint.

1. Introduction

The rock mass contains a large number of weak planes, such
as rock joints, bedding planes, and fractures, caused by
underground excavations and geothermal energy reservoir
production [1-4]. The stability of the rock mass was con-
trolled by the shear strength of these weak planes [5]. The
shear strength of the rock joint was influenced by many
parameters, such as normal stress, uniaxial stress, surface

asperity, and joint match ratio. Among these parameters,
the surface asperity is highly crucial [6-8].

The surface asperity is multiscale [9]. According to its
geometric characteristic, the surface can be divided into pri-
mary asperity (waviness) and secondary asperity (uneven-
ness). Patton [10] found that the effect of waviness and
unevenness to the shear behaviour is different at first. In
order to further explore their influence on the shear behav-
iour of the joint specimen, further shear tests were conducted


https://orcid.org/0000-0002-4703-8757
https://orcid.org/0000-0003-2016-8719
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4901231

on the joint specimen. It is concluded that when the normal
stress is low, the unevenness plays a key role in the shear
behaviour; on the contrary, the waviness plays a control role
in the shear behaviour of the joint specimen[11-15]. How-
ever, the research object of the abovementioned research is
the joint specimen that contains both waviness and uneven-
ness. In order to understand the influence of the waviness
and unevenness on the shear behaviour of the joint speci-
mens, it is necessary to decompose the joint surface into
waviness and unevenness for analysis.

There are many ways to decompose the joint surface into
waviness and unevenness, such as the Fourier series method
[16-18], Gaussian filter method [19], different sampling
interval method [20, 21], and wavelet analysis method [22-
26]. The above methods have their own advantage and disad-
vantage it is still not known which one is the best up to now.
Yang et al. [17, 18] identify the waviness and the unevenness
of the joint surface by visual comparison. Jiang et al. [19] and
Hong et al. [27] used the cut-off wavelength to distinguish the
waviness and unevenness. Zou et al. [23], Wang et al. [24],
Gui et al. [25], and Li et al. [26] proposed a critical cut-off
level by the variance of the approximate component and
think that, the critical decomposition is achieved when the
standard deviation of the approximate component drops
significantly. It is also proposed that the unevenness of the
joint surface should obey the Gaussian distribution, and its
distribution can be checked by the Shapiro-Wilk test method.
At the same time, there is no unified criterion for the critical
decomposition level of waviness and unevenness. Therefore,
further research is needed in the decomposition method
and critical decomposition level.

Yang et al. [18] reconstruct the joint surface containing
the waviness and unevenness and the surface only containing
the waviness by the Fourier series method and found that the
waviness plays a control role in the normal displacement
during the shear process. Hong et al. [28] divide the joint
surface into waviness and unevenness by the Gaussian filter-
ing method and then explore their mechanical contribution
to the shear strength of the joint specimen under low normal
stress and believed that identifying the degradation of the
unevenness is important for evaluating the contribution of
the waviness and unevenness to the peak shear strength.
Yang et al. [18] proposed that there has a direct relationship
between the damaged area caused by shearing and the shear
strength under low normal stress. So the damage height of
the joint specimen will affect the mechanical behaviour of
the joint specimen. However, Yang et al. [18] and Hong
et al. [28] analysed the damage of the joint specimen from
two-dimensional rather than three-dimensional to capture
the asperity damage.

The damaged area and damage volume of the joint sur-
face can only reflect the damage ratio at the end of the
shear test, and it is difficult to reflect the damage evolution
process during the shearing process [29, 30]. Acoustic emis-
sion technology is widely used to study the damage of joint
specimen during shear [31]. Zhou et al. [32] analysed the
change rule of acoustic emission signal during the shear
process and proposed that the changing law of AE events
and energy rate was greatly affected by the roughness and
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normal stress. Moradian et al. [33] used acoustic emission
technology to analyse the damage evolution during shear
and found that joint specimen with more unevenness pro-
duced more AE energy. Meng et al. [34] analysed the acoustic
emission signals of the joint specimen with different litholo-
gies (granite, marble, cement, and similar materials) under
different conditions (normal stress, shear rate) and proposed
that the shear damage can be characterized by acoustic emis-
sion parameters (cumulative energy and cumulative events).
Chen et al. [35] used 3D scan technology to quantify the
shear damage volume and monitored the acoustic emission
energy during the shear and then established the relationship
between joint specimen damage volume and acoustic emis-
sion energy.

