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Water inrush is the biggest threat for safe mining in the Ruifeng coalmine, located in North China. In the study mining area, the
floor water inrush is mainly caused by mining activities and collapse column. In this article, the mechanical criteria of floor water
inrush are obtained based on cusp catastrophe theory, which is used to assess floor water inrush risk in the Ruifeng coalmine.
Theoretical analysis shows that floor water inrush is very likely to occur during coal mining without the influence of geological
structures. Additionally, FLAC®™ was used to simulate the damage of floor strata during the mining face advances. Numerical
results show that the water inrush channel occurs in front of the mining face due to the influence of stress concentration.
Therefore, a microseismic monitoring system was applied to monitor the formation of water inrush pathway. Field monitoring
results show that two water inrush pathways were accurately predicted and positioned. Based on the microseismic monitoring
results, target grouting was adopted to prevent water inrush. This study provides significant guidance for the prevention of floor

water inrush.

1. Introduction

Most coalmines located in the Permo-Carboniferous coal-
fields in North China are threatened by the Ordovician
limestone aquifer under the coal seams [1-3]. The Ordo-
vician limestone strata are confined aquifer containing
a large amount of water with a high hydraulic pressure [4].
The floor strata between the confined aquifer and the coal
seam, normally comprising mixed impermeable clay layers
with high strength sandstone or carbonate layers, can serve
as the water-resisting strata that prevent the upward mi-
gration of confined water. But the water-resisting strata are
relatively thin and usually damaged by the geological
structures, such as faults and collapse columns. Further-
more, the water-resisting strata may break under the
combined action of hydraulic and mining-induced pressures
during coal mining above the aquifer. And a dramatic in-
crease in permeability may occur in the broken water-
resisting floor strata and finally result in water bursting
into mining excavations [5, 6]. Water inrush hazard not only

leads to grievous casualties and heavy economic losses for
coal mines but also seriously pose a potential threat to
society stability [7-14]. According to incomplete official
statistics, about 285 major coalmines involve a risk of water
inrush in China, which approximately accounts for 47.5% of
all state-owned coalmines [15]. And more than 473 water
inrush hazards have occurred in the past two decades killing
2635 workers [16]. Therefore, the study of prediction and
prevention on floor water inrush has important practical
significance.

In recent decades, many researches on floor water inrush
mechanism have been conducted. A few empirical criteria
and models, such as the water inrush index, hypothesis of
three zones in floor strata, and floor key strata model, have
been proposed for predicting water inrushes [1, 14, 17-21].
These studies played an important role in evaluating the risk
of water inrush hazards in engineering practice. However,
there is a lack of methods to accurately predict and prevent
water inrush hazards in a timely manner [22]. This has
limited our ability to address the crucial issue for safer
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mining above confined aquifers. After coal mining, the
redistribution of stress field may result in a fractured zone
with high conductivity in the floor strata, which provides
a pathway for confined water inflow [23-25].

In general, the formation of water inrush pathway is
directly related to the fracture of floor rock strata, which
induces a series of microseismic to occur [26]. Currently,
microseismic has been widely used to monitor the rock
tailure process in landslide, coal and gas outbursts, and coal
bumps and predict these hazards [27-31]. However, mi-
croseismic was seldom applied to monitor the formation
process of water inrush pathway, which is a requirement of
water inrush. In this article, the mechanics criteria of floor
water inrush are derived based on cusp catastrophe theory
and the criteria are utilized to assess floor water inrush risk
in the Ruifeng coalmine. Floor water inrush is more likely to
occur during mining because the geological structures are
complex in the study area. Therefore, ESG microseismic
monitoring system was applied to monitor the formation
process of water inrush pathway, which provides an im-
portant guide for the prevention of water inrush. The field
monitoring results show that two water inrush pathways
were accurately positioned. Then, two targeted grouting
holes were drilled from the ground surface and the water
inrush was effectively prevented by injecting 900 tons of
cement slurry. This provides significant guidance for safe
coal excavation above confined aquifers.

2. General Situation of the Study Area

Ruifeng coalmine located in Handan-Xingtai mining area of
North China is severely threatened by water inrush hazards.
In Handan-Xingtai mining area, more than 10 collieries
involve the risk of water bursting into the mining excavation
through fractured floor strata and more than 30 heavy water
inrush hazards occurred in the past, as shown in Figure 1
and Table 1. The main influencing factors causing water
inrush are collapse columns, faults, and mining. As can be
seen from Figure 1 and Table 1, 14 water inrush hazards were
caused by faults which accounted for forty-seven percent
and 11 water inrush hazards were caused by collapse col-
umns which accounted for thirty-seven percent. Besides, 2
water inrush hazards were caused by the combined action of
faults and collapse columns and other 2 water inrush hazards
were caused by floor failure due to mining. Furthermore, the
most serious water inrush accident occurred on April 12,
2003 in the Dongpang coalmine and the maximum water
inrush rate was 70000 m3/h, which caused the coalmine to
submerge, and there were a large number of casualties.
Therefore, geological structures, mainly including insidious
faults and collapse columns, are the main influencing factors
of water inrush in Handan-Xingtai mining area.

In the Ruifeng coalmine, there are Ordovician limestone
strata under the No. 5 coal seam, which contains a large
amount of water with a 1.33~1.73 MPa pressure. The average
thickness of No. 5 coal seam is about 8.0 m and is located in
the level at a depth of —460 m. The distance between Or-
dovician limestone strata and No. 5 coal seam is about 49 m.
More than 30 collapse columns have been exposed during
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the past mining. There are three main faults and two collapse
columns in the study area, as shown in Figure 1. Besides,
a total of 17 water inrush hazards have occurred in the past.
The most serious water inrush occurred in 1942 and the
maximum water inrush rate was about 4080 m>/h, causing
the coalmine to submerge in half an hour.

3. Risk Assessment of Floor Water Inrush
Based on the Cusp Catastrophe Theory

In order to reduce floor water inrush hazards, the vulner-
ability assessment of floor aquifuge is necessary [32, 33]. The
roof caving did not occur behind the mining face within
a certain range. Therefore, the unloading failure of floor
aquifuge happens, which may cause floor water inrush.

Simplifying the unbroken floor aquifuge as a rock beam,
as shown in Figure 2, the length of the rock beam is equal to
the length of the mining face. The width of the rock beam is
the unit length and the thickness of the rock beam can be
calculated by the following formula [34]:

hy=h-hy, (1)

where h, is the thickness of the rock beam, £ is the thickness
of floor aquifuge, and h; is the depth of floor failure zone due
to mining activities, which can be determined by the fol-
lowing empirical formula:

0.015H cos ¢

— (m/4+¢/2) tan ¢ (2)
' 2cos (/4 + 9/2) ’

where H is the buried depth of the coal seam and ¢ is the
internal friction angle.

Based on the definition of the elastic strain energy and
the beam bending theory, the elastic strain energy U can be
calculated by the following formula [35]:

L
v-2 [ s (3)
2 Jo
where s is the arc length between the original point of the
beam and the arbitrary point, k is the curvature of the rock
beam. Due to w’<<1, therefore the curvature k can be
approximately written as follows:

"

k=w7~w"(1+w

(1 + w’2)3/2 B

where w is the deflection of the arbitrary point, which can be
defined as follows:

,2)1/2

’ (4)

A
= §sin —s, 5
w smLs (5)

where L is the length of the beam and § is the deflection of
the beam midpoint.

Substituting equations (4) and (5) into equation (3), the
elastic strain energy U can be written as follows:

U , (6)

EI (L EIn®8* EIr's*
x—J w"2(1+a)’2)ds:—5+ 3
2 Jo 16L 4L

where I = h,*/12.
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FIGURE 1: Geological structures in the study area of the Ruifeng coalmine.

The work done W; by the horizontal forces can be
expressed as follows:

L
W, =03h,,AL = a3h2<L B J 1-0” ds), (7)
0

where AL is the horizontal shortened length of the beam
because of the action of horizontal force.

Utilizing Taylor series expansion and ignoring the higher
order term, we can get the following equation:

12
Vi-w?=1-2 (8)
2

Substituting equation (8) into equation (7), W; can be
written as follows:
o3h,

L
W, =—= J w?ds
2 Jo

_ a3h2ﬂ282
41

&)

Likewise, the work done W, by vertical forces can be
represented as follows:

L _
W2=JO (p—q)wds=%8, (10)

where g =yh;.

The behaviour of a system is usually continuous, but
sometimes exhibits discontinuities, which needs to be
studied by bifurcation or catastrophe theory. Based on

Thom’s classification theorem, there are seven elementary
catastrophes, where the number of state variables is one or
two and the number of control parameters (equal to the
codimension) is four. One of the simple catastrophes is cusp
catastrophe which involves two control parameters and one
state variable. The maxima, minima, and inflection points of
the potential function are known as stationary points. These
points may be a singularity at which the value of the po-
tential function can jump [36]. Therefore, the potential
function should be established first. According to the ca-
tastrophe theory, the total potential energy V of the beam
can be written as follows:

V=U-W,-W,. (11)
Substituting equations (6), (9), and (10) into equation

(11), the total potential energy V can be approximated as
follows:

_EIn®, o <E1n2

S\

» 2(p-9L
~ oD 2l —03112)8 —T(S. (12)

Equation (12) is the steady-state model of the rock beam
and can be further transformed as the following standard
form [35]:

V= x*+ax? + bx, (13)

where



FIGURE 2: The simplified mechanical model of floor aquifuge.
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TaBLE 1: Incomplete statistics of serious water inrush hazards in Handan-Xingtai mining area.
Number Coal mine Date Maximum wa3t er inrush Water inrush types
rate (m’/h)
1 Wutongzhuang 1995-12-3 34000 Fault
2 Wutongzhuang 2001-3-10 156 Collapse column
3 Wutongzhuang 2002-6-7 480 Fault
4 Wutongzhuang 2002-3-21 120 Fault
5 Wutongzhuang 2000-5-14 130 Collapse column
6 Wutongzhuang 2006-1-26 3900 Fault
7 Wutongzhuang 2014-7-25 11250 Collapse column
8 Huangsha 2010-11-19 6000 Fault
9 Huangsha 2011-12-11 24000 Fault and collapse column
10 Huangsha 1996-12-19 1320 Mining activities
11 Huangsha 2010-11-19 6000 Fault
12 Jiulong 2009-1-8 7200 Collapse column
13 Jiulong 2007-9-29 5400 Collapse column
14 Jiulong 2007-10-21 720 Collapse column
15 Jiulong 2009-1-1 900 Collapse column
16 Jiulong 2009-1-11 7200 Collapse column
17 Xin’an 2010-11-19 6000 Fault
18 Xin’an 2011-12-11 24000 Collapse column
19 Xin’an 2011-12-11 2600 Fault and collapse column
20 Ruifeng 2002-9-20 600 Fault
21 Ruifeng 1977-11 120 Collapse column
22 Ruifeng 1932-8 480 Fault
23 Ruifeng 1942-6-13 4080 Fault
24 Dongpang 2003-4-12 70000 Collapse column
25 Dongpang 2010-11-15 2500 Mining activities
26 Niuerzhuang 2004-9-26 5160 Fault
27 Sunzhuang 1996-11-24 9000 Fault
28 Xingdong 2011-4-13 330 Mining activities
29 Shenjiazhuang 2012-5-26 740 Fault
30 Lincheng 2006-12-16 3600 Fault
A <_| B
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The discriminant of floor water inrush is as follows [35]:
>0 nowaterinrush,

A=8a>+27b"{ =0 critical state, (15)

<0 waterinrush.

The system potential energy of rock beam is minimum
when A>0. Therefore, the rock beam is stable and the
water inrush cannot occur. However, it is on the contrary
when A <0, namely, the rock beam is unstable and the
water inrush occurs. When A =0, it is in critical state and
the floor water inrush may occur under minimal engi-
neering disturbance. In the Ruifeng coalmine, the hy-
draulic pressure of the confined aquifer is
p=1.33~1.73MPa and the thickness of the aquifuge is
h=49.0 m. The buried depth of the No.5 coal seam is about
—460 m and the internal friction angle of the floor aquifuge
is about 30°. Taking the above parameters to equation (2),
the depth of floor failure zone due to mining activities is
about h;=12 m. Besides, relevant physical and mechanical
parameters are as follows: L=80 m, E=10 GPa, h,~37 m,
q=0.5MPa, and 03=11.5 MPa, and taking the above pa-
rameters to equation (15), we can get A > 0. In other words,
the floor aquifuge is stable and mining above confined
aquifer is safe. But considering the complex geological
structures such as faults and collapse columns in the study
area, floor water inrush still may occur during mining.
Therefore, ESG microseismic monitoring system was
applied to monitor the formation of water inrush pathway,
which can predict floor water inrush.

4. Numerical Analysis on Floor Water Inrush in
the Ruifeng Coalmine

Floor water inrushes can be classified into two types: geo-
logical structures-controlled water inrush and mining-
induced water inrush. The former is mainly caused by
faults and karst collapse columns in the floor strata [37-39],
the latter is directly related to the mining activities [3, 5, 22].
Mining activities would damage the floor aquifuge causing
a decrease of aquifuge thickness. When the thickness of
aquifuge decreases to the limit value, a water inrush accident
must happen. Furthermore, mining makes the shear stress
on the fault plane increase, which may cause the activation of
faults and provide a pathway for confined water inflow. In
the following, the software FLAC®” [40] was applied to
simulate the plastic zone evolution of floor aquifuge con-
taining a collapse column and the evolution of shear stress

on fault plane when the mining face advances to the geo-
logical structures.

