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In this research, under the disturbance of pre-dewatering, the analytical solution of
vertical displacement of the adjacent tunnel is derived using the two-stage analysis
method. In the first stage, the effective stress principle was used to calculate the
additional stress of the adjacent tunnel caused by dewatering. In the second stage,
the Pasternak-Timoshenko beam model was used to simulate the interaction
between the tunnel and soil, taking the tunnel shear deformation into account.
By referring to the calculation results of existing literature, the correctness of the
proposed method is verified, and the influencing factors of the longitudinal
displacement of the tunnel are further analyzed. The results show that with the
increase of the distance from the dewatering well and soil elastic modulus, the
vertical displacement of the tunnelis reduced. The deformation of the existing tunnel
increases with the permeability coefficient. The decrease of the tunnel shear
modulus can lead to the rapid increase of the tunnel's vertical displacement, so
the shear stiffness should be considered in the analysis of its deformation. The
increase in the dropping amplitude of the water level in the well will decrease the
water level in the surrounding strata. According to the different relative positions of
the tunnel and the water table, there are two forms of additional load on the tunnel.
Before the water level drops to the tunnel axis, the tunnel's Additional load and
displacement gradually increase.

KEYWORDS

excavation dewatering, effective stress principle, Timoshenko beam, Pasternak foundation,
adjacent tunnel

1 Introduction

Foundation pit excavation is an effective means of underground space development.
However, pre-dewatering is necessary for foundation pit engineering to improve
construction conditions. In the process of dewatering, the effective stress of soil mass under
the original water level will increase (Wang et al., 2013) to have a harmful effect on the existing
tunnel, which is one of the main reasons for the long-term settlement of the tunnel (Zeng et al.,
2019; DING et al,, 2021). Therefore, investigating the longitudinal settlement of the adjacent
tunnel subjected to pre-dewatering is crucial for operation safety.
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At present, many scholars have studied the influence of pre-
dewatering on the adjacent tunnel. For example, taking the
excavation project of Shenzhen Kerry Construction Square Phase IT
as a research subject, (Zhang and Pan, 2013) found that the pre-
dewatering of this project caused a settlement of 5.7 mm in the
adjacent subway tunnel, which did not meet the requirements of
metro track deformation. Liu (2013) established a numerical model to
study the influence of dewatering on the adjacent subway tunnel in the
excavation project of Tianjin West Railway Station. Taking an
excavation project of Changsha Line 5 as an example, (Huang
et al., 2018) studied the sensitivity of adjacent subway tunnels to
excavation dewatering velocity by combining Biot consolidation
theory and Midas GTS finite element software. Combining the
finite difference method with fluid-structure coupling theory, (Jia
et al,, 2010) studied the stress and deformation law of the existing
municipal tunnel in the process of dewatering for a new tunnel project
in Chengdu. According to the geological characteristics of
underground water in Shanghai, (Li, 2008) studied the influence of
excavation dewatering on the longitudinal deformation of operating
metro tunnels.

At present, there are few theoretical studies on the longitudinal
deformation of adjacent tunnels caused by dewatering. Combining the
effective stress principle with the Pasternak foundation model, (Xu
etal., 2021) used the Euler-Bernoulli beam to simulate pipelines based
on the two-stage theoretical method and deduced analytical solutions
for the deformation of adjacent pipelines caused by dewatering. Under
the influence of excavation and dewatering, (Zhang et al., 2017) used
the two-stage theoretical method to study the deformation of the
underlying tunnel and used the Euler-Bernoulli beam to simulate the
tunnel, and found that the influence of excavation dewatering on the
underlying tunnel should not be ignored.

In the existing studies on the deformation of shield tunnels, the shield
tunnel is usually simplified as an Euler-Bernoulli beam (Zhang and Zhang,
2013; Liang et al., 2016; Liang et al.,, 2018). However, unlike pipelines, the
shield tunnel is multi-segment ring-shaped segment splintering so that the
Euler-Bernoulli beam will ignore the shear deformation generated by the
tunnel. This will cause an error in the calculation. In recent years, some
scholars have chosen to adopt the Timoshenko beam simulation tunnel (Li
et al, 2015; Liang et al., 2017; Zhang et al., 2019; Liang et al., 2021) that can
consider shear deformation.

To sum up, this paper is based on the two-stage method, the effective
stress principle and Dupuit assumption are adopted in the first stage to
calculate the additional stress of the adjacent tunnel caused by dewatering.
In the second stage, the Timoshenko beam is used to simulate the tunnel
while considering the shear deformation, and the Pasternak foundation
model is used to simulate the interaction between the tunnel and soil. Then,
the analytical solution of vertical displacement of adjacent tunnel caused by
excavation dewatering is derived considering the shear deformation of the
tunnel. Finally, the accuracy of the proposed method is verified by referring
to the current literature results. The influence of the distance between the
tunnel and the dewatering well, the tunnel shear modulus, the elastic
modulus of soil, the permeability coefficient of soil, and the water level
drawdown on the longitudinal displacement of the tunnel are studied.

2 Establishment of the equation

The influencing range of excavation pre-dewatering on the
surrounding water level is defined as the dewatering radius, and
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FIGURE 1
Radius of dewatering.

the existing shield tunnel within the dewatering radius will be
affected by the dropping in the surrounding water level. As shown
in Figure 1, A is the dewatering well, the dewatering radius is R, and
the distance between the tunnel and the dewatering well is d. The
X-axis is set along the tunnel direction, and the O point on the tunnel
axis, that is, the nearest to the dewatering well is taken as the origin.
Point B and point C are the intersection points between the dewatering
radius and the tunnel.