In summary, the asperity order shows an important
effect on the shear behaviour of the joint specimen, which
is mainly reflected in the contribution difference of the
waviness and unevenness to mechanical characteristics of
rock joints. It can be indicated that the damaged area is
one of the factors affecting the shear strength of the joint
specimen. However, current understanding about the
impact of the asperity order on the damage degree of the
joint specimen is still insufficient, and further research is
needed to quantify the difference in the damage degree
caused by the asperity order. Besides, the standard roughness
profile was chosen as initial joint morphology, and the stan-
dard roughness profile was digitized by the gray-scale image
processing method and decomposed into the waviness and
unevenness by the method which combines the EEMD and
cut-off level criterion. Six standard roughness profiles
(6"~10" standard profile) and their decomposed waviness
component were chosen as the engraving path to prepare
the joint specimen, and shear tests under different normal
stresses were carried out. The acoustic emission system was
used to monitor the damage of the joint specimen during
shearing. The 3D scanning and ICP iteration method were
used to quantify the damaged area and damage volume of
the joint specimen; finally, the acoustic emission parameter
AE-b value was used to characterize the influence of the
asperity order on the damage of the joint specimen.

2. Test Method

2.1. Standard Roughness Profile Decomposition

2.1.1. The Method for Decomposition Standard Roughness
Profile. In this paper, the standard roughness profile
(Figure 1(a)) was chosen as the initial morphology and digi-
tized by the gray-scale image processing method [36]. Then,
the digitizing data was utilized to reconstruct the standard
roughness profile in the origin software (Figure 1(b)). It can
be found that the standard roughness profile and the recon-
structed profile were similar by visual comparison.

The joint profile can be regarded as stationary signal
patterns [37]. And the profile can be treated as the super-
position of a series of simple sine and cosine waves. The
ensemble empirical mode decomposition (EEMD) [38],
as a mathematical method, has been widely used in signal
processing. Thus, the EEMD can be used to decompose
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FIGURE 1: (a) The picture from Barton. (b) The picture reconstructed by the gray-scale image method.

the joint profile. The empirical mode decomposition (EMD)
also can be used in signal processing. Unfortunately, the
mode mixing will appear when using the EMD in signal pro-
cessing. However, the EEMD can avoid the mode mixing by
add white noise series in the corresponding IMFs. And the
additional white noise series can erase each other in the final
mean of the corresponding IMFs. The IMFs will stay within
the natural dyadic filter windows, and this way can reduce
the probability of mode mixing significantly and preserve
the dyadic property. The proposed EEMD is developed as
follows [39]: (1) add a white noise series to the target data,
(2) decompose the data with added white noise into IMFs,
(3) repeat steps 1 and 2 but with different white noise series,
and (4) obtain the (ensemble) means of corresponding IMFs
of the decompositions as the final result.

Like wavelet analysis [23], EEMD only decomposes the
signal into approximate and detailed components. In order
to decompose the standard roughness into primary asperity
(waviness) and secondary asperity (unevenness), the cut-off
level criterion with a clear mathematical definition is still
needed. According to the description by the International
Society of Rock Mechanics and Rock Engineering (ISRM),
the waviness is defined by the dominating and large-scale
overall wavy surface undulation to reflect the macroscopic
fluctuations of the surface morphology, and the unevenness
is defined by the generally randomly distributed small-scale
unevenness. When the decomposition level is low, as the
decomposition level increased, the approximate component
became closer and closer to the macroscopic fluctuation in
the standard roughness profile. And the approximate com-

ponent is still similar to the standard roughness profile. How-
ever, when the decomposition level exceeded a certain level,
part of the macroscopic fluctuation features was extracted
as detailed components, and the similarity between the
approximate component and the standard roughness profile
declined rapidly, so the similarity can be chosen as a criterion
to determine the cut-off level. In this paper, cosine similarity
is used to judge the similarity between the approximate com-
ponents and the original standard roughness profile because
the unevenness can be regarded as a nonstationary random
process following the Gaussian distribution [40]. In this
study, the Kolmogorov-Smirnov (K-S) test [41] was chosen
to verify the distribution of the unevenness.