4.1. Collapse Column. In this section, the software FLAC?"
was applied to simulate the plastic zone evolution of floor
aquifuge with the mining face advances to the collapse
column. The numerical model is built based on the geo-
logical data of the Ruifeng coalmine. The numerical model is
250 m long, 160 m wide, and 180 m high. The horizontal
section of collapse column is ellipse and its geometric pa-
rameters are shown in Figure 3. The physical and mechanical
parameters of coal and rock strata are obtained based on
experimental results, as shown in Table 2.

The depth of plastic zone of floor strata caused by mining
is proportional to the mining thickness of the coal seam.
Stress field and plastic zone around the collapse column are
also influenced by mining activities. In the numerical
simulation, the mining face begins with 80m from the
collapse column. The mining face advanced 30, 60, 75, 80, 85,
100, 130, and 160 m, respectively, with the distance of the
mining face at 80 m, 50 m, 20 m, and 5 m before the center of
the collapse column and -5m, —20m, —50 m, and -80 m
after the center of the collapse column. Figure4 shows the
plastic zone evolution when the mining thickness is 2 m, 4 m,
6m, and 8 m, respectively.

In general, the rock masses would undergo plastic yield
when the tension stress or shear stress reach the limit value.
The shear stress of floor aquifuge would increase at mining
face after coal excavation. Furthermore, the peak value of
shear stress increases as the mining thickness increases. The
shear stress concentration would increase the range of floor
plastic zone as shown in Figure 5. Before the mining face
reaches the collapse column (mining advance less than
75 m), the plastic zone around the collapse column does not
change. However, when the mining face reaches the collapse
column, the plastic zone above the collapse column spread
upward because of shear stress concentration. The depth of
floor plastic zone is about 2.0 m, 4.0m, 8.0m, and 12.0m
when the mining thickness is 2.0 m, 4.0 m, 6.0 m, and 8.0 m,
respectively. Furthermore, when the mining thickness is less
than 6.0 m, the floor shallow plastic zone does not connect to
the plastic zone around the collapse column. However, when
the mining thickness is 8.0 m, the floor shallow plastic zone
connects to the deep plastic zone, which indicates that the
floor water inrush may occur. Therefore, the mining
thickness has important influence on floor water inrush. In
order to avoid floor water inrush accident and realize safe
mining, the mining thickness should be less than 6.0 m.

4.2. Fault. The direct stress along the normal fault is tensile
stress, which makes the cracks of tension-crushed zone open
and connected. The floor water stored in the aquifer is more
likely to flow through the aquifuge along the fault. Therefore,
floor water inrush may occur when the mining face advances
to the fault. Besides, the strength of the rock is very low near
the fault plane, where the rocks fail more easily due to
abutment pressure caused by mining activities. And this may
result in a larger failure zone and increase the water inrush
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FIGURE 3: The numerical model of floor water inrush caused by collapse column.
TaBLE 2: Physical and mechanical parameters of coal and rock.
. 3 3,  Elastic modulus . . Internal friction . Tensile strength

Strata Density (10” kg/m”) (GPa) Poisson’s ratio angle () Cohesion (MPa) (MPa)
Sandy mudstone 2.60 25.92 0.26 30 9.13 1.45
Limestone 2.53 29.45 0.15 31 16.25 3.79
Shale 2.61 34.30 0.18 34 20.00 3.00
Coal 2.49 34.59 0.20 33 15.00 3.70
Sandstone 2.50 36.70 0.16 32 14.40 2.69

quantity. The numerical model is 250 m long, 120 m wide,
and 160 m high. The monitoring points on the fault plane are
located at -5m, =10 m, =15m, -20 m, =25 m, =30 m, -35m,
—40 m, and —45 m, as shown in Figure 4. The physical and
mechanical parameters of coal and rock strata are shown in
Table 3.

Shear stress on the fault plane usually plays an important
role in the fault activation. Figure 6 shows the variation laws
of shear stress on fault plane when the mining face advances
to the fault. It can be seen from Figure 7 that the shear stress
on fault plane increases at first and then decreases before the
mining face reaches the fault. After the mining face reaches
the fault, the shear stress decreases at first and finally reaches
stable. With the mining face advancing to the fault, the deep
shear stress of fault plane increases at first and then the
shallow shear stress of fault plane increases. Furthermore,
the shear stress on fault plane in shallow floor is more
influenced by mining. The maximum shear stress is 9.7 MPa
and the maximum shear stress concentration factor is about
1.9. The shear stress peaks when the mining face is about
20 m away from the fault, the fault is more likely to slide
causing floor water inrush; but after the mining face reaches

the fault, mining has small influence on the shear stress on
the fault plane.

5. Judgment of Floor Water Inrush Based on
Microseismic Monitoring Results

5.1. Microseismic Monitoring Floor Water Inrush and the
Layout of ESG Sensors. The geological conditions are very
complex in the study area because there are many faults and
collapse columns. Floor water inrush is very difficult to
accurately position and predict by the traditional methods.
However, coal mining causes breakage of the floor aquifuge,
which is accompanied by acoustic emission [41, 42]. Mi-
croseismic monitoring system could capture the AE in-
formation and position the fractured zone of floor strata,
which is a necessary condition for floor water inrush. The
analysis procedure of floor water inrush based on micro-
seismic monitoring is shown in Figure 7. The floor water
inrush pathway can be achieved by the spatial distribution of
microseismic events. All ESG sensors are mainly installed in
the east main roadway and No. 3050 return air lane, as
shown in Figure 8. The positional parameters of ESG sensors
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FIGURE 4: The numerical model of floor water inrush caused by the fault.

are shown in Table 3. The ESG sensors include 9 single
pathway sensors (no. 1, no. 3, no. 4, no. 6, no. 7, no. 8, no. 9,
no. 11, and no. 12) and 3 three-pathway sensors (no. 2, no. 5,
and no. 10).

5.2. Microseismic Monitoring Results. The variation of en-
ergy release index and accumulated volume are shown in
Figure 9. It was significantly found that a sharp increase of
the energy release index occurred and the accumulated
volume decreased suddenly on February 25, when the floor
water inrush occurred. The floor aquifuge might experience
the dynamic process that “energy accumulation — energy
release — energy transfer,” matches well with the moni-
toring results of energy release index and accumulated
volume. Therefore, floor water inrush is closely related to the
variation of energy release index and accumulated volume. A
sudden sharp change of energy release index or accumulated
volume may be precursory characteristics of floor water
inrush.

About 500 microseismic events occurred during the
nearly four months’ monitoring and the spatial distribution
of microseismic events is shown in Figure 10. The size of red
dots represents the magnitude of microseismic events,
namely, the bigger dot means that the rock fractures more
seriously. As shown in Figure 11, the microseismic events
initially occurred in the Ordovician limestone because of
confined water. Besides, the floor strata unload after coal
excavation, which causes the failure of the shallow floor
aquifuge. Therefore, some microseismic events occurred in
the shallow floor strata. Under the combined action of
mining and confined water, the shallow floor fractured zone

finally connected to the aquifer and caused floor water in-
rush. There are two obvious water inrush pathways, located
near two faults separately. One water inrush pathway is
along the fault and the other water inrush pathway intersects
the fault. Finally, the two water inrush pathways intersected
at the water inrush position. The range of water inrush
pathway gradually increases, which may cause the increase
of water inrush rate.

6. Targeted Grouting to Prevent Floor
Water Inrush

In the Ruifeng coalmine, the traditional method to prevent
floor water inrush is pregrouting, namely, some holes were
drilled from the roadways into floor aquifuge and grouting
cement slurry was conducted ahead of the mining face, as
shown in Figure 11. Two grouting holes with different dip
angle and length were drilled at the same place in the
roadway. The average apace between two adjacent grouting
positions was about 40 meters. If the traditional pregrouting
method was used, 52 grouting holes need to be drilled and
the total length of grouting holes is about 3640 meters long.
Furthermore, about 7600 tons of cement slurry would be
injected.

But previous field practice show that the traditional
pregrouting method was less effective to prevent floor
water inrush and the cost was very high, because the
grouting area was very large and the grouting holes were
drilled blindly. Therefore, to effectively prevent floor
water inrush and reduce the cost, targeted grouting
method was proposed based on microseismic monitoring
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TaBLE 3: The positional parameters of ESG sensors in the Ruifeng coalmine.

The coordinates of ESG sensors

Number X v P Dip angle (°) Azimuthal angle (°)
1# 12395.492 20588.497 132.706 -30 -1
24 12396.375 20505.893 132.185 -3 -2
3# 12429.610 20453.61 145.646 -30 88
4# 12509.072 20451.167 151.798 0 88
6# 12668.078 20462.936 144.475 0 179
5# 12588.771 20449.825 146.475 25 89
7# 12377.051 20634.143 132.239 -10 -93
8# 12464.329 20629.132 132.639 30 -93
104# 12633.068 20619.294 134.876 =25 -93
o# 12555.178 20624.009 133.174 30 -93
11# 12704.326 20614.977 134.877 0 -93
124 12778.648 20623.827 134.882 -15 -94

Shear stress (MPa)

-100 -80 -60 -40 -20 0 20

Coordinates (m)

—— -5m —— -20m —— -35m
—— -10m —— -25m —— —-40m
—— -15m —— -30m -45m

FIGURE 6: The variation laws of shear stress on the fault plane when the mining face advances to the fault.
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FIGURE 7: The procedure of floor water inrush control based on microseismic monitoring in the Ruifeng coalmine.
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results, as shown in Figure 11. Two water inrush pathways
were positioned based on microseismic monitoring sys-
tem. Correspondingly, two targeted grouting holes can be
drilled from the ground. The total length of two grouting
holes is about 950 meters, which is much less than that of
the traditional pregrouting method. Furthermore, the
water inrush was effectively prevented by injecting 900
tons of cement slurry, which was only a quarter of what
the traditional pregrouting method consumed. Therefore,
the targeted grouting method is more effective to prevent
water inrush and significantly reduces the cost.

The variation laws of grouting pressure, water inflow
rate, and microseismic events are shown in Figure 12. The
water inrush occurred on February 25 and the targeted
grouting was conducted 5 days later. The initial grouting
pressure was 1.0 MPa and the final grouting pressure was
3.0 MPa. There are some fluctuations of grouting pressure
because of the permeability change of floor strata. Addi-
tionally, the water inrush rate dramatically decreased from
80 m’/h to 20 m*/h after grouting for three days. In the end,
the floor water inrush was completely prevented after
grouting for 40 d. During the initial period of grouting, the
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microseismic events still occurred in Ordovician limestone
due to hydraulic fracturing. There are almost no micro-
seismic events in Ordovician limestone after stopping
grouting. But a few microseismic events in shallow floor
strata occurred all the time due to mining activities.

7. Conclusions

(1) Water inrush is the biggest threat for safe mining in
the Ruifeng coalmine and the floor water inrush were
mainly caused by mining activities and geological
structures in the study mining area. Floor water
inrush is more likely to occur during mining because
the geological structures are complex in the study
area. Based on cusp catastrophe theory, the me-
chanics criteria of floor water inrush is derived and
the criteria is utilized to assess floor water inrush risk
of the Ruifeng coalmine.

(2) The failure process of the floor aquifuge during
mining is achieved by numerical simulating. The
mining thickness has important influence on floor
water inrush. The depth of floor plastic zone in-
creases with the increase of mining thickness. When
the mining thickness is less than 6.0m, the floor
shallow plastic zone does not connect to the plastic
zone around the collapse column. However, when
the mining thickness is 8.0m, the floor shallow
plastic zone connects to the deep plastic zone, which
indicates that the floor water inrush may occur.
Therefore, in order to avoid floor water inrush, the
mining thickness should be less than 6.0 m.

(3) The shear stress on the fault plane increases at first
and then decreases before the mining face reaches
the fault. After the mining face reaches the fault, the
shear stress decreases at first and finally reaches

stable. With the mining face advancing to the fault,
the deep shear stress of the fault plane increases at
first and then the shallow shear stress of the fault
plane increases. Furthermore, the shear stress on the
fault plane in shallow floor is more influenced by
mining. The shear stress peaks when the mining face
is about 20 m away from the fault, where the fault is
more likely to slide causing floor water inrush.