2.1 Effective stress induced by pre-
dewatering

Within the dewatering radius, the dewatering will cause a funnel-
shaped dewatering curve in the soil; as shown in Figure 2, R, is the
radius of the dewatering well, H, is the initial water level height of the
phreatic aquifer, and H, is the water level height in the well after
dewatering. Based on Dupuit’s assumption, the flow rate at different
water levels is equal to the amount of water pumped from the well
(Verruijt, 1982):

dh
Q = 2arhk— (1)
dr
where r is the horizontal distance from the well, / is the water level

height at this position, and k, is the permeability coefficient of soil. The
dewatering curve k() can be obtained by substituting the water level

boundary conditions of the dewatering well Z i go’: f II; and the
dewatering radius into Eq. 1: o !
Q, R
h(r)=H;-—=1In—
") Tk
In R ()

1]
OLFI:)
|
e
|

z

According to Sakukin’s formula, the dewatering radius can be
calculated by R =2s,VkH, (Verruijt, 1982), s, =H,—-H,.
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FIGURE 2
Curve of water level after dewatering.

A axis of
initial symmetry
groundwater level |
—-———_—:—_——l —————— J‘——————————:_—._T.=-———-"
T~ : “W__ Water level after
No | e .
- | _ dewatering
B ~4 - C

Additional load after
dewatering C

. 0
B
axis of
initial symmetry
groundwater level |
\‘_ |
<:: ____________ T_____________::7—
RN ! ~ Water level after
|
AN N | Jd ” /‘\ dewatering
B \ I / C
N | 0 7
~N e
~ o — | - -
T Additional load after
: dewatering
B C
o

FIGURE 3
Water level and additional load distribution along tunnel length after dewatering:(A) water level is above the tunnel after dewatering; (B) part of the water
level is below the tunnel after dewatering.

Within the dewatering radius, the decrease in water level will  divided into two cases according to the relative position of the
reduce pore water pressure in the soil, leading to an increase in  calculated point.

effective stress, and this increased amplitude can be calculated As shown in Figure 2, point D; is above the water level after
according to the change in water level after dewatering; It can be  dewatering, and point D, is below the water level after dewatering.
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FIGURE 4
Pasternak-Timoshenko foundation beam model.

Therefore, the effective stress increment o, and o, of the two points
can be calculated as follows:

01 =04 — 0o = (ho +h1))’— (ho)/"'hl)’s - hl)/w)

=h(y =7 +7) G
0y = 0y — 02
=[(ho+Hy—h)y+ (h,—Ho + h)(y, - y,)] (3b)

=(hoy + hay, — hay,,)
= (HO _h)(y_ys +yw)

where o, and 0y are the effective stresses of D; and D, points before and
after dewatering, respectively; and hj is the buried depth of the initial
water level from the ground surface; h; and h, are the elevation
differences between D; and D, points and the initial water level,
respectively; y, ys and p,, are unit weight and saturated unit weight of
soil, and unit weight of water, respectively.

Above and below the water level, their effective stress increments
after dewatering are different. According to the relative position of the
tunnel and water level, the additional stress caused by dewatering is
different. Therefore, the additional stress caused by dewatering can be
calculated in two cases: all parts of the tunnel are below the water level
after dewatering, and part of the tunnel is above the water level, as
shown in Figure 3. Based on the coordinate system established in
Figure 1, the additional stress on the tunnel under the two conditions
is calculated as follows:

When the tunnel is below the water level, the distance between any
point on the tunnel and the dewatering well r = Vx? + d2, after
substituting it into Eq. 2 and Eq.3a can be obtained:

In——-R—
x2+d?
(11 - 1) T

Ry

H, -

o(x)= -yt @

When the tunnel is partially located above the water level, the
additional stress of the tunnel is divided into two parts. The additional
stress of the tunnel above the water level is the same and is a fixed
value.

Uzhl(y_YS+yw) (5)

where h; is the height difference between the buried depth of the
tunnel axis and the initial water level. The calculation of additional
stress of other tunnels located below the water level is similar to Eq. 4.
When h(r)= Hy-h,, it is the intersection point between water level and
tunnel, so the coordinate of this point can be obtained as

(Ho-hy)*-H? (2o -12) 2
x= <R HGHE Ry HaoH )_dz (6)
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FIGURE 5
Timoshenko beam deformation mode.

In this review, when the tunnel part is located above the water
level, the formula for calculating the additional stress of the tunnel is:

R
In— (Hg -ty )2-H2 gy i2) \ 2
Vi (o) - ( i)
Ho - [Ho? - (H2 - H?) x;d »(yfyf+yw),x2><R EETENN N > P
a(x) =

In —
n

(Ho-hy 2-H2 (2m 1) 2
h(y=7, +7,)%* < <R mom Ry M ) iy

7)

2.2 Establishment of the governing equation
of the timoshenko beam

The longitudinal deformation of the shield tunnel is composed of
bending and shear deformation (Shen et al., 2014; Wu et al., 2015).
When the traditional Euler-Bernoulli beam is used to simulate a shield
tunnel, the tunnel is regarded as a structure with infinite shear
strength, so the shear deformation of the tunnel is ignored. Since
shield tunnels are composed of annular segments, unlike continuous
structures such as pipelines, Euler-Bernoulli beams will underestimate
the longitudinal deformation. The Timoshenko beam can take into
account the shear deformation of the tunnel under additional loads (Li
etal., 2015). In addition, the Pasternak foundation model can consider
the continuity of foundation deformation and simulate the interaction
between soil and tunnel well (Xu et al., 2021). Therefore, the tunnel is
considered an infinitely long Timoshenko beam on the Pasternak
foundation in this research to take into account the shear deformation
generated by the tunnel, as shown in Figure 4. The section of the
Timoshenko beam is no longer perpendicular to the neutral axis but
crosses the normal direction of the neutral axis with an angle due to
shear deformation. The stress deformation mode is more complex
than the Euler-Bernoulli beam, as shown in Figure 5.