2.1.2. The Decomposition Result of the Standard Roughness
Profile. Combining the EEMD and the cut-off level criterion,
the waviness and unevenness can be decomposed from the
standard roughness profile, as shown in Figure 2. It can be
seen that the waviness is characterized by large amplitude
and low frequency, which can reflect the macroscopic fluctu-
ation of the standard roughness profile, and the unevenness
is characterized by small amplitude and high frequency.
The characteristics of the waviness and the unevenness corre-
spond to the qualitative description given by the ISRM,
which means that the method which combines the EEMD
and the cut-off level criterion can be used to decompose the
standard roughness profile.

2.2. Joint Specimen Preparation and Test Plan. Considering
the difficulty by the traditional way, such as tensile fracture,
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FIGURE 2: The decomposition result of the standard roughness profile.

saw flat joint with undulating or irregular surface, and silicon
cast of the natural or stylized joint to produce large number
of joint specimens with the same morphology, the 3D rigid
engraving method [42, 43] was proposed in this study; this
method can prepare a large number of joint specimens with
the same morphology by rock material. Based on the digi-
tized profile, the joint specimen containing standard rough-
ness profile and the specimen containing only waviness
were sculpted by the digital-control engraving machine
(MK-6060). As shown in Figure 3, this machine is composed
of the computer control system, spindle, operating table,
cooling water circulation system, and milling cutter. The
positioning accuracy of the spindle of this equipment is
0.1 mm. In order to ensure the accuracy of the joint surface,
the distance between the engraving paths is set to 0.2 mm,
and the diameter of the cutter head is 0.4 mm in this study.

The engraving process can be divided into 4 steps, just as
shown in Figure 4.

5°~10" standard roughness profile was chosen as initial
surface morphology in this study. A total of 40 sets of joint
specimens were prepared with the same raw material (red
sandstone) whose mechanical parameter is shown in
Table 1. Among these specimens, there are two types of spec-
imen including only the waviness and specimen including
the waviness and the unevenness.

A total of 40 sets of the joint specimen were subjected to
the compression shear test, and the test plan is shown in
Table 2. Three normal stresses (0.0125UCS, 0.05UCS, and
0.1UCS) were applied to the joint specimen which initial
roughness coefficients equal to 9.5, 14.5, 16.7, and 18.7.Four
normal stresses (0.0125UCS, 0.05UCS, 0.1UCS, and
0.2UCS) were subjected to the joint specimen which initial
roughness coefficients equal to 10.8 and 12.8. In this study,
the normal stress whose ratio to the uniaxial compressive

strength is not more than 0.2 is regarded as low normal
stress.

2.3. Test Procedure

2.3.1. Direct Shear Apparatus. The YZW-30A microcomputer-
controlled electronic rock direct shear apparatus was adopted
in this study. its maximum axial (tangential) load is 250 kN,
and the load way includes displacement control and stress
control, as shown in Figure 5(a). Thet loading process can be
divided into two steps, normal stress loading and shear stress
loading. At the normal stress loading process, the load rate is
0.3 mm/min. When the normal stress reaches the target value,
the shear stress loading starts with a load rate of 0.3 mm/min
until the shear displacement reaches 8 mm. Both normal stress
loading and shear stress loading methods are displacement
control methods.

2.3.2. Acoustic Emission Monitoring System. The acoustic
emission monitoring system (Express-8, PAC) was used to
monitor the damage during the whole shear process, as
shown in Figure 5(b). It consists of an 8-channel acoustic
emission signal acquisition system (Express-8), 4 preampli-
fiers (Figure 5(b), 2), 4 sensors (Figure 5(b), 3), and an acous-
tic emission signal processing system (AEWin). The AE
sensors have a resonant frequency of 140 kHz and operating
frequency range from 125 to 400 kHz. In order to eliminate
the influence of noise generated by the test apparatus, the
threshold was set to be 40 dB. The data acquisition frequency
was set as 5 MHz. Four sensors were adhered on the lower
part of the joint specimen. The distance between the probe
and the bottom of the sample is about 35 mm, and the dis-
tance from the left and right sides of the joint specimen was
both 10 mm, respectively, and the position can be seen in
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TaBLE 1: The basic mechanical properties of the red sandstone.
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Figure 5(b), 4. In addition, a thin layer of Vaseline was
applied to the interface between the rock specimen and the
AE sensors for good acoustic coupling.