(4) ESG microseismic monitoring system was applied to
monitor the formation process of water inrush
pathway. The field monitoring results show that two
water inrush pathways were accurately positioned.
Then, two grouting holes were drilled from the
ground surface and the water inrush was effectively
prevented by injecting 900 tons of cement slurry,
which significantly reduced the cost.
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1. Introduction
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The analysis and simulation of progressive failure of surrounding rock is very important for analyzing the stability of surrounding
rock in underground engineering. Size effect is also a key problem worth further study in engineering. Taking the underground
powerhouse on the right bank of Bajhetan as an example, the acoustic test results are collected and the relaxation and failure
characteristics of the surrounding rock are summarized. Then, the numerical simulation of progressive failure of surrounding rock
of underground powerhouse is carried out by using the finite discrete element method CDEM (continuum-based discrete element
method). The results are compared with the acoustic test results of the surrounding rock relaxation layer, and the stress and
displacement of surrounding rock characteristic points are analyzed. At the same time, the size effect of grid and mechanical
parameter in the process of numerical simulation are discussed. The calculated fracture depth of surrounding rock is in good
agreement with the acoustic test results, which shows the reliability of progressive failure simulation of surrounding rock of the
underground powerhouse. When CDEM is used to simulate the excavation of tunnels with different tunnel diameters, the
minimum grid size should be about 1% of the tunnel diameter. The mechanical parameters of rock mass have significant size effect,
which needs to be analyzed in detail. The research results prove the superiority of the CDEM method in simulating the progressive
failure of hard surrounding rock and its unique size effect characteristics, which can provide technical reference for the application
of the CDEM method in other similar engineering problems.

numerical simulation analysis to ensure engineering safety
and improve the theory of rock mass mechanics.
The numerical method to simulate the failure of the

Under high stress conditions, the excavation of hard rock
tunnels will cause rapid adjustment of secondary stress field
of the surrounding rock, which may lead to damage de-
stabilization phenomena such as local spalling, collapse, or
even rock burst of surrounding rock, seriously threatening
the project progress and personnel safety [1-3]. Some
scholars have studied the failure mechanism of the sur-
rounding rock in Jinping and Baihetan underground
powerhouses [4, 5]. It is of great theoretical value and ac-
ademic significance to study the progressive failure of the
surrounding rock in underground engineering and explore
the grid size effect and rock mass parameter size effect in

surrounding rock in underground engineering is mainly
divided into three categories: continuous medium me-
chanics method, discontinuous medium mechanics method,
and continuous discontinuous combination method.
Among them, continuum mechanics methods include finite
difference method (FDM), finite element method (FEM),
and boundary element method (BEM). When simulating the
mechanical behavior of the rock, these methods are difficult
to reflect the strain softening phenomenon caused by local
damage and failure of materials, and the characterization of
macrocrack and fracture propagation is not intuitive.
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Therefore, new models or methods are introduced such as
Martin’s high-order constitutive criterion [6], Cosserat’s
micropolar model [7], nonlocal model [8], and meshless
method [9]. Later, based on the addition of shape function
with discontinuous property to the traditional finite element
equation, the generalized finite element method (GFEM)
[10] and extended finite element method (XFEM) [11-13]
appeared. For example, Belyschko et al. [12] used XFEM to
simulate a tunnel in fractured rock mass, and represented
the crack with the discontinuity of internal displacement of
rock mass.

Discontinuous mechanics method can directly simulate
rock mass fracture and its interaction, but it is difficult to be
used in the structural numerical analysis of large-scale
complex projects due to the limitation of calculation abil-
ity and algorithm stability and the difficulty of defining
mesoparameters. Discontinuous medium methods can be
divided into two categories: discrete element method (DEM)
[14-16], discontinuous deformation analysis method (DDA)
[17], and numerical manifold method (NMM) [18]. For
example, Duan et al. [15] used the DEM method to study the
damage of hard rock caused by excavation unloading.

Based on the advantages and adaptability of the con-
tinuous method and discontinuous method, numerical
methods combining continuous and discontinuous medium
method (such as FEM/BEM, FEM/DEM, and FDM/DEM)
are gradually developed. Among them, the coupling method
of the finite element and discrete element is the most mature,
and many achievements have been made [19-22]. For ex-
ample, the author uses the CDEM method to simulate the
progressive failure of the surrounding rock of Canadian URL
test tunnel [19] and Baihetan exploration tunnel [18]. Be-
sides, the coupling of finite element methods and peridy-
namics [23-25] also developed to solve similar problems.

Surrounding rock failure is a process from continuous to
discontinuous, accompanied by multiple crack propagation
and large displacement. The finite discrete element method
combining the continuous method and discontinuous
method is more suitable to study the gradual transformation
process of the surrounding rock from continuous to dis-
continuous after excavation. However, in the finite discrete
element method, the crack can only occur along the tri-
angular boundary, so the mesh size and mesh direction have
a significant impact on the simulation results. For the grid
direction, unstructured grid generation is generally adopted
[26, 27]. As for the grid size, there is still no good method to
select the grid size around the rock test samples with dif-
ferent sizes and tunnels with different diameters [28, 29].

In addition, in the numerical analysis of underground
engineering, the value of rock parameters is very important.
Size effect is one of the inherent properties of rock materials.
The size effect of rock mechanical parameters includes
strength and deformation. The main research methods are
tests and numerical analysis. Among them, the research on
the size effect of strength is mainly on rock compressive
strength [30, 31], less on shear strength [32], and whether
there is size effect on rock deformation parameters is
controversial. So far, a lot of scholars have carried out a large
number of tests on different kinds of rock mechanical
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parameters, but no unified law of rock size effect has been
summarized. And the size effect law of rock strength
explained in the theory cannot correspond to the test results.
Therefore, the research on the size effect of rock mechanical
parameters is still an important research direction in geo-
technical engineering.

The author has accumulated some achievements in using
the finite discrete element method CDEM to simulate crack
propagation, including the uniaxial and triaxial compression
test of basalt, the URL test tunnel in Canada, and the
Baihetan exploratory tunnel. In this paper, firstly, the same
method is used to simulate the layer-by-layer excavation of
the right bank powerhouse to show the reliability of the
calculation results. Then, based on the previous simulation
results of the indoor test and exploratory tunnel failure, the
appropriate grid size and the variation law of mechanical
parameters of basalt under different simulation scales are
analyzed. The research results can provide technical refer-
ence for using CDEM to solve similar problems in other
engineering.

2. Overview of Right Bank
Powerhouse of Baihetan

2.1. Background of the Project. Baihetan Hydropower Station
is one of the four step power stations in the lower reaches of
Jinsha River, which will become the second largest giant
hydropower station after the Three Gorges after completion.

The main caverns of the underground powerhouse on
the right bank include the main and auxiliary powerhouse
caverns, the main transformer caverns, the draft tube
bulkhead gate chamber, and the tailrace surge chamber,
which are arranged in parallel.

The powerhouse was excavated from top to bottom in
ten layers. The total length of the underground powerhouse
is 438 m, the height is 88.7m, the top arch elevation is
624.6 m, the rock beam elevation ranges from 602.3m to
604.4 m, and the widths below and above the rock beam are
31 m and 34 m, respectively.

2.2. Geological Conditions. The main and auxiliary pow-
erhouses on the right bank are monoclinal rock strata, and
the trend of rock strata intersects the powerhouse axis at
a large angle of 60°~70°. The exposed lithology is mainly
aphanitic basalt, column jointed basalt, plagioclase basalt,
almond basalt, breccia lava, and thin tuff from P,f3 layer
to P,Bs layer. Among them, the exposed lithology of the
right bank underground powerhouse is mainly massive
basalt with breccia lava, which is hard, slightly new, and
free of unloading. The rock mass structure is mainly
submassive, with partial massive structure. The sur-
rounding rock is mainly classified as Class III;, accounting
for about 70%.

The surrounding rock of the right bank underground
powerhouse caverns is developed with large soft interlayer
staggered zone, small faults, random fractures, dense co-
lumnar joints, and other unfavorable structures, among
which the interlayer staggered zone has the largest scale and
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the most prominent impact. The right bank underground
powerhouse caverns are mainly affected by the interlayer
staggered zones C3, C3-1, C4, and C5.

2.3. In Situ Stress. The initial stress of the right bank un-
derground powerhouse is generally stable, except for the
local area affected by large structures, such as interlayer belts,
and is dominated by tectonic stress fields and denudation
transformation. The horizontal stress is significantly greater
than the vertical stress. The maximum principal stress di-
rection of the right bank underground powerhouse area is
N-S direction, horizontal. The intermediate principal stress
is E-W direction, which inclines to the valley about 0°~5°,
and partially inclines to the mountain due to the influence of
the interlayer zone. The minimum principal stress is nearly
vertical. According to the measurement, the stress size meets
the following relationship:

0, = 0.0304h + 10.2; 0, = 0.0268h + 7.5; o, = 0.028h. (1)

3. Relaxation Characteristics of the Right
Bank Powerhouse

3.1. Acoustic Test Results. A total of 6~9 acoustic test sections
are arranged in the underground powerhouse on the right
bank, and the typical section is shown in Figure 1. Acoustic
detection holes are distributed at the top arch of 624.6 m
elevation, arch shoulder of 622.6 m and 617 m elevation, and
side wall of 608m, 601m, 591 m, 572.4m, and 560m
elevation.

Multiple acoustic tests are carried out in different ex-
cavation stages, and the results are summarized in
Tables 1-3. According to the test results:

(1) Crown and spandrel: The relaxation depth of the
surrounding rock is generally about 0.9~2.5 m, with
an average of about 1.54 m.

(2) Side wall: The relaxation depth of surrounding rock
atel. 608 m is about 2.6~4.0 m, and the average depth
is 3.50m. The relaxation depth of the surrounding
rock at el. 601 m is about 3.0~5.6 m, with an average
depth of 4.08 m. The relaxation depth of the up-
stream side wall at el. 591 m is about 1.0~2.6 m, and
the average depth is 2.20 m. The relaxation depth of
the downstream side wall at el. 583 m is about
2.0~2.6m, with an average depth of 2.27m. The
relaxation depth of the upstream side wall at el
572 m is about 1.4~2.6 m, with an average depth of
1.99 m.

3.2. Failure Characteristics of Surrounding Rock. The rock
mass of the right bank powerhouse is mainly brittle rock.
And the average in situ stress is 26 MPa, belonging to the
high ground stress level. Many typical stress-based failure
phenomena occurred during the excavation of the power-
house, such as spalling, fracture, relaxation collapse, and
concrete spray layer cracking, as shown in Figure 2.

acoustic test hole

V617

V608
v601 Y

V578
V572.4

V564

V560

\

<
o
downstream ‘

upstream

Vv537.9

FIGURe 1: Typical section of acoustic test.

4. Numerical Simulation of the Right
Bank Powerhouse

4.1. Geometric Model. Referring to the previous numerical
simulation of URL test tunnel and Baihetan exploratory
tunnel conducted by the author, the built-in software Gmsh
is used for grid division, as shown in Figure 3.

The size of the whole model section is 600 m x 600 m.
Area 1 is the powerhouse cavern to be excavated, and its grid
size is 0.3 m. Area 2 is a square area close to the cavern with
a range of 74m x 133.9m. Cracks first appear in this area
during excavation, the grid size should be small enough to be
0.3 m. The range of area 3 is 300 m x 300 m, the grid size
gradually changes from 0.3 m to 15 m. The range of area 4 is
600 m x 600 m, and the grid size changes from 15m to 25 m.
The total number of elements is 324244.

The right bank powerhouse is simulated according to the
actual excavation process of eight layers, and the total ex-
cavation height is 73.9 m. The excavation heights from the
first layer to the eighth layer are 13.6m, 4.1m, 11 m, 6.1 m,
11m, 11 m, 49 m, and 12.2 m, respectively. The span of the
top and bottom of the powerhouse is 34m and 31m,
respectively.

4.2. Geostress and Boundary Conditions. The average burial
depth of the powerhouse is about 500 m. The included angle
between the first principal stress and the axis of the pow-
erhouse is 10°, and the stress on the cross section of the
powerhouse is mainly affected by the second principal stress.
Ignoring the small dip angle of the second principal stress
inclined to the valley, the in situ stress input by numerical
simulation can be calculated, as shown in Table 4.

The boundary conditions adopted in the calculation are
as follows: a normal displacement constraint is applied at the
bottom. The normal stress is applied on the left and right
sides, the shear stress is applied on the left and right, upper
and lower sides, and both are applied under the condition of
surface force. Then, the initial stress field of the model is
obtained after calculation to the steady state.
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TABLE 1: Statistical table of acoustic test results at el. 608 m.

Section number

Relaxation depth of the side wall (m)

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 Average
2015.05.16 1.40 130 0.60 0.80 0.30 0.40 0.80
2016.11.05 2.80 1.60 1.60 2.00 400 — 2.40
. 2017.03.13 3.00 _ 2.80 3.00 400 _ 3.20
Upstream side wall at el. 608 m 2017.05.08 3.40 1.80 2.80 3.00 420 — 3.04
2017.06.21 3.60 1.80 2.80 3.20 420 _ 3.12
2017.10.12 3.60 1.80 3.00 3.20 420 _ 3.16
2015.05.16 2.40 1.40 1.40 1.00 1.00 0.80 133
2016.11.05 3.20 2.40 — — 1.40 — 233
. 2017.03.13 _ — 3.40 2.60 3.80 — 3.27
Downstream side wall at el. 608m ;72" 3.80 3.20 3.60 400 420 — 3.76
2017.06.21 3.80 3.20 3.60 400 420 — 3.76
2017.10.12 400 3.20 3.60 420 420 — 3.84
Average value 3.50
Maximum value 420

TABLE 2: Statistical table of acoustic test results at el. 601 m.

Section number

Relaxation depth of the side wall (m)

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 Average
2016.03.30 — — — 3.60 — 3.20 2.60 3.80 3.40 3.32
Upstream side wall at el.601 m 2016.09.26  2.60  2.40 — — — — — — 3.40 2.80
2017.02.13 — — 3.80 3.40 4.80 3.00 4.60 3.60 3.87
2016.03.30 — — — 3.00 — 3.40 3.40 4.40 3.40 3.52
Downstream side wall at el. 601m  2016.09.26  2.40 2.80 — — 3.80 — — — 3.40 3.10
2017.02.13 — — 4.20 3.60 — 5.60 3.40 5.40 3.60 4.30
Average value 4.08
Maximum value 5.60
TaBLE 3: Statistical table of acoustic test results at el. 591 m, el. 583 m, and el. 572 m.
Section number Relaxation depth of the side wall (m)
No. 1 No. 2 No. 3 No. 4 No. 5 Average
Upstream side wall at el. 591 m 2017.05.6 2.40 2.60 2.60 2.40 1.00 2.20
Downstream side wall at el. 583 m 2017.07.10 — 2.60 2.00 2.20 — 2.27
Upstream side wall at el. 572m 2017.10.15 — 1.80 1.40 1.80 2.60 1.90
Downstream side wall at el. 578 m 2017.10.15 — — — — 2.20 2.20
Average value 2.14
Maximum value 2.60

FIGURE 2: Stress-based failure features of the right

powerhouse.
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FiGURE 3: Model of numerical simulation.
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TaBLE 4: Geostress input for calculation of right bank powerhouse.