According to Timoshenko beam deformation theory, the
relationship between tunnel bending moment M, shear force, and
Q and displacement w is:

Q = (xGA) [d‘six) - 6] 8)
9
M= _Etlta (9)
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where « is the equivalent section coefficient, the tunnel is the
annular section, k= 0.5; G is the tunnel shear modulus, G=E,/
2(1+vy); v, is Poisson’s ratio of tunnel; A is the annular section area
of the tunnel; E, is the elastic modulus of the tunnel; I; is the
moment of inertia of the tunnel. According to the equilibrium
differential equation:

p(x)Ddx — g(x)Ddx — dQ =0 (10)

LG Qdx - 2D
2

dx*-dM =0 (11)
where g(x) is the additional load generated by dewatering, g(x)= o(x);
D is tunnel diameter. p(x) is the ground reaction force. According to
the Pasternak foundation model, p(x) is obtained as

dFw(x)
dx?

p(x) = kw(x) - gs (12)
where k and g are the elastic coefficient and shear coefficient of the
foundation, respectively, which can be calculated as follows (AttewellB
et al., 1986; Tanahashi, 2004):

4N\ 112
_ _L3E (ED -
DO-»\ EL
Et
- 14
9= 6(1+v) (14)

where E; soil elastic modulus; v is Poisson’s ratio of soil; ¢ is the soil

shear layer thickness, and t=6D is used for calculation (Xu, 2005).
Through Egs. 8-12, the

displacement w(x) can be obtained as:

gD 1) d'w(x) <kDE,It .

governing equation of tunnel

Etlt(

dx?

Fw(x)
i D
KGA dx kGA

2
+kDw(x) = [q(x) - El d q(x)]

kGA dx?

3 Solving the governing equation

Based on the derivation process of Guan et al. (Guan et al., 2021),
Eq. 15 was solved according to q(x)=0, and the general solution was
obtained:

w(x) = e™[A; cos(Bx) + A, sin(fx)]

+e [ A; cos (Bx) + Ay sin (Bx)] (16)

where A;, A, As;, and A, are undetermined coefficients;

_ [z o 2 . _ kDEI,+g.DxGA,
a= 12+ yas = \NP/2— yias y = KEda DG, | e

When the tunnel is subjected to concentrated load P at x=0, the

boundary conditions of the tunnel are as follows:

u(xo00)=0 (17a)
M =0 (17b)
dx x=0
3
Eplp% L PD/2 (17¢)

After substituting Eqs. 17a-17c into Eq. 16, the calculation of the
tunnel displacement under concentrated load P can be obtained as
follows:
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PDe™ (3 cos fx + asin fx)

4E,Laf (o® + /32) (18)

w(x) =

It can be known from the literature (S Selvadurai, 1984) that the
additional load caused by dewatering is regarded as many segments of
tiny concentrated load by adopting the micro-element method and
then superimposed according to Eq. 13. The additional deformation of
the tunnel under the action of dewatering can be calculated by
employing integration. According to Eq. 15, the right-hand side of
the Equation is regarded as Q(x), and the concentrated load P(§) at any
point £ on the tunnel is

kGA
kGA+g

E,I, dzq(x)

P() = Q()d = AT

x=£ :| df

19)

SDq(E)—

Substituting the distributed load Q(x) into Eq. 18, the vertical
displacement dw(x) of the tunnel is:

Q(§)De

dw (x) = 4E, I o (a? + B)

[Bcos (Blx = &l)+asin (Blx - £1)]d¢
(20)

In the influence range of pre-dewatering, the vertical displacement
of the tunnel caused by dewatering can be obtained by integrating
Eq. 20:

we) = [ T du( @)

4 Verification

Under the impact of pre-dewatering in the excavation, the tunnel
deformation of the existing subway line one of Xifeng Road of
Chegongmiao Junction of Shenzhen Metro in reference (Zhang
et al, 2017) is used to verify the proposed method. The initial
water level of the project is hy=1m, the longitudinal length of the
excavation L=30 m, transverse width B=20 m, and excavation depth is
8 m. The tunnel is vertically below the excavation and parallel to the
excavation longitudinally, with a buried depth h,=14 m, diameter
D=6 m, and tunnel wall thickness is 0.3 m. The relative position of
the tunnel and the excavation is shown in Figure 6. C50 concrete is
generally used for the segment since its elastic modulus E,=34.5 GPa,
Poisson’s ratio ,=0.3, and the tunnel is in the gravel clay soil layer, the
elastic modulus of soil is E,=60 MPa, Poisson’s ratio v=0.3, unit weight
of soil y=19.9 kN/m? and saturated unit weight of soil y,=20.4 kN/m?.
Other relevant parameters can be referred to literature (Zhang et al.,
2017).

After pre-dewatering, the water level is dropped by s,=8 m to be
h=9m, and the tunnel becomes to be under the water level. In
addition, only the water falling within the scope of the excavation
is considered in the literature (Zhang et al., 2017), but the dewatering
radius is not considered. According to Eq. 4, the additional stress
received by the tunnel in the pit range is 75.7 kPa.

Figure 7 compares the calculation results of the proposed method,
the Winkler-Euler-Bernoulli model, and the results of reference
(Zhang et al, 2017). The origin of the abscissa is located at the
midpoint of the tunnel in the pit, so the tunnel subjected to
additional load caused by dewatering is in the range —15 < x < 15.
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FIGURE 6
Engineering schematics: (A) sectional view; (B) plan view.
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Comparison with existing literature.