2.3.3. Surface Damage Characterization. A 3D light scanner
(Cooper-Pro, Thunk3d, as shown in Figure 5(c)) was used
to measure the surface morphology joint specimen before
and after shear. The single frame accuracy, scanning range,
and scanning speed of this scanner are 40 ym, 200 mm, and
0.3 s, respectively.

3. Results and Analysis
3.1. Test Result

3.1.1. Shear Behaviours. The shear stress against shear dis-
placement for all joint specimens is shown in Figure 6.

Under low normal stress, the joint specimen which con-
tains the unevenness shows higher peak shear strength and
obvious postpeak stress drop as compared with the speci-
men only containing the waviness, as shown in Figure 6.
The whole shear stress vs. shear displacement curve can
be divided into 3 sections, climbing zone, gnawing zone,
and slip zone. The whole curve only includes the climbing
zone and the slip zone for the joint specimen only contain-
ing waviness. When the normal stress was 9.6 MPa, the
postpeak stress drop became obvious for the joint specimen
only containing waviness, and the whole curve also can be
divided into 3 sections, climbing zone, gnawing zone, and
slip zone, as shown in Figures 6(b) and 6(c). Under low nor-
mal stress, the difference of mechanical behaviour between
the specimen containing unevenness and the specimen only
containing waviness mainly appeared in the prepeak nonlin-
ear stage and the postpeak stage.

3.1.2. Damage Characteristic. Figure 7 shows the joint surface
which has a roughness coefficient equal to 9.5 after shear
under different normal stress. We can find that the colour
of the damaged area is lighter than the undamaged area. So
the damaged area difference between the joint specimen
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Joint roughness Asperity order Normal stress
JRC=9.5 Waviness+unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa
' Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa
JRC=10.8 Waviness+unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa, 9.6 MPa
' Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa, 9.6 MPa
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FIGURE 5: Test apparatuses. (a) Direct shear equipment (YZW-30A). (b) AE system (PAC Express-8). (c) 3D scan system (Cooper-Pro,

Thunk3d).
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F1GURE 7: The joint surface after the shear test under different normal stresses.

containing unevenness and the specimen only containing
waviness can be identified by visual comparison. The joint
surface of the other specimen which has roughness coeffi-
cients equal to 10.8, 12.8, 14.5, 16.7, and 18.7 after shear
under different normal stresses can be found in Appendix 1.
As shown in Figure 7, under low normal stress, there are
only scratches that appear on the surface of the joint speci-
men only containing waviness, while there is obvious shear
damage that appears on the surface of the joint specimen
containing unevenness. When the normal stress was
9.6 MPa, the surface of the joint specimen that only contains
waviness also shows obvious shear damage, as shown in
Appendix 1. It can be inferred that, under low normal stress,
the failure mode of the joint specimen only containing wavi-
ness is dominated by sliding wear, while the joint specimen
containing unevenness is dominated by shear failure. The fail-
ure mode of the joint specimen only containing waviness
changes from sliding wear to shear failure as the normal stress
increases. Comparing Figures 7(a)-7(c) or Figures 7(d)-7(f),
it can be seen that the damaged area increased with the
increase of normal stress. This means that the damage degree
increases with the increase of normal stress regardless of
whether the joint specimen contains unevenness or not.
Comparing Figures 7(a) and 7(d), Figures 7(b) and 7(e), or
Figures 7(c) and 7(f), it can be seen that the damaged area
of the joint specimen containing unevenness is larger than
that of the joint specimen only containing waviness. And this
difference increases with the normal stress increase.

3.1.3. Acoustic Emission (AE) Energy. The mechanical char-
acter difference is related to the damage difference between
the two types of joint specimen. As shown in Figure 6, the
mechanical character difference mainly appeared in the

prepeak nonlinear stage and the postpeak stage. However,
the damaged area and damage volume just reflect the dam-
age degree at the end of the shear process. AE energy, a
parameter which can reflect the damage generated during
shear, was chosen to reflect the damage during the shear
process. This section will analyse the effect of asperity order
on the mechanical character of the joint specimen from the
AE energy difference during the shear process.