The first The second The third
Stress L L L. Normal stress Shear stress
principal stress principal stress principal stress
Value (MPa) 25.4 20.9 14 21 0.77

4.3. Calculation Steps and Mechanical Parameters. As for the
feedback analysis of the powerhouse tunnel group during the
construction, a large number of numerical calculations have
been carried out and rich results have been achieved. In their
work, numerical analysis software FLAC3D or 3DEC is
usually used for calculation, and the Hoek-Brown model
and corresponding parameters are selected.

In this paper, the software CDEM is used for calculation.
The constitutive model is based on the Mohr-Coulomb
strength failure criterion. The acquisition methods of rock
mass strength parameters and deformation parameters are
as follows:

(1) extract the rock mass density, uniaxial compressive
strength UCS, geological strength index GSI, and the
coefficient mi from the previous calculation report;

(2) input the abovementioned parameters and tunnel
buried depth into the RocData program to obtain the
basic parameters of rock mass.

(3) input the basic parameters of rock mass into the
numerical calculation model as initial data, and the
failure characteristics of surrounding rock with given
parameters are calculated and compared with the
failure characteristics observed.

(4) In the process of feedback analysis, GSI and UCS shall
be properly adjusted according to the difference of local
rock mass quality until the calculation results are fully
close to the observed. The final mechanical parameters
adopted in the calculation are shown in Table 5.

The specific calculation steps are as follows: The initial
in situ stress field is firstly calculated with a total of 1,000,000
steps. Then, the excavation simulation of the powerhouse
start shall be carried out. Each layer of excavation shall be
calculated in 3,000 steps until it is stable, which shall be
carried out in 8 times. The total number of calculation steps
is 1,024,000.

5. Results Analysis

5.1. Fracture Evolution of Surrounding Rock. The evolution
process of internal cracks in layers I~VIII of the powerhouse
is obtained after the completion of excavation, as shown in
Figure 4. At the same time, the damage of one-dimensional
spring, i.e., contact element, is monitored during the cal-
culation, and a total of three variables are statistically output,
as shown in Figure 5. Among them, the total damage of
spring is the proportion of elements that have been dam-
aged. The total rupture of spring is the proportion of ele-
ments that have not only been damaged but also have the
cohesion and tensile strength reduced to zero. The current
damage of spring is the proportion of elements that are now
in a damaged state.

TABLE 5: Mechanical parameters for simulation.

Parameters Values
Density p (kg/m?) 2750
Deformation modulus E (GPa) 26
Poisson’s ratio v 0.25
Cohesion ¢ (MPa) 3.2
Tensile strength o, (MPa) 0.3
Initial internal friction angle ¢° 5.16
Multiplication of the increase of internal friction angle n 10
Dilatancy angle y* 10
Tensile fracture energy (Pa.m) 50
Shear fracture energy (Pa.m) 500

As can be seen from Figure 4, after the excavation of
layer I is completed, a circle of cracks appear in the sur-
rounding rock of left and right bank spandrels and crown
arches, and the cracks are evenly and symmetrically dis-
tributed. After the excavation of layer II, the crack propa-
gation range increases, mainly along the exposed side wall of
layer II, and the crack propagation depth increases slightly
compared with that after the excavation of layer I. After the
excavation of layer III, the number of cracks increases
significantly. This is the design position of rock beam where
the excavation surface is irregular. The cracks expand rapidly
to the depth along the side walls on both sides, and the
propagation depth is much greater than the crack depth of
the top arch and left and right spandrels. After the exca-
vation of layers IV~VIII is completed, the law of crack
propagation is relatively consistent. The cracks expand and
connect along the exposed side wall, and the crack propa-
gation depth is large. Under the action of cracks, the side
walls on both sides tend to deform towards the free face,
which can be reflected from the inclination of the side wall
after the excavation of layer VIII. This phenomenon may be
related to the high height of the side wall. As the excavation
boundary of the pit in layer VIII is irregular, the crack
distribution density is large at the turning point of the right
footing, and the edge of the footing tends to rise.

There is a good correspondence between Figures 4 and 5.
After the excavation of the powerhouse, the three fracture
curves continue to grow with the advance of calculation
steps. Taking the failure condition when reaching stability as
an example, it can be seen from the total damage curve of
spring that the proportion of cracks in stable state does not
increase much during the excavation of layers I~IV. From
layer V to layer VIII, a large number of cracks are generated
in the excavation process of each layer, and the proportion of
cracks expands in an approximate S-shaped trend. At the
end of each layer excavation, the crack propagation basically
reaches a stable state. The total rupture curve of spring and
the current damage curve of spring are the completely
damaged elements and the elements now in the damaged
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FIGURE 4: Fracture process of surrounding rock during layered excavation of right bank powerhouse.
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FIGURE 5: The statistics of spring rupture.

state, respectively, and their proportion is far lower than that
of the total elements ever damaged. The trend of growth is
also relatively stable, and there is no significant S-shaped
growth.

From the numerical simulation results, it can be seen
that the failure simulation of the surrounding rock in the
process of powerhouse excavation reflects the progressive
failure characteristics of the surrounding rock. Firstly, after
the excavation of powerhouse top arch, the stress of the
surrounding rock begins to adjust, the tangential stress of the
top arch increases continuously, and the vertical stress
decreases continuously, resulting in circumferential splitting

cracks in the top arch. Secondly, with the gradual increase of
excavation depth, further stress adjustment of the sur-
rounding rock begins. The local stress concentration begins
to appear in the left and right side walls, and the cracks
continue to sprout and expand, which provides favorable
boundary conditions for the spalling and block falling of the
side wall rock mass. And the upward bulging and cracking
may occur in the bottom foot.

5.2. Comparison between Simulated and Observed Fracture.
Taking the excavation of layer I, layer IV, and layer VI as an
example, Figure 6 shows the feedback results of the re-
laxation depth of the crown arch and side wall after exca-
vation of each layer. In order to facilitate analysis, the
characteristic points at different elevations are numbered.
Among them, 0 represents measuring point at crown arch of
624.6 m elevation; 1 and 1’ represent measuring points at
upstream and downstream spandrels of 622.6 m elevation; 2
and 2 represent measuring points at upstream and
downstream abutment of 617 m elevation; 3 and 3/, 4 and 4/,
5 and 5', and 6 and 6' represent measuring points at up-
stream and downstream side walls of 608 m, 601 m, 591 m,
and 583 m elevation, respectively. According to the feedback
analysis results:

(1) During the excavation of layer VI, the relaxation
depth of the crown arch increases to a certain extent.
The relaxation depth generally increases by about
0.0~0.4 m, and the relaxation depth is 1.6~3.2 m.

(2) After the excavation of layer VI is completed, the
relaxation depth of the upstream and downstream
side walls at 608 m increases by about 0.2~0.7 m, and
the relaxation depth is 4.5 m and 4.6 m, respectively.
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The relaxation depth of upstream and downstream
side walls at el. 601 m is 5.1 m and 6.0 m, respectively.
The relaxation depth of upstream and downstream
side walls at el. 591 m is 4.9 m and 6.0 m, respectively.
The relaxation depth of upstream and downstream
side walls below el. 583m is 3.Im and 3.9m,
respectively.

The simulation results are basically consistent with the
deformation characteristics and relaxation depth measured
in the field. The model adopted is simplified in the calcu-
lation in this paper, without considering any weak zone. The
rock mass is considered to be homogeneous and isotropic,
resulting in some errors in the calculation results. But on the
whole, the numerical calculation can better reflect the failure
of the surrounding rock of the underground powerhouse,
and the results are reliable.

5.3. Stress Analysis of Surrounding Rock. In order to further
analyze the failure of the roof arch and side wall of the
surrounding rock, the corresponding measuring points are
selected at different excavation stages around the tunnel. All
measuring points are the points closest to the free face. The
specific location distribution is shown in Figure 7. The
evolution curves of the minimum principal stress of each
measuring point on the left and right side walls with the
calculation step are counted, as shown in Figure 8.

The evolution law of the minimum principal stress of the
measuring points on the left side wall is basically the same as
that of the measuring points on the right side wall. Take the
measuring points on left side wall as an example. From layer
I to layer VIII, the minimum principal stress of each
measuring point first experiences a continuous growth, then
drops rapidly at a certain time, and then oscillates and
fluctuates near the lower value, and the maximum stress can
reach about 70 MPa. Among them, the stress drop time of
each measuring point from layer II to layer VIII is the
excavation time of this layer, as shown in the figure, which is
caused by strong unloading of the surrounding rock during
excavation. The measuring points of layer I are slightly
different. After the excavation of layer I, the stress does not
decrease rapidly, but increases continuously. The possible
reason can be closely related to the location of the measuring
point, which is selected at the spandrels on both sides. After
excavation, the stress concentration here is relatively sig-
nificant. The stress does not begin to decrease until the
excavation of layer II. In the excavation process of sub-
sequent layers, the stress of the measuring point does not
decrease to the minimum value, but fluctuates around
50 MPa.

5.4. Deformation Analysis of Surrounding Rock. The same
measuring points are selected for the deformation analysis of
the surrounding rock, and the evolution curve of the lateral
displacement of the measuring points on left and right side
walls with the calculation step is shown in Figure 9.

The lateral displacement of each measuring point on left
and right side walls is symmetrically distributed. The left

measuring point deforms to the right and the right mea-
suring point deforms to the left, resulting in the deformation
of the rock mass on both sides to the middle free face after
the completion of excavation, which is easy to form spalling
and block falling. From layer I to layer VIII, the displace-
ment of measuring points of each layer begins to increase
after the excavation of this layer is completed, and the
growth trend is approximately linear. The displacement
growth rate of the measuring points of layer I is the slowest.
After the excavation of layer II is completed, the growth rate
remains basically stable, approximately zero. The displace-
ment growth rate of measuring points of layer II is the
second. After excavation, the deformation increases slowly.
When the excavation of layer III is completed, the dis-
placement increases rapidly. Then, the deformation speed
slows down gradually until the excavation is completed, and
the final deformation is about 0.2 m. The displacement of
measuring points of layers III~VIII starts to increase linearly
after the excavation of this layer, and the growth rate of
measuring points on each layer is basically the same. At the
end of the calculation, the lateral displacement of the
measuring point of layer III is the largest, about 0.65 m. This
layer is at the position of the rock beam, with the largest
deformation.

It should be noted that, since the model for calculation in
this paper is simplified, there may be large errors in the
calculated data of displacement, and the evolution law of
displacement should be paid more attention to.

6. Analysis of Size Effect

6.1. Size Effect of Grid. Because the crack of CDEM can only
develop along the triangular element, in order to accurately
simulate the stress field at the crack tip, the mesh is often
required to be as small as possible, but it also brings the
problem of increasing the amount and time of calculation.
On the other hand, large mesh size will increase the yield
displacement, resulting in too high calculation strength.
Therefore, it is of great significance to study the appropriate
grid size to improve the computational efficiency.

Table 6 summarizes the excavation diameter, grid size,
and the ratio of grid size to excavation diameter of indoor
test simulation, Canadian URL test tunnel simulation,
Baihetan exploratory tunnel simulation, and Baihetan
powerhouse simulation. It can be seen from the table that the
ratio of the minimum grid size to the excavation diameter is
about 1/100. At this time, the finite discrete element method
CDEM can better simulate the progressive failure of the hard
brittle rock and hard brittle surrounding rock.

6.2. Size Effect of Mechanical Parameters. Due to the exis-
tence of size effect, it is unreasonable to directly apply the
mechanical parameters of a specific size of rock mass to
engineering design and the establishment of the constitutive
model. Similarly, the test results of indoor small-size rock
samples cannot be directly extrapolated to the on-site rock
mass. The indoor test, exploratory tunnel, and powerhouse
are numerical simulations on three different scales. Table 7
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FIGURE 6: Feedback results of the relaxation depth after the excavation of (a) layer II, (b) layer IV, and (c) layer VL
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FIGURE 7: Location of measuring points in different excavation stages.
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summarizes the various parameters under different scales of
numerical simulation. Among them, the indoor test simu-
lation includes two types of basalt of almond basalt and
cryptocrystalline basalt.

It can be seen from Table 7 that the mechanical pa-
rameters of almond basalt and cryptocrystalline basalt are
slightly different, mainly in the value of deformation
modulus, cohesion, and tensile strength. As far as the

— layer V

— layer VI

— layer VII
layer VIII

(®)

minimum principal stress curve of characteristic points at (a) left and (b) right side walls.

simulation results of the three scales are concerned, both the
deformation parameters and the strength parameters show
a certain degree of size effect. The deformation modulus first
decreases and then increases from small scale to large scale.
The cohesion and tensile strength decrease greatly. The
internal friction angle increases gradually, but the increase
range is small. The dilatancy angle and fracture energy re-
main unchanged.
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TaBLE 6: Grids characteristics under different simulation scales.
Indoor test URL Exploratory tunnel Powerhouse
Test scale 50 mm x 100 mm 60m x 60 m 40m x 40m 600 m x 600 m
Excavation diameter/m — 35 2.5 31
Grid size/m 0.003 0.03 0.03 0.3
Ratio — 1/117 1/83 1/103
TABLE 7: Mechanical parameters under different simulation scales.
Parameters Almond basalt Cryptocrystalline basalt Exploratory tunnel Powerhouse
Density p (kg/m?) 2821 2907 2800 2750
Deformation modulus E (GPa) 38 47 10 26
Poisson’s ratio v 0.19 0.21 0.25 0.25
Cohesion ¢ (MPa) 45 60 25 3.2
Tensile strength o, (MPa) 9.58 18.5 8 0.3
Initial internal friction angle ¢° 3.9 3.9 5 5.16
Final internal friction angle ¢° 39 39 50 51.6
Dilatancy angle y° 10 10 10 10
Tensile fracture energy (Pa.m) 50 50 50 50
Shear fracture energy (Pa.m) 500 500 500 500

6.3. Discussion. In the paper about URL test tunnel [19], the
key factors of crack propagation simulation using the
continuous discontinuous analysis method are discussed,
including size effect, constitutive model, and excavation
method. The results show that the constitutive model de-
termines the basic form of crack propagation, but in order to
accurately simulate the progressive propagation of cracks,
the number of elements must be sufficient enough, and the
effects of 3D excavation must be considered.