It can be seen from Figure 7 that the maximum longitudinal
of the
10 is —4.386 mm, and the maximum longitudinal deformation
calculated by the method in this paper and the Winkler-Euler-
Bernoulli model is —4.406 and —5.262 mm, respectively. In contrast,
the calculated results in this paper are closer to those in reference 10.

deformation tunnel in the results of Reference

Because the Winkler-Euler-Bernoulli model cannot consider tunnel
and foundation soil shear deformation, the Winkler calculation results

Frontiers in Earth Science

are too large. Therefore, it is proved that the calculation method of
tunnel displacement considering shear deformation under the action
of dewatering is correct.

5 Parameter analysis

The following calculation examples are designed for analyzing the
influence of various factors on the displacement of the tunnel caused
by dewatering, including initial water level Hy=40 m, initial water
depth hy=1 m, the radius of the dewatering well is Ry=0.2 m, the water
level in the well H=30 m after dewatering, and dropping of water level
sw=10m after pre-dewatering. Soil permeability k=4.32 m/d, soil
elastic modulus E,=30 MPa, Poisson’s ratio v=0.3, unit weight of
soil =19 KN/m’, saturated unit weight of soil y,=20 kN/m>. The
nearest distance between tunnel and dewatering well is D=10 m,
buried depth z=10m, h,=9 m, diameter D=6 m, the tunnel wall
thickness is 0.3 m, elastic modulus E=34.5 GPa, Poisson’s ratio
»=0.3, shear modulus G,=13.27 GPa.

5.1 Distance d between tunnel and
dewatering well

Five groups of tests are designed to study the influence of the
distance d between the tunnel and the dewatering well on the tunnel
deformation while the other parameters remain unchanged, whose
distances are 6, 8, 10, 12, and 14 m, respectively. It can be seen from
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Figure 8 that when the spacing d increases from 6 to 14 m, the
maximum vertical displacement of the tunnel decreases from
5.72 to 3.89 mm. This is because when the distance between the
tunnel and the dewatering well gradually increases, the influence of
dewatering on the tunnel is weakened. Therefore, the dewatering well
should be as far away from the tunnel as possible to avoid excessive
tunnel deformation in the project.

5.2 Tunnel shear modulus G,

Five groups of tests with different tunnel shear modulus G, were
taken to study its influence on tunnel deformation while the other
parameters remained unchanged, including 1/125, 1/25, 1/5, and
5times the original shear modulus. Figure 9 shows the tunnel
displacement curves caused by pre-dewatering under different
tunnel shear modulus Gj. As can be seen from Figure 9, when the
tunnel shear modulus G, decreases from 5 G, to 1/125 Gy, the
maximum vertical displacement of the tunnel rapidly and
significantly increases from 4.38 to 14.93 mm. This is because
when the shear modulus G, decreases, the ability of the tunnel to
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resist the influence of dewatering is weakened. Therefore,

strengthening the soil around the tunnel can reduce tunnel
deformation.

5.3 Elastic modulus of soil E

Five groups of tests with different soil elastic modulus E, were
designed to study its influence on tunnel deformation while other
parameters remained unchanged, which were 10, 20, 30, 40, and
50 MPa. It can be seen from Figure 10 that the maximum vertical
displacement of the tunnel rapidly decreases from 12.36 to 2.75 mm as
the soil elastic modulus E; increases from 10 to 50 MPa. That is,
because when the elastic modulus of soil E, increases, the foundation is
less likely to deform. On the other hand, when the tunnel bends, the
foundation can provide a more significant reaction force to prevent
tunnel deformation. Therefore, strengthening the soil around the
tunnel can reduce tunnel deformation.

5.3.1 Permeability coefficient k;

Five groups of tests with different permeability coefficient k, were taken
to study its influence on tunnel deformation, which were 4.32x107,
432x107%, 0432, 432, and 432m/d. Figure 11 shows the tunnel
caused by pre-dewatering under different
permeability coefficients k. It can be seen from Figure 11 that the

displacement curves
maximum vertical displacement of the tunnel increases from 3.64 to
5.00 mm as the permeability k, increases from 4.32x10™° to 43.2 m/d. That
is, because when the soil permeability k; rises, the influence of dewatering
on the surrounding stratum water level increases. Therefore, a water stop
curtain can be constructed between the dewatering well and the tunnel to
reduce the influence of dewatering on the tunnel.

5.4 Water level drawdown s,,

Five groups of tests with different H, were designed to study its
influence on tunnel deformation while other parameters remained
unchanged, which were 30, 25, 20, 15, and 10m, and the
corresponding s, was 10, 15, 20, 25, and 30m respectively.
Figure 12 shows the water level curve in the strata near the
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Curves of tunnel displacement under different permeability
coefficients of soil k;
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Curves of water level under different water level drawdown s,,

dewatering well under different water level dropping depths s,,. It can
be seen that with the increase of the dropping depth of water level s, in
the well, the water level in the surrounding stratum also decreases, and
the decreasing range gradually decreases. When the dewatering s,
reaches 20 m, the groundwater level is still above the buried depth of
the tunnel axis, and the additional stress on the tunnel can be
calculated by Eq. 4. However, when s, of water level drawdown
reaches 25 m, the part, that is, the closest to the dewatering well on
the tunnel is already below the water level; In this case, the additional
stress on this part is calculated by Eq. 5. Figure 13 shows the additional
stress sustained by the tunnel under different water level drop depth
Sw- It can be seen that the additional stress on the tunnel increases with
the increase of s, of the water level. This is because the more the water
level drops, the less water buoyancy the soil above the tunnel receives.
As shown in Figure 13, when s, reaches 25 and 30 m, the maximum
value of the additional stress on the tunnel will not increase, and the
range of the whole deal of the additional stress will expand. This is
because part of the tunnel is already above the water level as s,,=25 m.
At the same time, as the s,, continues to increase, more of the tunnel is
located above the water level. However, the additional stress on the
tunnel will not increase when the water level is below the tunnel.
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Therefore, the curves of s,, =25 and s,, =30 show inconsistent change
trends compared with several other curves.