Figure 8 shows the energy rate and the AE energy during
the whole shear process. Figure 8 just shows the result of the
specimen which roughness coefficient equal to 9.5; the result
of the other specimen can be found in Appendix 2. It can be
seen from Figure 8 that the energy rate vs. the shear displace-
ment curve can be divided into 4 stages: nearly zero at the
beginning, rising, falling rapidly, and keeping stable in the
final. Correspondingly, the shear stress vs. the shear displace-
ment can be divided into 4 stages: prepeak linear stage,
prepeak nonlinear stage, postpeak stage, and residual stage.
Comparing the stress stage and the energy rate stage, it can
be found that different stress stages showed different energy
rate characters. Prepeak linear stage: the shear stress is small,
and the joint surface is still in an elastic state. Correspond-
ingly, the energy rate is also low, which means that in this
stage the joint specimen is hardly damaged. Prepeak nonlin-
ear stage: in this stage, the shear stress increases rapidly with
the increase of the shear displacement, and the specimen
begins to climb along the surface. The energy will generate
in the climb process, and the energy rate almost reaches the
peak at the end of this stage; postpeak stage: at this stage,
the shear stress decreases continually. And the decrease rate
gradually decreases with the shear displacement increase. At
the beginning of this stage, a large number of asperities were
damaged, which produce a lot of acoustic emission events,
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FIGURE 10: (a) Peak shear strength. (b) Residual shear strength. Note: Wa means waviness, and Ue means unevenness.

so the energy rate is still high. With the displacement
increase, the number of the asperity which can provide
resistance gradually decreased, which leads to the number
of the asperity being sheared gradually decreasing. There-
fore, the energy rate gradually decreased at the end of the
postpeak stage. Residual stage: at this stage, the shear stress
keeps stable. The asperity which can provide resistance has
almost been damaged at the postpeak stage. And the contact

rate is at a low level and almost unchanged. So the energy
rate at this stage was basically stable at a relatively low level.

Figure 9 shows the peak energy rate and cumulative
energy under different normal stresses. It can be seen that
the peak energy rate and cumulative AE energy increased
with the normal stress increases for the joint specimen with
the same morphology, which indicates that the damage ratio
increases with the normal stress. The peak energy rate and
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FIGURE 11: Schematic of calculating the damaged area ratio and damage volume.
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F1GURE 12: Surface height deviation under different normal stresses.

cumulative energy of the joint specimen containing uneven-
ness were higher than those of the specimen only containing
waviness, which means that the damage degree of the joint
specimen containing unevenness was higher than that of
the joint specimen only containing waviness.

3.2. Result Analysis

3.2.1. Asperity Order Effect on the Shear Strength. Figure 10
shows the peak shear strength and residual shear stress for
different specimens under different normal stresses. It can
be seen that (1) the peak shear strength and the residual shear
stress of two types of joint specimens both increased with the
surface roughness increase under the same normal stress. (2)
The peak shear strength of the joint specimen containing
unevenness was higher than that of the specimen only con-
taining waviness. This difference in peak shear strength
increased as the normal stress increased under low normal
stress, which means that unevenness plays a control role in
the mechanical behaviour under the low normal stress. When
the normal stress is large, the difference in peak shear strength
is almost zero, which means that waviness plays a control role
in the mechanical behaviour under large normal stress.

The peak shear strength of the joint specimen was related
to the average inclination angle of the surface [10, 44, 45].
According to the description by the ISRM, waviness is defined
by the dominating and large-scale overall wavy surface undu-
lation to reflect the macroscopic fluctuations of the surface
morphology, and unevenness is defined by the generally ran-
domly distributed small-scale unevenness. Comparing the
waviness and the unevenness, the unevenness’s inclination
angle is larger than the waviness’s. So the average inclination
angle of the joint specimen containing unevenness is greater
than that of the specimen only containing waviness. There-
fore, the peak shear strength of the joint specimen containing
unevenness is greater than that of the sample only containing
waviness. At the residual stage, almost all the unevenness was
cut off and the contact ratio in the residual stage was reduced
due to the dilatancy; this makes the surface morphology of
the joint specimen containing unevenness be similar to that
of the joint sample only containing waviness.