The previous paper focused on the grid size effect of the
same engineering scale, while this paper focuses on engi-
neering rock mass of different scales. The results show that,
in order to obtain the simulation results as accurate as
possible, the number of grids should not only be sufficient
enough but also meet the condition that the ratio of grid size
to the excavation diameter is about 1/100.

In addition, during the transition from rock to rock
mass, due to the weakening of homogeneity and the addition
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of joints, the role of cohesion in the brittle failure of rock
mass is gradually weakened, while the role of friction is
gradually enhanced.

7. Conclusions

The progressive failure simulation of the surrounding rock
in underground engineering is of great significance for
analyzing and ensuring the stability of the surrounding rock.
In this paper, the finite discrete element method CDEM is
used to simulate the excavation of right bank powerhouse of
Baihetan. The fracture evolution of the surrounding rock,
the stress, and displacement of characteristic points are
analyzed. The calculated results are compared with the re-
laxation layer depth measured by the acoustic test. At the
same time, the size effect of grid and mechanical parameters
are discussed when adopting CDEM for simulation. The
main conclusions are as follows:

(1) The fracture depth of the surrounding rock during
the layer-by-layer excavation of the powerhouse is
basically consistent with the relaxation layer depth
measured by the acoustic test, which shows the re-
liability of the calculation results and reflects the
rationality and practicality of the constitutive model
and mechanical parameters adopted in this paper

(2) When the finite discrete element method CDEM is
used to simulate the fracture evolution of the sur-
rounding rock in the process of tunnel excavation
with different tunnel diameters, good simulation
results can be obtained when the minimum size of
the grid around the tunnel is controlled at 1% of the
tunnel diameter

(3) Under different scale simulating conditions, the
mechanical parameters of rock and rock mass cannot
be universal, and the variation laws of deformation
parameters and strength parameters cannot be
unified, so it needs to be analyzed in specific
circumstances
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For the purpose of analyzing the effect of the alkaline solutions on the mechanical property of sandstone impact compression, the
sandstone specimens of coal mine roadway were corroded in NaOH solution with pH 7 (neutral pure water solution) and pH =8,
9, 10, 11, and 12 for 28 d, followed by dynamic compression tests using a separated Hopkinson compression bar test device, and
the microstructural changes of the specimens were measured by SEM electron microscope scanning equipment. The studies
indicate that the degree of damage to the dynamic properties of a sandstone specimen is tightly correlated with the variation of the
pH value of the corrosion solution. The corrosion deterioration effect of the strong alkaline solution is most obvious, followed by
the weak alkaline solution, and the mechanical properties of the sandstone are relatively stable under a neutral solution. The
dynamic compressive strength and dynamic modulus of elasticity of specimens decrease as a quadratic and cubic function,
respectively, with the rising pH of the solution. The dynamic peak strain and average strain rate tend to increase with the increase
in pH, and they are larger than those of the uncorroded specimens. As the pH of the solution rises, the impact damage of the

sandstone specimens intensifies, and the average particle size of the fragments tends to decrease in a quadratic polynomial.

1. Introduction

Due to the continuous development of the world economy
and modern engineering industry, both the development of
mineral resources such as deep oil and natural gas and the
deep burial disposal of highly radioactive nuclear waste, as
well as the construction of rock works such as tunnels and
water conservancy projects, are increasing [1]. The stability
of underground rock engineering is usually affected by high
ground pressure, high seepage flow [2], and high ground
temperature [3]. And the influence of corrosion damage of
groundwater on deep underground engineering has
attracted the attention of many scholars in recent years, and
studies related to static tests of different kinds of rocks under
the action of water-rock chemistry have been carried out. Li

et al. [4] utilized the rock mass AE technology to study the
uniaxial compression destruction degree of red-bedded soft
rocks after being subjected to different acidic pH chemical
solutions. Fu et al. [5] used different pH solutions to soak
rock samples to explore the effect law of chemical solutions
on mechanical properties as well as corrosion mechanism of
brilliant rocks for the mining difficulties caused by the in-
trusion of dense and hard brilliant rocks into coal seams.
Huo et al. [6] combined the uniaxial compression test and
CT scan test to analyze the basic physical characteristics as
well as mechanical property changes of sandstone corroded
by acidic solutions. Ding et al. [7] conducted mechanical
tests on Longmen Grottoes tuff under different chemical
solutions and studied both the strength damage charac-
teristics and solubility properties. Ling et al. [8] conducted
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nonequilibrium flow dynamic corrosion tests on black shale
immersed in acidic aqueous solutions with different pH and
analyzed its deformation and strength characteristic at
different deformation and strength characteristics patterns
during different soaking periods. Miao et al. [9] carried out
static compression mechanical experiments and splitting
experiments on marble after soaking in different acidic NaCl
solutions, comparing and analyzing the strength deterio-
ration, axial deflection characteristics, and destructive effects
of mechanical properties and parameters of granite under
different acidic chemical environments. Shen et al. [10]
completed a triaxial creep experiment in single fissure
granite with simultaneous chemical solution percolation.
The comprehensive response mechanism of single fissure
rocks under a stress-percolation-chemical coupling envi-
ronment was studied. Zhou and Chen [11] conducted
uniaxial mechanical tests and electron microscope scanning
test analysis of granite under different times of erosion by
different acidic solutions. Yuan et al. [12] investigated
sandstone under the fundamentals of chemical thermody-
namics and chemical dynamics. In addition, the energy
evolution and damage characteristics of fractured carbo-
naceous shale subjected to dry-wet circulations were studied.
Liu et al. [13] made intact and fissure dip angles of 30°, 45°,
and 60° charcoal shale and subjected them to triaxial
compression tests under different dry-wet circulations to
investigate their effects on the strength, destruction mode,
and energy evolution of single fissure charcoal shale.

The surrounding rocks of underground projects are not
only eroded by water-chemical solutions but also bear dy-
namic loads such as mechanical digging, blasting excavation,
and seismic impact at the same time [14], which leads to
hidden problems in the construction and stability of rock
works. It can be seen that the dynamics of the rock is also an
important influence on the stability performance and safety
performance in underground rock engineering. While the
separated Hopkinson compression bar test device is widely
used in the tests related to rock dynamic mechanics, Ping
et al. [15] studied the problem of how to select a reasonable
loading waveform in SHPB experiment. Li et al. [16] in-
vestigated the energy dissipation in the impact splitting test
of prefabricated single-nodular rock under high strain rate.
Yuan and Ma [17] analyzed the influence of water content on
the kinetic properties in sandstone after SHPB uniaxial
compression test.

There are relatively few tests on rock mechanics under
coupled chemical-dynamic conditions. Li et al. [18] con-
ducted impact compression experiments on limestone under
erosion in 3 sets of different pH solutions to study its dy-
namic mechanical properties. Zhang et al. [19] investigated a
dynamic tensile mechanical characteristic of limestone with
different times of corrosion by the same acidic solution. Li
et al. [20] carried out dynamic tensile tests on chert under
corrosion in three groups of different acidic solutions and
investigated the relationship between dynamic tensile
strength and specific energy in the specimens. Ping et al. [21]
analyzed the kinetic property changes of the roadway
sandstone under different days of corrosion by strong alkali
solutions.
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Groundwater is generally alkaline, and underground
rockworks are subjected to dynamic load impact damage
effects in addition to experiencing prolonged corrosion
damage by the water-chemical environment [22]. To re-
search the influence of alkaline solution erosion on the
dynamic compression characteristics of sandstone, the tests
in this study configured NaOH solutions of pH 7, 8, 9, 10, 11,
and 12 and placed the sandstone specimens in them for
28 days. Finally, impact compression tests were performed
on sandstone specimens at a constant loading rate using a
50 mm diameter split Hopkinson compression bar experi-
mental setup. Several dynamic mechanical parameters of
sandstone specimens as well as the microlevel corrosion
conditions were analyzed and summarized as influenced by
the pH change of the water chemical solution.

2. Sandstone Specimen Preparation and Impact
Compression Test Procedure

2.1. Corrosion Specimen Preparation. The specimens used in
this study were obtained from sandstone of the roadway of
the Gu Bei coal mine in Huainan City, which had a greyish-
white surface.

To increase the homogeneity of the test, the sandstone
samples selected for the test were obtained from identical
rock. X-ray diffraction (XRD) tests were then performed,
and the mineral composition of the rock samples has been
analyzed against standard PDF cards. The main components
were quartz (Si0,), albite (Na (Si3Al) Og), and kaolinite
(Al,Si,05 (OH) 4), and the molecular formulas of the other
minor constituent minerals were Al,Os, Fe,O3, CaO, Na,O,
K,O, and MgO. The diffraction energy spectrum is shown in
Figure 1.

In accordance with the requirements of the rock dy-
namic properties test protocol [23], the rock has been made
into standard specimens of 50 mm in diameter and 25 mm in
height through three processes of coring, cutting, and
grinding, and control the specimen size error within +2 mm,
the two end surface unevenness error of £0.05 mm, and the
axis allowable error of +0.25° [24]. Twenty one specimens
were made in total and 3 were selected as uncorroded
specimens, while the other 18 have been classified into six
sets and subjected to corrosion tests with different pH
solutions.

Six sets of aqueous chemical solutions with pH 7, 8, 9, 10,
11, and 12 were used in the experiment, as indicated in
Figure 2. Each group of the chemical solution was put into 3
specimens for corrosion, and the corrosion time was 28 d.
PHS-25 digital display acidity meter was used to measure the
pH variation of its solution regularly every day, and all
specimens were removed from the solution after the cor-
rosion test.

2.2. Dynamical Test Device. The SHPB experimental
equipment used for the impact compression test was pro-
vided by the State Key Laboratory of Mining Response and
Disaster Prevention and Control in Deep Coal Mines, which
is indicated in Figure 3.
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FiGgure 1: X-ray diffraction spectrum. (a) Uncorroded. (b) pH=7. (¢) pH=9. (d) pH=12.
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FIGURE 2: Sandstone corroded specimen. (a) pH=7; (b) pH=8; (c) pH=9; (d) pH=10; (e) pH=11; (f) pH=12.

FiGUre 3: SHPB experimental equipment.

The material of the rods is all high-strength 40Cr alloy
steel, whose longitudinal wave speed is 5190 m/s. The in-
cident and transmission rods are 2000 mm and 1500 mm
long, respectively, and both have a 50 mm diameter. The
high-pressure nitrogen gas is released instantaneously to
drive the spindle-shaped bullet impact rod to move at a high
speed for impact loading. In addition, an appropriate
amount of vaseline was applied to both ends of the specimen
to reduce the end-face friction effect.



Based on the fundamental of impact dynamic experi-
ment [25], the three-wave method was used to process all
data obtained from the data acquisition system [26], so as to
calculate the relevant kinetic indicators such as stress o (t),
strain ¢(t), and strain rate £(t) of the rock specimen. The
calculation principle is indicated as

E A
o(t) = 2(1450 [ (1) + &g (1) + &7 ()]
(=" J & () + ex (1) — e (D]t T (1)
S 0

e(t) = % [e1 (1) + &g (£) —&p (1)]
S

where Ay and Ag represent the cross-sectional areas of
compression bar and specimen. ¢ (t), ez (¢), and & ()
represent the incident stress wave, reflected stress wave, and
transmitted stress wave in the moment ¢, respectively. Ey and
Co represent the modulus of elasticity of the compression bar
and the longitudinal wave speed. Ls represent the length of
the specimen; ¢ is the continuation time of the stress wave.

2.3. Solution pH Variation. Starting from the immersion of
all sandstone specimens into the solution, the pH change of
the solution was measured regularly every day using a PHS-
25 digital display acidity meter, and the pH change curve of
each solution with time is shown in Figure 4.

As shown in Figure 5, the pH of the strong alkali solution
(pH =11, 12) decreases continuously and tends to be neutral
as the corrosion time increases; the pH of the weak alkali
solution (pH = 8) increases slightly; the solutions with pH of
9 and 10 change less and level out; while the pH of neutral
pure water decreases slightly and tends to be weakly acidic.
Compared with the weak alkali solution, the concentration
of OH™ in the strong alkali solution is higher, and the
chemical reaction rate with sandstone mineral components
is faster and more fully reacted, resulting in the consumption
of OH™ in the strong alkali solution which is much larger
than that in weak alkali solution; thus, its pH decreases
significantly. In addition, the pH change of each solution has
a time effect. During the pre-water-rock chemistry phase,
some mineral components in sandstone react chemically
with OH™ in solution or hydrolyze with solution, accom-
panied by the consumption of original substances and the
generation of precipitation and other substances, which
leads to a more significant change of solution pH, and during
the late stage of water-rock action, due to the continuous
consumption of some mineral components in sandstone, the
chemical reaction rate decreases; thus, the change of solution
pH is relatively small and tends to level off gradually.