Figure 14 shows the tunnel displacement curve caused by pre-
dewatering under different water level drop depth s,. It can be seen
from Figure 14 that the maximum vertical displacement of the tunnel
increases from 4.49 to —8.99 mm when the water level drawdown s,
increases from 10 to 30 m, but the increased amplitude gradually weakens.
That is, because when the water level drops depth s,, gradually increases,
the influence of dewatering on the surrounding water level also increases,
which leads to the increase of the effect of dewatering on the tunnel.
Furthermore, the drop in water level causes the increase of additional loads
on the tunnel. Therefore, with the increase of s,,, the tunnel displacement
due to dewatering increases overall.

6 Conclusion

Based on the proposed two-stage method, a theoretical calculation
method for the vertical displacement of adjacent existing tunnels under the
impact of pre-dewatering of excavation is proposed in this paper. In the first
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stage, the additional load induced by dewatering the tunnel was calculated.
In the second stage, considering the shear effect, the Timoshenko beam
model was used to simulate the deformation mode of the tunnel to derive
the calculation of the tunnel displacement. After an in-depth Analysis, the
following conclusions were drawn: DING et al., 2021.

1) With the increase in the distance between the tunnel and the
dewatering well, the vertical displacement of the tunnel is reduced.
The dewatering well should be as far away from the tunnel as
possible to avoid excessive tunnel deformation in the project.

2) The decrease of the tunnel shear modulus G, can lead to the rapid
increase of the vertical displacement of the tunnel, so the influence of its
shear stiffness should be considered when analyzing its deformation.
Meanwhile, ensuring the shear stiffness of tunnels can effectively
improve the ability of tunnels to resist external loads.

3) The growth of the elastic modulus of soil provides a more
significant reaction force to prevent tunnel deformation.
Therefore, strengthening the soil around the tunnel can reduce
tunnel deformation.

4) When the soil permeability increases, the influence of dewatering
on adjacent tunnels also increases. Therefore, a water stop curtain
can be constructed between the dewatering well and the tunnel to
reduce the influence of dewatering on the tunnel.

5) The increase of s,, will lead to the overall decrease in water level in
the surrounding strata. According to the relative position of the
tunnel and the water table, there are two forms of additional load
on the tunnel. Before the water level drops to the tunnel axis, the
additional load on the tunnel increases with the water level drop
depth s,,, and the tunnel displacement also increases. When the
water level drops below the tunnel axis, the additional load on the
part above the water level is the same and does not increase with
the increase of s,. Therefore, excessive dewatering should be
avoided to reduce the influence of dewatering on adjacent
tunnels in foundation pit dewatering engineering.

Data availability statement

The data used to support the findings of this study are available
from the corresponding author upon request.
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Coalburst is a violent dynamic failure of coal during underground mining. It is of
significance to study failure pattern as well as energy evolution and transition during
coalbursts and how they are influenced by pre-confinement. This paper presents
unloading-induced coalburst simulations using the distinct element method via a
combined static—dynamic loading—unloading strategy. The numerical model is
calibrated and validated by comparison with the failure process observed in
laboratory tests. The influence of pre-confining pressure on unloading-induced
coalburst was numerically investigated from the perspective of crack propagation,
fracturing process, failure pattern, and energy evolution. In addition, failure
mechanism and energy conversion during coalbursts under different pre-
confining pressures are discussed. The results show that the stress change
caused by sudden unloading of the pre-confining results in the initiation and
development of cracks. Crack density and crack propagation velocity increase
with increasing pre-confining pressure. As the pre-confining pressure increases,
the coalburst becomes more intense and takes less time to be completed, and the
main failure pattern in coalburst transforms from a tensile type to a shear type. In
addition, the conversion ratio of kinetic energy and frictional energy during
coalbursts increase non-linearly with increasing pre-confining pressure.

KEYWORDS

coalburst, pre-confining pressure, crack development, energy transition, distinct element
method

1 Introduction

Coalburst is a dynamic failure phenomenon, characterized by an instantaneous release of a
large amount of energy and ejection of coal pieces (Dou and He, 2001; Jiang et al., 2017; Zhang
etal., 2017). According to its occurrence mechanism, coal burst can be classified into unloading-
induced and remote mining induced seismicity triggered (Vardar et al., 2018; Mottahedi and
Ataei, 2019). Unloading-induced coalbursts, which frequently occur in high stressed mining
areas without remote seismic events during roadway development, also cause many casualties
and severe damages (Dou and He, 2001). It is important to investigate failure mechanism as well
as evolution and transition of energy during unloading-induced coalbursts.

Dynamic cracking behaviour is quite different from those under static loading conditions
(Bazant et al., 1993; Zhao et al., 1999; Li et al,, 2004; Zhang et al., 2021). To reproduce rock or coal
bursts in the laboratory, He et al. (2010) developed a true triaxial test machine with the capacity to
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rapidly unload stress at one loading face and to observe the rock burst
process of limestone in the laboratory. He studied the crack fractal
dimensions during rockbursts using this testing device, and results
showed that the values of fractal dimension become larger after dynamic
failure (He et al,, 2014). Su et al. (2017) investigated the evolution of
acoustic emissions (AE) using a rockburst testing machine and found
that the main frequency of the AE decreased before rockburst. However,
it is difficult to conduct coalburst tests using true triaxial unloading test
machines. The Split Hopkinson Pressure Bar (SHPB) system was
employed to study the dynamic response of coal samples, including
dynamic mechanical characteristics (Kong et al., 2020; Li et al., 2022),
crack propagation (Hao et al., 2020; Ju et al,, 2020; Li et al., 2021), as well
as the influence of bedding structure (Zhao et al., 2014; Ai et al., 2020).
The above results have enriched our understanding of rock or coal
bursts. However, the knowledge of the cracking mechanisms of dynamic
failures at the micro-scale still needs to be further studied.
Numerical simulation can provide insights into the complicated
process of rock and coal failures at the micro-scale. In past decades,
many numerical methods have been applied to study crack