3.2.2. Asperity Order Effect on the Damage Ratio. The
mechanical character difference is related to the damage dif-
ference between the two types of the joint specimen. In order
to characterize the damage difference between the two types
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FiGure 13: The damaged area ratio of the joint specimen with
different asperity order under different normal stresses.

of the joint specimen, the damaged area and damage volume
were calculated in this section. The morphology of the dam-
aged area is complex, so it is not easy to quantify the damaged
area accurately through two-dimensional (2D) image analy-
ses. In this study, a new method to quantify the joint damage
ratio and damage volume was proposed [46]. The realization
of this method can be divided into three steps [47]: (1) get the
point cloud data of the joint surface before and after shear,
(2) align the point cloud data of the joint surface before and
after shear by the ICP algorithm, and (3) calculate the height
deviation and damage volume by the Matlab code; the code
can be found in Appendix 3. And the steps are shown in
Figure 11.

Figure 12 shows the height deviation of the joint speci-
men which roughness equal to 9.5. The result of the other
specimens can be found in Appendix 1.

Comparing Figures 12 and 7, it can be seen that the dam-
aged area consists of the area in which the height deviation is
larger. Generally, 5~6 measurements were needed to obtain
the whole morphology. And errors can also occur during
the alignment process. The combined three-dimensional
error is difficult to be quantified. According to the accuracy
of the scanning equipment and the test process, the test accu-
racy is set to 0.1 mm, which is consistent with Indraratna
et al. [48] and Gui et al.’s [49] study. Based on this rule, the
damaged area ratio was calculated.

Figure 13 shows the damaged area ratio of the joint spec-
imen with different asperity order under different normal
stress. It can be seen from Figure 13 that the damaged area
ratio increased with the increase of the normal stress. The
damaged area and the growth rate of the damaged area ratio
of the joint specimen containing unevenness were greater
than those of the joint specimen only containing waviness,
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FIGURE 14: The damage volume of rock joint with different asperity
order under different normal stresses.

under the condition of the same initial morphology. Thus,
it can be concluded that, compared with the waviness, the
unevenness is more prone to damage under low normal
stress, resulting in a higher damaged area.

The damaged area ratio just reflects the proportion of the
damaged area. It is difficult to reflect the damage degree accu-
rately. The damage volume can reflect the damage degree in 3
dimensional, so it can reflect the damage degree more accu-
rately compared with the damaged area. The calculation
method of joint specimen damage volume mainly includes
the following steps: (1) align the point cloud data before
and after cutting by ICP iteration method and (2) triangulate
the point data by the Delaunay triangulation method. In this
paper, the joint surface asperities were discretized into trian-
gles. AABC represents the asperity before shearing, and AA’
B'C' represents the asperity after shearing, as shown in
Figure 11(d). The damage volume of the joint specimen is
the sum of these volumetric elements V. ,/p//. Among
them, V,p- ,rprcr is calculated by Equations (1) and (2).
The damage volume of the joint specimen is calculated by
Equation (3).

Viasca's'c’ = Va's'c'-at Vap'c'-s + Vapcc’ (1)

X xb X xd

vV [A—

1
— %
ABC-A'B C 6

Yo Vo Ve Ja

Zq Rp 2. Zq
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FIGURE 15: The cumulative AE energy in the second and third stages.

V:ZVABC—A’B’C" (3)

Based on the above method, the damage volume of the
joint specimen can be calculated, and the calculation result
is shown in Figure 14.

It can be seen that the damage volume increased with
the increase of the normal stress; the damage volume of
the specimen containing unevenness is larger than that of
the joint specimen only containing waviness, and this
difference increases with the normal stress increase. As
shown in Figure 3, the average inclination angle of the
specimen containing unevenness was higher than that of
the specimen only containing waviness. Only the asperity’s
apparent dip angle is greater than a certain value; the asper-
ity will be damaged during shearing [50]. Thus, compared
with the waviness, the unevenness is more prone to be
damaged. With the increase of the normal stress, more
and more unevenness undergo shear failure, while the joint
specimen containing waviness only undergoes slip wear
failure, leading to a bigger difference in damage volume.