With reference to the previous studies [27-30] and
combined with the mineral composition of sandstone ob-
tained from XRD tests, the equations of water-rock chemical
reactions occurring in different water chemical solutions
tested in this study can be summarized as follows.
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The hydrolysis reactions of some mineral components of
sandstone in neutral pure water solutions occur as shown in
equations (2)-(6):

SiO, + 2H,0 — H,Si0, + H' (2)

Na(Si;Al)Oq + 8H,0 — Na* + Al(OH), + 3H,SiO,

(3)

MgO + H,0 — Mg(OH), (4)
Na,O + H,0 — 2Na" + 20H" (5)
K,0 + H,0 — 2K" + 20H"~ (6)

The main chemical reactions occurring in alkaline solu-
tions with sandstone mineral components are shown in (10):
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SiO, + 20H” — SiO? + H,0 (7)

A" +30H° — AI(OH), | (8)

Ca’* +20H — Ca(OH),| 9)

AlLSi,O5 (OH), + 60H™ + H,0 —> 2A1(OH); + 2Si0, (OH):". (10)

In addition to the above chemical reaction equations,
water-rock chemistry also includes dissolution and disso-
lution, which will likewise lead to an increase in the degree of
microscopic chemical damage in sandstone specimens, thus
causing different degrees of deterioration in their dynamic
mechanical properties.

3. Experimental Discussion and Analysis

3.1. Sandstone Dynamic Stress-Strain Variation. A dynamic
compression test was carried out under a shock air pressure
of 0.50MPa, and the dynamic stress-strain curves of
sandstone specimens were without corrosion and after
corrosion with different pH solutions (see Figure 5).

According to the analysis, the dynamic mechanical
properties in specimens show a deterioration trend after
erosion by different pH solutions, and the greatest decrease
in dynamic compressive strength is after erosion by a strong
alkali solution, and the corresponding breaking strain in-
creases sharply, followed by corrosion by a weak alkali
solution, while the smallest decrease in dynamic compres-
sive strength is after erosion by a neutral solution. After
preliminary analysis, the pH value is a significant factor
affecting the variation of dynamic mechanical parameters of
the rock.

Figures 6 and 7 and Table 1 show the variation of dy-
namic compressive strength and the dynamic peak strain for
the specimens under different pH solution conditions.

The results obtained showed that o4 for the uncorroded
specimens was up to 183.67 MPa. However, g4 of the
sandstone specimens showed a quadratic decreasing trend
after 28d of corrosion treatment by six pH solutions, in
which the strength of the specimens decreased the least by
6.58% after corrosion by neutral solution, while the maxi-
mum decrease was 17.11% at pH 12. The corresponding ¢, of
the sandstone specimens had an increase of 21.34%, 35.30%,
42.15%, 49.99%, 53.14%, and 82.01%, respectively, compared
with the uncorroded sandstone specimens. Clearly, the
growth of ¢, of sandstone specimens under the corrosion of
neutral and weak alkaline solutions is relatively small, and
the growth of &; increases gradually as the alkalinity in-
creases, reaching its peak under the corrosion of strong
alkaline solutions with pH 12. This is because some of the
constituent minerals decompose and produce precipitation
and other substances after chemical reaction under an al-
kaline solution, which leads to the destruction of the original
internal structure and the expansion and increase of the
number of microcracks again, thus showing the deteriora-
tion of 0,4 and the increase of ¢; amplitude.

3.2. Variation of Dynamic Modulus of Elasticity and Average
Strain Rate. The changes in modulus of dynamic elasticity as
well as average strain-rate of the specimens corroded by
different pH solutions are shown in Figures 8 and 9,
respectively.

From Figure 8, E; decreases with increasing pH in a
cubic function, and the higher the pH of the solution, the
greater the decrease. Moreover, the percentage loss of Ej;
value was 5.12%, 5.73%, 6.48%, 13.95%, 18.84%, and 38.45%
after corrosion of specimens with different pH solutions
compared with uncorroded specimens. The reasons are as
follows. As the pH value increases, the solution erosion effect
is enhanced, and the internal microcracks of sandstone
specimens are extended continuously, leading to a gradual
decrease of the resistance to deformation of sandstone
specimens, and the deterioration of impact mechanical
characteristics of specimens in strong alkaline solution
corrosion is more obvious compared with neutral pure water
solution and weak alkaline solution.

From Figure 9, ¢ showed a quadratic polynomial positive
correlation with increasing pH of the solution, as well as the
higher the pH, the larger the rise in ¢&. Moreover, the ¢ rise
values were 1.04%, 3.42%, 10.80%, 20.03%, 28.38%, and
63.78% after the corrosion of specimens with different pH
solutions compared with the uncorroded specimens. It can
be observed that the variation in & of sandstone after cor-
rosion in a neutral solution is small and can be neglected,
while in an alkaline solution, ¢ ; decreases, as well as  rises as
pH increases, which represents a more significant strain-rate
effect.

3.3. Corrosion Microscopic Damage Mechanism of Sandstone
Specimens. Figure 10 shows the SEM electron microscope
scanning test images of the specimens under the corrosion of
different pH solutions.

As it is observed in Figure 10, uncorroded sandstone is
structurally dense with occasional secondary pores. While in
neutral pure water solution, sandstone undergoes just a little
hydrolytic reaction, making the specimen porous. While in
the alkaline surface is relatively smooth, the degree of de-
terioration damage is small. In an alkaline solution, sodium
feldspar and other major mineral components in sandstone
react with OH™ to produce free K and Na*, while a small
amount of AI’* and Ca®" combine with OH™ to produce a
white precipitate, which can be observed in SEM images as a
little white crystal on the surface of sandstone specimens.
And in alkaline solutions with different pH solutions, the
intensity of chemical reactions occurring varies. It can be
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FIGURE 7: Relationship between dynamic peak strain and pH.

TaBLE 1: Selected dynamic mechanical parameters of some corrosion specimens.

H Specimen Dynamic compressive Dynamic peak strain Dynamic modulus of Average strain rate
P number strength o; (MPa) e,/1073 elasticity E4 (GPa) e(s™h
Uncorroded GB41-19 183.67 8.118 18.463 66.654
7 GB41-03 171.59 9.850 17.518 67.243
8 GB41-06 170.32 10.983 17.404 68.829
9 GB41-07 169.19 11.540 17.267 73.744
10 GB41-12 166.27 12.176 15.888 79.885
11 GB41-13 161.66 12.432 14.985 85.436
12 GB41-17 152.25 14.776 11.365 109.001
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FIGURE 8: Relationship between dynamic elastic modulus and pH. FIGURE 9: Relationship between average strain rate and pH.
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(b)

(g)

FiGgure 10: SEM images of specimens after corrosion in various pH solutions. (a) Uncorroded. (b) pH=7 (¢) pH=8. (d) pH=9. (¢) pH=10. (f)

pH=11. (g) pH=12.

(®)

(c) (d)

(e)

()

FIGURE 11: Impact damage forms of sandstone corroded by different pH solutions. (a) Uncorroded. (b) pH=7. (c) pH=8. (d) pH=9. (e)

pH=10. (f) pH=11. (g) pH=12.

observed that microcracks in the internal structure of
sandstone start to expand after soaking in neutral solutions,
and a small amount of microporosity appears in sandstone
in weakly alkaline solutions. With the enhancement of al-
kalinity, the corrosion phenomenon on the surface of the
specimen becomes more and more serious, and the number
of secondary pores and microcracks inside gradually in-
creases, no longer maintaining the original compact
structure. Therefore, the degree of sandstone damage caused
by erosion of strong alkali solutions is greatest, followed by
weak alkali solutions, and the neutral solution is the least,
which is corroborated with the previous law that the

deterioration of dynamic mechanical properties increases
with the increasing pH value.

3.4. Specimen Impact Damage Forms. As it is observed in
Figure 11, compared with the uncorroded specimens, the
sandstone specimens were less damaged after corrosion by
neutral and weak alkaline solutions, as well as the broken
form was characterized by the basic integrity of the specimen
surface and the presence of fragments of larger size, ac-
companied by a small amount of debris. As the pH value of
the corrosion solution rose from 9 to 12, it was observed that
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TABLE 2: Sieving results of sandstone specimens in broken pieces.
Diameter of sieve hole (mm icle si
pH  Number (mm) Total mass (g) Average particle size
015 03 06 118 236 475 95 132 160 of fragments (mm)
7  GB41-03 021 018 030 025 035 090 371 453  115.62 126.05 15.47
8 GB41-06 0.7 015 032 030 026 348 420 000  121.80 130.68 15.35
9  GB41-07 056 054 081 086 123 325 1022 418  105.08 126.73 14.63
10 GB4l-12 078 075 134 139 341 881 704 1069  88.83 123.04 13.67
11 GB41-13 124 105 164 158 273 1098 1594 1972 7115 126.03 12.79
12 GB41-17 216 189 279 276 544 2226 1793 1023  58.14 123.60 11.00
16 damage to the specimen and the smaller the average grain
diameter size of the fragments.
g
g
3 4. Conclusions
L
°
£ For the purpose of studying the dynamic mechanical
g 2L d =-0.1596(pH)>+2.1475(pH)+8.2929 property changes of sandstone corroded by alkaline solu-
g (R=0.995) tions, solutions with pH 7~12 were prepared to corrode the
z 1t sandstone specimens, and then, the dynamic impact com-
I . . . . . pression test under the same air pressure was carried out
107 8 9 10 11 12 using the SHPB device, and the resulting specimens were
pH sieved to obtain the following three conclusions:

FIGURE 12: Variation of average particle size of sandstone speci-
mens’ fractions with pH.

the integrity of the specimen decreased, and both fracture
plane and fragments increased significantly. As the solution
pH reached 12, the fragmentation pattern in specimens was
mainly small-sized fragments.

Study the extent of damage in rock specimens subjected
to dynamic load impact based on quantitative analysis. The
average particle size of the fragment’s d; [31] was taken as

,- 2, ()

where d; represents the diameter with different grades of
sieve holes, mm, and r; represents the percentage of mass of
crushed pieces relative to d,.

According to China GB/T14685-2011 “pebbles and
gravel for construction” and GB/T14684-2011 “sand for
construction,” 0.15, 0.3, 0.6, 1.18, 2.36, 4.75, 9.5, 13.2, and
16.0 mm square hole sand and gravel sieves were selected,
using Zhejiang Geotechnical Instrument Manufacturing
Ltd. Produced STSJ-4 digital high-frequency vibrating sieve
machine to test pieces of broken pieces of sieving and use the
balance to weigh the mass of its broken pieces under dif-
ferent sieve holes. The statistics of the sieving experimental
results are summarized in Table 2. The variation in average
particle size of sandstone specimens in dynamic compres-
sion test fragments after corrosion with different pH solu-
tions versus pH is shown in Figure 12.

As it is shown in Figure 12, the average particle size of
fragments after impact decreases as a quadratic polynomial
when the pH increases, i.e., the more alkaline the solution is,
the more serious the corrosion damage of the sandstone
specimen is, which results in the aggravation of the impact

(1) As corrosion time extends, the pH value of strong
alkali solution (pH=11,12) decreases continuously
and tends to be neutral; the pH value of weak alkali
solution (pH = 8) increases slightly; the alkaline so-
lution and neutral aqueous solution with pH 9 and
10 change less and are relatively stable.

(2) With the increase of solution pH, o4 and E; of
sandstone corroded specimens presented varying
extent of deterioration, with a maximum decrease of
17.11% and 38.45%, respectively, and ¢, as well as &
increased accordingly. Among them, the kinetic
macroscopic parameters of the specimens deterio-
rated the most after the corrosion of strong alkali
solution and the least after the corrosion of neutral
solution.

(3) The effect of chemical corrosion on sandstone
specimens was strengthened with the rise of solution
pH. The larger the pH, the more serious the impact
damage. The average particle size of specimen
fragments was also reduced, and the average particle
size of fragments showed a quadratic polynomial
decreasing relationship with the rise of solution pH
value.

In this study, only the air pressure of 0.5 MPa was used
for the impact compression experiment of sandstone under
corrosion, while strain-rate effects are commonly found in
the kinetic properties of rocks, so in-depth research and
analysis are still needed in the subsequent tests.
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With the rapid development and urbanization, huge amounts of construction and demolition (C & D) waste are produced. In
order to protect the environment and conserve natural resources, promoting renewable materials, with C & D waste as raw
materials, is imperative. However, the poor mechanical properties of recycled aggregate hinder its applicability in projects. In this
study, two kinds of recycled aggregates, that is, concrete and brick slag, were strengthened with polyvinyl alcohol (PVA) solution,
and the optimal strengthening time and soaking concentration were determined. Recycled mixed aggregate and brick slag were
designed with two kinds of graded recycled aggregate. Recycled cement-stabilized crushed stone specimens were prepared for a 7-
day unconfined compression and freeze-thaw cycle test. The results showed that the recycled aggregate strength was improved to a
certain extent, while the improvement of brick slag aggregate was more pronounced. The recycled mixture with less cement-
stabilized brick slag can be used for the base course of heavy traffic secondary highways before strengthening. Cement-stabilized
unreinforced brick slag has shown low strength, so it is not suitable to be used as a base on heavy traffic roads. The strengthened
cement-stabilized recycled mixture and cement-stabilized brick slag could meet the requirements of heavy traffic class I and class
IT highways, respectively. When the cement grade, dosage, and grading type were kept the same, the strength of cement-stabilized
crushed stone prepared with larger aggregates was slightly lower. After the freeze-thaw cyclic test, the strength loss of the recycled
stable gravel was low, and its durability did not significantly improve after the reinforcement of recycled aggregate.