development, including the finite element method (FEM)
(Zubelewicz and Mroz, 1983; Wang and Park, 2001;
Manouchehrian and Cai, 2016; Hauquin et al., 2018),

discontinuous deformation analysis (DDA) method (He et al,
2016; Hatzor et al,, 2017; Chen et al., 2018), and the distinct
element method (DEM) (Cundall and Strack, 1979; Potyondy and
Cundall, 2004; Hu et al., 2020). In particular, the DEM has become a
promising method for investigating the dynamic fracturing process of
rocks (Zhang and Wong, 2018). Hu et al. (2018) applied a 3D bonded
block DEM model to simulate dynamic disturbance triggered
rockbursts and investigated the crack evolution during rockbursts.
Compared to 3D DEM simulations, 2D DEM simulations have great
advantages
compressive failure of rock related to rockbursts were reproduced
by using the 2D DEM model based on the universal Distinct Element
Code (UDEC) (Gu and Ozbay, 2015). He et al. (2018) performed
abruptly unloading induced strainburst simulations through the
Particle Flow Code (PFC), and found that the system stiffness has
a significant effect on dynamic failure. Duan et al. (2019) employed a

in computational efficiency. Unstable shear and

2D DEM model to simulate unloading-induced strainbursts, and
showed that a sudden reduction in confining pressure caused non-
uniform deformation in the sample. A UDEC-Trigon numerical
model was employed to capture unloading-induced strainbursts
including analysis of crack patterns (Gao et al, 2019a). The
development of rock dynamic failure is related to the release and
transition of elastic energy (Cook, 1965; Tarasov and Stacey, 2017; Gao
and Yang, 2021). Therefore, particular attention should also be paid to
study the energy release and transition during coalbursts.

In this study, we focus on analysis of unloading-induced
coalbursts. 2D DEM simulations of unloading-induced coalbursts
under different pre-confining pressures are performed. This paper
is organized as follows. First, modelling method and procedure are
introduced. Then, model calibration and validation are documented
by comparison with typical experimental results. Subsequently, micro-
cracking mechanisms and energy evolution during unloading-induced
coalbursts are investigated considering different aspects, including
crack propagation, failure mode and energy evolution. Finally, the
influence of the pre-confining pressure on failure mechanism and
energy conversion during coalbursts is discussed.
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2 Model description and calibration

2.1 Modelling method

UDEC, a 2D numerical program based on the DEM, has been
widely applied to investigate rock mechanical and mining engineering
problems (e.g. Kazerani et al., 2011; Huang et al,, 2019; Cao et al,
2020). The UDEC-Trigon model proposed by Gao and Stead (2014)
has an excellent ability to capture the brittle cracking of hard rock, and
has also been applied to study rockbursts or coalbursts (Gao et al.,
2019a; b; Gao and Yang, 2021). Thus, for this study, a UDEC-Trigon
model and a static-dynamic coupled loading strategy are adopted to
simulate unloading-induced coalbursts.

2.1.1 Failure criterion

In the UDEC-Trigon method, a coal sample is composed of many
blocks of different size and contacts between blocks. Each block is
deformable based on a finite-difference mesh. There are two possible
failure patterns of a contact: shear cracking along the shear direction
and tensile cracking along the normal direction (ICG, 2014). Failures
of contacts are controlled by the stresses acting at the contacts and the
Coulomb friction law with tension cut-off.

2.1.2 Calculation of energy components
Energy analysis is an important aspect in studying dynamic failure.
The UDEC-internal program language FISH was used to acquire the
distribution of the three energy types: elastic energy, kinetic energy
and frictional energy. The formulas (ICG, 2014) are shown below.
The total elastic energy stored in the coal sample W¢ is
calculated as:

WC = ZE{, (1)

where Z E, is the total amount of elastic energy stored in all of the
individual blocks in the numerical coal sample. The elastic energy of a

block E is calculated as:

E, = z E, ()

where z E, is the sum of elastic energy stored in all individual zones
in a block. For a given zone, the elastic energy E, is determined by:

A
E, = Vi [0? + 0} + 02 — 20(010; + 0103 + 0,03)] (3)
where E is Young’s modulus. v is Poisson’s ratio. A is the area of the
zone and 0y, 03, and o3 are the three principal stresses.

The total amount of kinetic energy Wk is calculated as:

Wk =) Eg )

where Z E gy is the total amount of the kinetic energy of all individual
gridpoints in the numerical coal sample at a given timestep. For a given
gridpoint g, the kinetic energy can be calculated as:
E=-m u2+1m u? (5)
gk = 5 gt T ety
where m, is the mass of the gridpoint and u, and u, are the
corresponding velocities in the x- and y-direction at a given

timestep, respectively.
The total frictional energy W of the coal sample is calculated as:
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UDEC-Trigon model of coal sample incl. Location of monitoring points: (A) before unloading, (B) after unloading.

50mm

Wi =) E ()

where ZEC ¢ is the sum of frictional energy of all contacts in the
numerical coal sample at a given timestep. For a given contact, the
frictional energy E. at that timestep is calculated as:

1 /
Ej = 5( fot fo)Du )
where Aug is the increment in the shear displacement of the contact
and f, and £, are the current and previous shear forces (considering
the current time step) at the contact, respectively.