3.2.3. Asperity Order Effect on the Damage Energy. In fact, the
difference in the shear mechanical properties of these two
types of joint specimens mainly appeared in the prepeak
nonlinear stage and the postpeak stage (the second and third
stages), as shown in Figure 6. Therefore, further research was
carried out on the acoustic emission energy of these two

stages. The cumulative energy of acoustic emission in the sec-
ond and third stages is shown in Figure 15.

It can be seen that under the condition of the same
normal stress, the damage ratio and the cumulative energy
generated in the second and third stages increased with the
increase of the joint roughness coefficient. The rougher the
joint surface, the less probability of shear failure occurring,
the higher the energy accumulated before failure, and the
greater the energy released when the joint surface fails. Under
the same conditions, the cumulative energy produced in the
third stage was higher than that in the second stage. In the
prepeak nonlinear stage, the acoustic emission energy
released by the joint specimen containing unevenness was
higher than that of the joint specimen only containing wavi-
ness. In the postpeak stage, the unevenness on the surface of
the joint specimen was sheared, which results in the energy
released in the third stage being higher than that in the
second stage.

Acoustic emission b value [51] is used as a characteri-
zation of the proportion of large-amplitude acoustic emis-
sion events and small-amplitude acoustic emission events
in the entire section, which can be used to represent the
damage degree of the joint specimen. The expression is
shown in

A
lgN:a—hz—d(f, (4)
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where Ay is the peak amplitude of the AE hits in dB,
Agz=10log A2 =201log A, .., Apyy is the peak amplitude
of the AE events in uv, and N is the number of acoustic
emission events whose amplitude is greater than or equal
to Agg.

The b value is used to analyse the damage that occurs in
the second and third shear stages of the joint specimen, and
the analysis result is shown in Figure 16.

It can be seen from Figure 16, under the condition of
the same morphology, the AE-b value of joint specimen at
the second period was greater than that at the third
period, which means that the damage degree at the second
period was less than that at the third period. For the same
shearing period, as the normal stress increased, the value
of b gradually decreased, which means that the degree of
joint damage increased with the increase of normal stress;
besides, the b value of the joint specimen containing the
unevenness was smaller than that of the specimen only con-
taining the waviness, indicating a greater damage degree.

4. Conclusions

In this research, the experimental investigation on the damage
of the joint specimen with different asperity order was carried
out to better understand the effect of asperity order on the
mechanical properties. The standard roughness profile was
used as the initial surface morphology, and the method com-
bining the EEMD and cut-off level criterion was used to
decompose the standard roughness profile into waviness
and unevenness; two types of joint specimens, respectively,
containing unevenness and only containing waviness were
prepared using 3D engraving technologies and were sub-
jected to shear tests under different normal stresses. The fol-
lowing conclusions can be drawn.

Under low normal stress, unevenness plays a key role in
the failure mode. The joint specimen containing uneven-
ness mainly suffered from shear failure, and the shear
stress-shear displacement curve can be divided into 3 sec-
tions: climbing zone, gnaw zone, and slip zone; while the
joint specimen only containing waviness suffered from slid-
ing wear damage, and the shear stress-shear displacement
curve can be divided into 2 sections: climbing zone and slip
zone. When the normal stress is larger, the failure model of
the joint specimen only containing waviness changes from
sliding wear to shear failure.

Under low normal stress, unevenness plays a key role in
the damaged area and damage volume. The damaged area,
volume, and AE energy of the joint specimen containing
the unevenness are larger than the specimen containing only
the waviness. And the difference between them increases
with the increase of normal stress.

Under low normal stress, the mechanical character differ-
ence between the joint specimen containing unevenness and
only containing waviness mainly existed in the prepeak non-
linear stage and the postpeak stage. The AE energy of the
joint specimen containing the unevenness is larger than that
of the joint specimen only containing waviness.

The AE-b value can be used to characterize the damage
degree. The smaller the b value, the greater the damage
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degree. The AE-b value of the joint specimen containing
the unevenness is smaller than that of the specimen only con-
taining the waviness; the AE-b value of the joint specimen at
the postpeak stage is smaller than that of the joint specimen
at the prepeak nonlinear stage.
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