1. Introduction

The exploitation of natural sand causes great damage to the
local environment. Sand mining can change the landform of
the riverbed, reduce the visibility of water bodies, destroy the
living environment of aquatic organisms and the ecosystem
of the whole river, and change the overall local environment
[1, 2]. Stone mining also causes great damage to the sur-
rounding environment. A series of byproducts such as dust,
wastewater, noise, and waste residue are produced during
stone mining and processing, damaging the construction
and the surrounding living environment [3-5]. It requires
new sand and stone resources. In order to ensure the
project’s quality, new sand and stone will be used to partially
or completely replace natural aggregates to alleviate the

contradiction between the supply and demand of natural
sand and stone. Construction of urban infrastructure,
demolishing rural houses, urban waste buildings, and
abandoned overpasses produce a lot of construction and
demolition (C & D) waste, accounting for 30%-40% of the
total urban waste [6-9].

Construction waste treatment has always been a problem
faced by the world [10]. Recyclable green building materials
are produced through different processing techniques, such
as the crushing and sieving of solid waste, which can achieve
the sustainable development of building materials. Such
techniques have been recognized and supported by the
global construction industry [11, 12]. The types of C & D
waste are mainly affected by urban construction, demolition,
and new construction, including concrete, glass, ceramics,


mailto:12007062@xcu.edu.cn
https://orcid.org/0000-0002-8479-8296
https://orcid.org/0000-0002-4110-2260
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9997483

bricks, wood, coal gangue, rubber, and roof tiles [13]. In
addition, the composition of construction waste in
demolishing old buildings is closely related to the type and
structural form of buildings. For example, in the old brick-
concrete structure, bricks, tiles, and concrete account for
80% of the total, and the rest are lime, wood, broken glass,
and slag. Kadir and Mohajerani [14] reviewed the current
research progress in the production of sintered clay bricks
using various wastes. It was shown that adding different
materials to bricks had different effects on the mechanical
and physical properties of bricks. It has now been found that
most of the various wastes added to the production of
sintered clay bricks positively affect the performance of
bricks.

Cement concrete is the most commonly used material in
infrastructure, such as roads, buildings, and bridges [15].
Structures reaching the end of their service life, housing
demolition, and highway reconstruction result in a great
amount of waste concrete being generated [16]. Recycling
concrete waste is of great help to society, and it has con-
siderable economic benefits in reducing the accumulation of
building materials, vehicle transportation costs, and soil
resources [17]. Cement concrete is a mixture of cement,
stone, and water in certain proportions [18]. Using waste
concrete to produce recycled concrete can reduce the use of
quarried stones and carbon dioxide emissions while en-
suring the balance of the ecological environment. Dousova
and Ritterman [19] performed ion adsorption experiments
in batches by adding concrete mud waste (CSW) at a lab-
oratory temperature of 20°C and observed the experimental
data. It was found that the modified concrete mud waste
(CSW) enhanced the adsorption selectivity of anions in
polluted water bodies, and the percentage of improvement
was about 20%.

Governed by the increasing shortage of mineral re-
sources and the concept of green and sustainable road
construction, recycling technology has been used in different
road structural layers. Many waste concrete blocks are
produced in the reconstruction and expansion projects of
traditional cement concrete roads, and the recycled aggre-
gates can be obtained by crushing and processing them.
Some of its properties can meet the requirements of road
aggregate. Using recycled aggregate in the cement-stabilized
crushed stone base can ensure the adequate mechanical
properties of the base and can promote the recycling of waste
mineral resources. However, due to the high crushing value
of recycled aggregate and the significant amount of adhered
mortar, it is difficult to achieve a breakthrough in improving
the aggregate recycling rate.

Many researchers have conducted experimental studies
on improving the mechanical properties of cement-stabi-
lized macadam materials. It is believed that the relevant
admixture of modifier materials can improve the properties
of cement-stabilized macadam to a certain extent. Saccani
et al. [20] developed composites using the wastes derived
from recycling carbon fiber/epoxy composites. The short
fibers were added to the Portland cement, and its proc-
essability, porosity, microstructure, and physical and me-
chanical properties were studied. It was found that the
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resulting flexural strength and toughness were improved.
Thus, the waste from epoxy resin-carbon fiber composites
can be used as reinforcement in building materials.

Recycled aggregate is loose, porous, rough, and light in
texture. Part of the aggregate surface has adhered mortar.
However, the natural aggregate surface is smooth, and the
particle size distribution is uniform [21]. At present, the
recycling of waste concrete is the focus of researchers all over
the world. Recycled concrete is the most valuable, cost-ef-
fective recycling, and the most widely used concrete in
research studies [22]. Many researchers have used different
proportions of recycled aggregates in concrete, and the
resulting physical, mechanical, and durability properties
have been studied [23]. Due to the high porosity, low
strength, and other inferior properties of recycled concrete,
different improvement measures such as mixing ratio,
mixing process, and recycled aggregate transformation on
the aggregate surface have been suggested, leading to a
greater replacement level of natural aggregates with recycled
aggregates. The corresponding results have shown satis-
factory performance [24]. Recycled cement refers to using
limestone in waste concrete as calcium hydride in cement to
produce cement clinker or cement mixture, which is added
to it [25]. Through the statistics and analysis of Shenzhen’s
2010-2015 information data on demolition waste from
generation to disposal, Wu et al. [26] found that Shenzhen
produces tens of millions of tonnes of construction waste
every year and shows a continuous upward trend in the
future. Thus, by maximizing the recycling of construction
waste, the benefits will be substantial.

A cement-stabilized macadam base is widely used in
highway engineering because of its high mechanical
strength, durability, frost resistance, and good water sta-
bility. Since the strength of brick slag is lower than that of
natural stone, the research and applications of construction
waste with brick slag as the main component in the cement-
stabilized crushed stone base are less. Previous research
studies have primarily focused on waste concrete aggregates.
However, due to the demolition of a large number of brick-
concrete structures, a large amount of brick slag is produced.
Therefore, the mixed recycled aggregate containing bricks
and pure recycled brick aggregate are taken as the research
objects in this study. The reinforcement effect of recycled
cement-stabilized aggregate and its influencing factors are
analyzed through the mix proportion design and corre-
sponding strength and durability tests. The study serves as
the technical support for expanding the applicability of
recycled cement-stabilized aggregate.

2. Materials and Methods
2.1. Materials

2.1.1. Recycled Aggregate. The recycled aggregate used in the
tests and research was provided by Xuchang Jinke Resources
Recycling Co., Ltd. Recycled aggregate used in the study is the
waste generated from demolishing old buildings, obtained
through crushing, impurity removal, screening, grading, and
other treatments. It is mainly composed of concrete, mortar,
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and brick aggregate. The proportion of each component is
related to the source. If the source is a demolished brick
concrete structure, brick aggregate is the main component of
recycled aggregate; if the source is another structural type, the
brick aggregate composition is relatively small. Brick aggregate
mainly comes from sintered clay brick, and its strength is lower
than that of concrete aggregate. Since the brick aggregate
proportion in recycled aggregate significantly impacts the
strength of recycled aggregate, two kinds of recycled aggregate
were selected in this study to make the research more
meaningful and applicable. One is the mixed recycled aggregate
(RC), which is composed of concrete and contains about 20%
brick aggregate and mortar, as shown in Figure 1. The other
kind of recycled aggregate is the recycled brick aggregate (RB)
separated from mixed recycled aggregate, as shown in Figure 2.
RB and RC represent recycled aggregate from demolished brick
and concrete buildings and other buildings.

Aggregate crushing value is the performance index of
aggregate resistance to crushing. It is used to measure the
mechanical properties of aggregate. The crushing value test
is shown in Figure 3. The test procedure for determining the
aggregate crushing value is as follows. Recycled aggregate
was sieved, and an aggregate of particle size ranging from
9.5 mm-13.2 mm was oven dried. A 9 kg sample of aggregate
was evenly put into the metal cylinder, placed in the press,
and was pressurized. It reached 400 kN within 10 minutes.
After stabilizing for 5 seconds, the sample was removed and
passed through the 2.36 mm sieve. The mass passing through
the sieve divided by the total mass multiplied by 100% was
obtained, representing the aggregate crushing value. The
crushing value reflects the mechanical properties of the
aggregate under pressure; that is, the greater the aggregate
strength, the lower the crushing value. The crushing value
test results are shown in Tablel. The crushing values of RC
and RB were found to be 31.8% and 41.9%, respectively,
which are lower than the strength of natural gravel and do
not meet the strength requirements of aggregate crushing
value ¥ 30% of class II highways specified in the Technical
Guidelines for Construction of Highway Roadbases (JT7]
F20-2015). Therefore, without strengthening treatment,
these aggregates cannot be used in class II and above
highway cement-stabilized macadam bases.

The recycled aggregate from the construction waste
recycling company was divided into coarse, medium, and
fine aggregates, which were sieved ,respectively, to obtain the
aggregate gradation, as shown in Table 2.

2.1.2. The Stabilizing Material. PO 42.5 cement was used as
the stabilizing material for cement-stabilized recycled aggre-
gate. The physical and mechanical properties of cement were
tested, and the setting time, stability, strength, and other
technical indexes were determined. It can be used for cement-
stabilized recycled aggregate mix proportion and strength tests.

2.1.3. Reinforcing Material. At present, the strengthening
methods of recycled aggregate mainly include chemical and
physical strengthening methods. The chemical strengthen-
ing method mainly improves the internal defects of the

aggregate by soaking it in a suitable concentration of
chemical solution to improve the strength of recycled ag-
gregate. In this investigation, through the analysis of the
effect of the strengthening test, the immersion strengthening
method of polyvinyl alcohol (PVA) solution was tested
(Figure 4). PVA is a high molecular polymer with good water
solubility. It is soluble in water at high temperatures. Its
aqueous solution has good adhesion. Studies have shown
that soaking recycled aggregate in PVA solution with a
certain concentration and consistency can improve its
strength [27]. It is proposed to use the solution prepared
from PVA type bp-05 to strengthen the recycled aggregate.
The solution prepared from BP-05 PV A is used to strengthen
the recycled aggregate.

2.2. Experimental Procedures

2.2.1. Recycled Aggregate Strengthening. Recycled aggregate
is crushed, graded, and sieved during its production process.
Some pore cracks might be produced during these processes,
resulting in low strength and poor working performance. In
order to obtain the best strengthening effect, the recycled
aggregate was soaked in different concentrations of PVA and
at different soaking times. The aggregate was then dried. The
solution infiltrated the cracks and pores of the recycled
aggregate and was solidified and hardened to provide a
strengthening effect. The best concentration and strength-
ening time are determined according to the crushing value
improvement effect. Then, the physical indexes are mea-
sured. SRC and SRB represent reinforced RC and RB.

The strengthening process of recycled aggregate is as
follows. First, a PV A solution with a concentration of 6%—
12% was prepared. Then, the weighed PV A particles and
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FIGURE 3: Crushing value test. (a) Aggregate crushing and (b)crushed aggregate screening.

TaBLE 1: Physical and mechanical indexes of two recycled aggregates before and after strengthening.

Recvdled Apparent density Water absorption Crushing value

ecycle

ag gCYre gate type Apparent Compared with before Water Compared with before ~ Crushing ~ Compared with before
density/kg/m? enhancement absorption/% enhancement value/% enhancement

SRC 2507 Reduce 1.1% 7.06 Reduce 2.8% 24.59 Reduce 23.0%

SRB 2514 Reduce 5.2% 11.91 Reduce 6.51% 29.40 Reduce 30.1%

TaBLE 2: Gradation of three aggregates.

Mass percentage passing through square sieve/%

Mesh size/mm 37.5 315 19.0 9.50 4.75 2.36 0.6 0.075
Coarse aggregate 100 90.3 42.1 52 1.3 11 1.0 0
Medium aggregate 100 71.8 321 18.2 13.7 0
Fine aggregate 100 98.2 63.5 27.1 11.8

water were poured into a clean iron container, which was
subsequently put into an electric blast drying oven for
heating. The oven temperature was set to 110°C, and the
mixture was heated until PVA was completely dissolved in
water. The container containing PVA was taken out, and a
mixer was used to stir it to accelerate the dissolution. The
prepared recycled aggregate mixture of size more than
5 mm was poured into the PVA solution container, as can
be seen in Figure 5, and soaked for 24 h-72h. After the
soaking period, the PVA solution was drained, and the
mixture was washed with clean water. The mixture was
then put on an iron plate for drying for subsequent use in
tests.

2.2.2. Mix Proportion and Specimen Fabrication. The design
aggregate grading refers to the grading range of cement-
stabilized aggregate specified in the construction guidelines.
RC and RB are designed with grading A and B, respectively. FIGURE 4: PVA.
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FIGURE 6: Grading RCA.

The proportion of coarse aggregate in grading B is relatively
high. Two gradings of RC aggregate (hereinafter referred to
as RCA and RCB) are shown in Figures 6 and 7. The
proportions of the coarse, medium, and fine aggregates of
RCA and RCB are 30%, 45%, and 25% and 40%, 40%, and
20%, respectively. The RB aggregate was screened, and then
the aggregates with different particle sizes were selected to
prepare aggregates with two grades A and B (hereafter re-
ferred to as RBA and RBB), as shown in Figures 8 and 9. The
RBA grading curve was close to the median value of the
grading range, and the RBB grading curve was close to the
lower limit.