2.2 Model configuration and modelling
procedure

The numerical model considers a rectangular sample with width of
50 mm and height of 100 mm, as shown in the Figure 1. The triangular
blocks have an average edge length of 2mm. This meshing is
sufficiently fine to study both the static and dynamic cracking
behaviour of rocks at that scale (Gao and Stead, 2014; Gao and
Yang, 2021). The block size in the model varies in a range
considering the heterogeneity of the coal. However, the non-
uniformity coefficients of block size are identical in all models.
Several monitoring points are placed at the bottom plate and the
coal sample to monitor stresses and velocities, respectively.

The modelling procedure comprises four steps. First, top and
bottom plate are fixed. After that, pre-confining pressure is applied on
the two lateral sides, as shown in Figure 1A. Then, the coal samples are
loaded to the peak strength under the corresponding confining
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pressure. The loading velocity of the top plate is set to .01 m/s,
while the bottom plate is fixed. The time step of a cycle is 10-8s
in the static mode. Therefore, a loading velocity of .01 m/s implies that
the model uses 10,000,000 calculation steps for 1 mm of plate
movement, which is sufficient for static analysis (Gao and Yang,
2021). Finally, the dynamic calculation mode is activated. Top and
bottom boundaries of the model obtain absorbing boundary
conditions, and the two lateral sides of the model obtain reflecting
boundary conditions. The confining pressures are unloaded abruptly
(see Figure 1B). The bottom plate remains fixed. Meanwhile, the
dynamic mode is adopted. Rayleigh damping of .5% is used in the
dynamic analyses, similar to the method adopted by Gao et al. (2019a)
and Zhu et al. (2020).

The axial stress is the average stress of all monitoring points
inside the loading plate in vertical direction. Mechanical
parameters of the coal are calibrated by conducting a series of
numerical uniaxial compression (UCS) and Brazilian tension (BT)
tests, as seen in Figure 2. This calibration method has been
demonstrated to be effective for UDEC-Trigon modelling (Gao
and Yang, 2021). The calibrated mechanical parameters adopted in
the Trigon model are listed in Table 1. The maximum deviation
between target values and numerical simulation results do not
exceed 3%, which is acceptable.

2.3 Model validation

2.3.1 Stress—strain behaviour
Figure 3 displays the stress—strain curves of the numerical coal
samples during static loading. The pre-confining pressures are
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TABLE 1 Mechanical parameters for UDEC-Trigon numerical model.

Parameters Coal Plate  Coal-plate contact
Density (kg/m?) 1,470 5,000 —

Young’s modulus E (GPa) 1.72 17 —

Poisson’s ratio v 24 25 —

Normal stiffness K,, (GPa/m) 10,137 — 102,000

Shear stiffness K, (GPa/m) 4,055 — 40,800

Tensile strength o, (MPa) 1.57/0* — 0

Cohesion ¢ (MPa) 10/0* — 0

Friction angle ¢ © 38/32* — 32

*Peak and residual value.

Axial stress (MPa)

FIGURE 3
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instantly unloaded after loading to the peak strength. All the other
model parameters are identical except for the pre-confining pressure.
It can be seen that the starting points of the stress—strain curves are
different, which is caused by the loading sequence of the simulation.
First, before the confining pressures are applied, upper and lower
plates are in contact with the coal sample, the force at the contact
surface is 0 MPa, and then a pre-determined pre-confining pressure is
applied to the sample. At this time, upper and lower pressure plates are
fixed. Under the influence of Poisson’s ratio, compression occurs along
the vertical direction when the coal sample is compressed in the lateral
direction. Therefore, vertical stresses with different magnitude appear
after different pre-confining pressures are applied. When pre-
confining pressures of .1 MPa, 1.0 MPa, 2.5 MPa, and 5.0 MPa are
applied, the peak strength of the coal samples are 20.7 MPa, 24.1 MPa,
31.0 MPa, and 39.5 MPa, respectively, indicating that the pre-
confining pressure significantly influences the peak strength. It is
widely recognized that peak strength increases with confining pressure
(Haimson and Chang, 2000; Liu et al., 2004; Hokka et al., 2016; Yao
etal,, 2016). Since the pre-confining pressure is immediately unloaded
and the calculation mode becomes dynamic, the coal sample does not
change from brittle to ductile.

2.3.2 Coalburst process

The failure characteristics observed in the simulations are
compared with dynamic failure modes of coal samples as
observed in experiments (Figure 4). First, after the sudden
unloading of pre-confining pressure, the trigger of coalburst is
marked by the ejection of localized coal fragments close to the
unloading surface. Then, the area of the coal block ejection area
continues to expand, and completely penetrating cracks form
inside the sample with increasing tangential stress. As a result,
coal plates are thrown out. Finally, coal fragments and plates are
ejected in large quantities with maximum ejection velocity
exceeding 10 m/s. In addition, some coalburst pits are formed
on the surface of the coal sample when these ejected blocks are
removed. These results show that the method adopted in this study
can reproduce the unloading-induced coalbursts properly.
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3 Numerical results and analysis
3.1 Fracturing process of coalbursts

Figure 5 shows the crack development process and the eventual
velocity cloud during coalburst induced by unloading of different
pre-confining pressures. The blue and red lines represent tensile
and shear cracks, respectively. Tensile failure is dominant in the
area close to the unloading face, while most shear cracks are
distributed in the region away from the unloading face,
regardless of the value of the pre-confining pressure. The abrupt
unloading results in a sudden change of the stress state in the blocks
near the unloading surface. The stress change formed at the
moment of unloading induces a considerable horizontal
deformation near to the surfaces. A great number of mainly
tensile cracks form near the unloading surface and ultimately
result in the ejection of fragments and coal plates. These
observations are in agreement with previous study on rockbursts
(Duan et al., 2019). A comparison of Figure 5A and Figure 5D
shows that the pre-confining pressure has an important influence

on the development of cracks during a coalburst. Cracks initiate
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more intensively in coal samples under higher stress, resulting in
the formation of a denser fracture network after sudden release of
high pre-confining pressure. In addition, different pre-confining
pressures result in significant differences in the crack propagation
of coalbursts, as demonstrated in Figure 5A. When the pre-
confining pressure is low, at first, few shear cracks are initiated
in the interior of the coal sample after unloading. Then, the number
of tensile fractures near the unloading surface increases rapidly
with increasing dynamic calculation time, which results in the
ejection of fragments. However, when the coal sample is under a
high pre-confining pressure, a large number of cracks with
different failure modes appear
instantaneously in almost the entire area near the unloading