According to the design proportion, the recycled ag-
gregate of each particle size was evenly weighed and mixed.
Then, half of the required water was added, and the mixture
was thoroughly mixed again and allowed to stand for 4 hrs.
Cement was subsequently added along with the remaining
half of the mixing water. The mixture was evenly mixed
again. The duration for each mix was 90 seconds.

The methods of making cement-stabilized macadam
specimens include compaction, vibration, and static
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FiGure 7: Grading RCB.
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FiGure 8: Grading RBA.
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FIGURe 9: Grading RBB.

pressure. The unconfined compression strength test speci-
mens were cylindrical specimens with a diameter and a
height of 150 mm. In the beginning, the compaction method
was used for molding. It was found that part of the brick
aggregate was struck during the compaction process, and the



molded specimens were incomplete. It was easier to form the
test piece by vibration, compaction, and static pressure
methods, and the integrity of the test piece was better. After
comparison, the two methods were used to form the
specimens in subsequent tests.

The vibration, compaction, and static pressure methods
were used to make the test specimens. The mixture was
evenly loaded into the test molds in three layers and gently
tamped with a tamping rod. A vibration compactor was used
to compact the specimens. The surface pressure and vi-
bration frequency were set as 0.1 MPa and 28-30 Hz, re-
spectively. The universal testing machine was used to apply
the static pressure to form the test piece. The loading rate of
1 mm/min (strain-controlled action) was selected. The load
was applied until all the specimens were pressed into the
mold, and the pressure was maintained for 2 minutes. Af-
terwards, the specimens were demolded and cured in a
standard curing chamber for six days. The specimens were
later soaked in water for 24 h. The unconfined compressive
strength for 7 days was then subsequently measured.

Four kinds of recycled aggregate were added with 5%
PO42.5 cement, respectively, to form four different mix-
tures. Each mixture was added with mixing water at a 0.5%
water consumption interval, and five groups of specimens
with different water content were made by vibration com-
paction and the static pressure method. The water content
was measured for the control group, and the corresponding
dry density was calculated as a reference for the optimal
water content. After the 7d curing of the specimens with
different gradations and moisture contents, the 7d un-
confined compressive strength was measured. The water
content of the specimens with the maximum compressive
strength was taken as the optimal water content. The test
setup is shown in Figure 10.

2.2.3. Unconfined Compressive Strength Test. After six days
of standard curing and 24h of immersion in water, the
specimens were tested for a 7-day unconfined compressive
strength. The test specimens were removed from the water,
and the surface water was wiped off. The specimen was
placed in the universal testing machine and was aligned with
the indenter. Then, the test machine was started to make the
indenter of the testing machine come into contact with the
specimen. The pressure tester was adjusted to run at 1 mm/
min. The pressure was recorded when the specimen started
showing damage, and the unconfined compressive strength
was calculated. The number of specimens in each group will
be at least 3. If the unconfined compressive strength dif-
ference of the same group of test pieces was greater than
15%, then double the number of test pieces had to be made
and retested. The test process is shown in Figure 11.

2.2.4. Freeze-Thaw Cyclic Test. The minimum temperature in
winter in Central China is lower than 0°C, and the minimum
temperature is about —15°C, which has certain requirements
on the frost resistance of pavement base materials. The freeze-
thaw test can be used to test the frost resistance of recycled
cement-stabilized macadam at low temperatures. After 7 days
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of curing, the surface moisture of the test specimens was
wiped. The specimens were weighed, measured, and then
placed in the freeze-thaw chamber for the freeze-thaw cycles,
as shown in Figure 12. In order to adapt to the characteristics
of the Central Plains region, the freezing and thawing cycle
were set at a low temperature of —18°C, a normal temperature
of 20°C, a low temperature of 16 hours, a normal temperature
of 8 hours, and a freezing and thawing cycle time of 7 days. Six
test specimens in each group were tested, and the number of
specimens used for each index test before and after the freeze-
thaw cycle was at least three. The test indicators include the
unconfined compressive strength of the specimen before and
after the freeze-thaw cycle. The strength ratio was calculated,
and then the durability of recycled cement-stabilized mac-
adam was evaluated.

3. Results

3.1. Strengthening Effect and Influencing Factors of PVA.
The strength of the two kinds of recycled aggregates soaked
in PVA solution of different concentrations with different
soaking durations is shown in Figures 13 and 14. Table 1
shows the changes in physical and mechanical properties of
recycled aggregate strengthened with the optimal soaking
concentration and time.

The test results show that when RC and RB are
strengthened with PVA of different concentrations and
soaked for different durations, the corresponding strength
increases, whereas the crushing value decreases to varying
degrees. The optimal soaking concentration of RC and RB is
found to be 10%, while the optimal soaking time is deter-
mined as 24 h and 60h, respectively. RB requires a longer
soaking time than RC. The crushing values of reinforced RC
and reinforced RB are 24.95% and 29.40%, respectively,
which meet the strength requirements of cement-stabilized
macadam base for heavy traffic class I highways and class II
highways, respectively.

3.2. Strength of Cement-Stabilized Recycled Aggregate.
Unconfined compressive strength is an important index of
road performance for cement-stabilized macadam. Highway
traffic shows a significant growth trend of overloaded and
overweight vehicles, which has become an important factor
in pavement structure damage. Therefore, the 7d uncon-
fined compressive strength of cement-stabilized material
base course for the heavy traffic of class I highways and class
II highways required in the construction rules are 4 MPa
~5MPa and 3 MPa ~5MPa as the strength design goal of
cement-stabilized recycled aggregate. The optimum water
content is determined according to the principle that the
cement-stabilized recycled aggregate made according to the
design mix proportion has the best molding effect and the
maximum compressive strength. The unconfined com-
pressive strength test results are shown in Table 3.

The unconfined compressive strength test results of
cement-stabilized recycled aggregate (before and after
strengthening) show that the unconfined compressive
strength of cement-stabilized SRC prepared with PO42.5
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(d)

FIGURe 10: Specimen preparation. (a)Vibratory compaction, (b)static pressure, (c) specimen demolding, and (d) specimen after

demoulding.

(b)

Figure 11: Unconfined compression test: (a)Unconfined compression test starts and (b)specimen is crushed.

cement meets the design requirements of class I highway.
The strength increases by 18%~22% than that of before
strengthening. The cement-stabilized RB prepared with
PO42.5 cement has low unconfined compressive strength
before strengthening, which only meets the class IT highway
subbase requirements. After strengthening, the strength is
increased by 36~39%, which can meet the technical re-
quirements of class IT highway heavy traffic base, and the
scope of application is expanded. Compared with cement-

stabilized SRC, cement-stabilized SRB has a more significant
effect on the strength improvement of the two kinds of
recycled aggregates after strengthening treatment. The
reason is that compared with recycled concrete aggregate,
brick slag has lower strength and larger pores. After PVA
solution strengthening treatment, the internal structural
defects are filled and strengthened to improve their strength.
The effect of cement-stabilized SRB strength improvement is
more significant.
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3.3. Freeze-Thaw Cyclic Test Results. The freeze-thaw test can
detect the water damage resistance of pavement structures. It
is also an important index to evaluate the durability of
cement-stabilized macadam. The test specimen of cement-
stabilized recycled mixture made by adding 5% cement to
grade A aggregate was subjected to the freeze-thaw cycle test.
The test results are shown in Table 4.

The test results show that after the freeze-thaw cycle test,
the strength loss of the cement-stabilized recycled mixture is
less, reaching more than 70% of the design strength, indi-
cating excellent durability. The durability of the cement-
stabilized recycled mixture after strengthening is not sig-
nificantly improved.

4. Discussion

It is seen from the results of the unconfined compressive
strength test of unreinforced cement-stabilized recycled
aggregate that the optimum moisture content of RCA, RCB,
RBA, and RBB specimens made by vibratory compaction
and static pressure is the same, which is 11.0%, 10.5%, 16.5%,
and 16.0%, respectively. The optimum moisture content of
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FIGURE 14: Crushing value of SRB.

RBA and RBB was significantly higher than that of RCA and
RCB. The optimum moisture content of RCA was slightly
higher than that of RCB. The optimum moisture content of
RBA was slightly higher than that of RBB. The reason is that
the water absorption of brick slag in recycled aggregate is the
highest. After adding water and cement, more water will be
absorbed during mixing and stewing, so the optimal water
content of RCA and RCB is significantly lower than that of
RBA and RBB. The larger the particle size of recycled ag-
gregate, the smaller the water absorption in a certain period.
Therefore, the optimal water content of RCB and RBB is
slightly lower than that of RCA and RBA.

From the unconfined compressive strength test results of
reinforced cement-stabilized recycled aggregate, it can be
seen that the optimum water content of SRCA, SRCB, SRBA,
and SRBB is 10.5%, 10.0%, 15.5%, and 15.0%, respectively.
Compared with the recycled cement-stabilized macadam
prepared with unreinforced aggregate, the optimum water
content decreased in varying degrees, and SRBA and SRBB
decreased more, reaching 1%. The reason is that after
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TaBLE 3: Unconfined compressive strength test results.
Maximum unconfined Maximum
Aggregate Pressing Optimum water v . v Aggregate Pressing Optimum water unconfined
compressive strength/ o .
type methods content/% type methods content/% compressive
MPa
strength/MPa
chlrl: rzz(t)ir(z’n 341 c?)]rlrll) r:tc('zirgn 231
RCA Sf p» 11.0 RBA sf p 16.5
e 3.49 ahe 2.46
compaction compaction
CX:: rzz(t)irgn 4.08 cz),rlr]l) rzz(t)ir(z’n 313
SRCA Sfatic 10.5 SRBA Sfatic 155
. 4.25 . 341
compaction compaction
ompacton 338 ompacion 218
RCB co Sf;;c ° 10.5 RBB co Sfaagc © 16.0
. 3.39 . 2.34
compaction compaction
N b
SRCB pac 10.0 SRBB pac 15.0
Static Static
. 4.07 . 3.19
compaction compaction

TABLE 4: Freeze-thaw cycle test results.

. it i ithout f; -th: 1
Mixture type est piece without freeze-thaw cycle

Unconfined compressive strength Ry (MPa) Unconfined compressive strength R; (MPa)

Test specimen after 7-day freeze-thaw cycles
Strength ratio =Rs//Ry (%)

RCA 3.49
SRCA 4.25
RBA 2.46
SRBA 3.41

2.85 81.7
3.37 79.3
1.98 80.5
2.68 78.6

soaking in PVA solution, the pores of recycled aggregate are
filled, the water absorption of aggregate is reduced after
condensation, and the water consumption is reduced. The
brick in recycled aggregate has the highest water absorption,
the strength of the brick is low, and it is easier to produce
more microcracks in the crushing process. Therefore, the
optimal water content of SRBA and SRBB is significantly
higher than that of SRCA and SRCB. The larger the particle
size of recycled aggregate, the smaller the water absorption
in a certain period. Therefore, the optimal water content of
SRCB and SRBB is slightly lower than that of SRCA and
SRBA.

The unconfined compressive strength test results of the
cement-stabilized recycled aggregate of the same type and
different gradations show that cement-stabilized RC and RB
are within the upper and lower gradation limits. Also, the
strength of the gradation composition close to the lower
limit is slightly lower. Since the recycled aggregate has large
pores, the internal structural defects are filled and
strengthened after the PVA solution strengthening treat-
ment. This is why the strength has significantly improved.
Grade A, which is close to the median value of the grading
range, is similar to the dense suspension structure, while
grade B, which is close to the lower limit, is similar to the
dense skeleton structure. The coarse aggregate content in

dense suspension structures is less, and its strength mainly
comes from the binding of cement and fine aggregate. The
dense skeleton structure contains a large amount of coarse
aggregate, and their strength is mainly composed of the
impaction of coarse aggregate and the cementation of ce-
ment and fine aggregate. Due to the low strength of recycled
coarse aggregate-containing bricks, the skeleton function of
the structure is insufficient. The aggregate is crushed by
vibratory compaction and static pressure forming, which
impacts the strength.

The comparison of the strengths of cement-stabilized
recycled aggregate formed by different forming methods
reveals that the strength of the specimen made by static
pressure forming is higher than that by vibration forming. In
constructing a cement-stabilized macadam base, the com-
paction process includes initial compaction — re-com-
paction — final compaction. Static pressure, vibration
compaction, and static pressure are adopted, respectively,
which is more than the single forming method in the lab-
oratory. In theory, the compaction effect is better, and it
should not be lower or even higher than the strength of the
test specimen made by the single static pressure or vibration
forming method in the laboratory. Therefore, the
strengthening scheme obtained in the laboratory can be
applied in road engineering.
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5. Conclusions

The following conclusions can be drawn from the study on
the strengthening method of recycled aggregate and the
grading, mix proportion design, strength, and durability test
of cement-stabilized recycled aggregate.

(1) After the recycled aggregate is strengthened by PVA
solution, the strength is improved to a certain extent,
and RB is more significantly improved than RC.

(2) When RB and RC are stabilized by cement, the
optimum moisture content of the former is higher
than that of the latter; the optimum moisture content
of grade A is slightly lower than that of grade B.

(3) After PVA strengthening treatment, the strength of
RC and RB can meet the requirements of aggregate
for the cement-stabilized crushed stone base of heavy
traffic class I highways and class II highways.
Moreover, relatively higher strengths can be ob-
tained by adopting grade A and the static pressure
method.

(4) After the freeze-thaw cycle test, the strength loss of
the stabilized recycled aggregate is small, and the
durability is good; the durability of recycled aggre-
gate is not significantly improved after
strengthening.
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