(shear and tensile cracks),

surface, as demonstrated in Figure 5D. Fewer shear cracks form
and the distribution is more dispersed under a lower pre-confining
pressure. However, the number of shear cracks in the coal sample is
greater under higher pre-confining pressure. As shown in Figure 5,
with increasing pre-confining pressure, the coalburst intensity
increases significantly. When the pre-confining pressure is
.1 MPa or 1.0 MPa, the coalburst only occurs in a local area of
the unloading surface. However, under the condition that the pre-
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confining pressure is 2.5 MPa or 5.0 MPa, the range of the coalburst
covers almost the entire area on both sides of the coal sample, and
many coal fragments and plates are ejected from the entire
unloading surface. The ejection is more powerful when the pre-
confining pressure is higher. The graph indicates that the fracturing
process during the coalburst is affected by the pre-confining
pressure. A coalburst under a higher pre-confining pressure has
a wider fracturing range and a higher ejection velocity.

To further study the ejection of coal fragments during
coalbursts, four monitoring points are set-up on both sides of
the numerical model to monitor the horizontal velocities of
fragments, as shown in Figure 1. The horizontal velocities of the
fragments are shown in Figure 6. Positive values indicate movement
towards the right and vice versa. Numerous studies imply that the
velocities of fragments that form during coalbursts are more than
10 m/s (Frith et al., 2020; Yang et al., 2020; Gao et al.,, 2021). As
shown in Figure 6, most of the recorded velocities exceed 10 m/s,
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and the magnitude of the velocities increases with increasing pre-
confining pressure. The maximum velocities of the coal fragments
are 16.76 m/s, 17.76 m/s, 20.60 m/s and 30.00 m/s during coalbursts
when the pre-confining pressures are .1 MPa, 1.0 MPa, 2.5 MPa and
5.0 MPa, respectively. The velocity is zero for a period of time after
the pre-confining pressure of .1 MPa is released, indicating that a
coalburst does not occur immediately after the low pre-confining
pressure is released. However, the ejection velocity of the fragments
grows rapidly with time when the pre-confining pressure becomes
5.0 MPa, indicating that a violent coalburst occurs at the moment of
unloading in this situation. The rise in pre-confining pressure leads
to an increase in stress and elastic energy in the coal sample, which is
more prone to coalburst. The simulations suggest that a critical
stress level or a critical energy level may exist for coalbursts. This
result provides direct evidence of the mechanism of rock dynamic
failure proposed in previous research (Dou and He, 2001; Su et al.,
2017).
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3.2 Energy evolution of coalbursts

3.2.1 Elastic energy

Figure 7 illustrates how the elastic energy changes during the
coalburst process. The initial elastic energy is 519 ] when the pre-
confining pressure is .1 MPa and increases to 1777 ] when the pre-
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confining pressure is 5.0 MPa. After a coal sample is completely
destroyed via coalburst, the elastic energy is close to 0]. No
coalburst occurs under the pre-confining pressure of .1 MPa
during the dynamic calculation time of .00-.05m, and only a
small number of micro-cracks are generated inside the coal
sample, so the dissipation of elastic energy is not obvious at this
stage. When the dynamic calculation time is greater than .05 m, the
elastic energy of the sample gradually decreases with the
occurrence of a small burst near the unloading surface. For coal
samples with initial confining pressures of 1.0 MPa, 2.5 MPa and
5.0 MPa, various degrees of coalburst occur after the confining
pressure is released, and the elastic energy decreases immediately.
The initiation and coalescence of cracks as well as the ejection of
fragments cause the dissipation of elastic energy. The elastic energy
release rate increases with increasing pre-confining pressure.
Therefore, the rate of reduction in elastic energy can be used to
characterize the coalburst.

The dissipation process of elastic energy during the coalburst is
fully captured by the simulations. The distribution of the elastic
energy is given in Figure 8. Figure 8 reveals that the stored elastic
energy increases with rising pre-confining pressure. Higher pre-
confining pressures lead to a stronger inhomogeneity of elastic
energy distribution in coal. High pre-confining pressure causes
high local stresses inside the coal sample. Obviously, the higher the
inhomogeneity of stress or energy distribution in the coal, the
higher the possibility of coalburst. The dissipation process of elastic
energy basically corresponds to the crack evolution process. The
dissipation of elastic energy is obvious in the areas with densely
distributed cracks, and the remaining elastic energy in these areas is
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that strain energy is released at different rates for different pre-
confining pressure s, and there is still a large amount of strain
energy in the coal sample when the dynamic time is .09 m for a pre-
confining pressure of .1 MPa. As the pre-confining pressure
increases, the strain energy release rate is greater when the
dynamic time is the same, indicating that the coal burst more
violent.

3.2.2 Kinetic energy

Figure 9 illustrates the kinetic energy evolution for different
pre-confining pressures. The cumulative kinetic energy is zero
within .0-.05m when the pre-confining pressure is .1 MPa,
indicating that a coalburst does not occur. A coalburst will end
when the kinetic energy does no longer change (coal sample is
completely destroyed or has reached a certain final damage state).
The kinetic energy during the coalburst is larger under higher pre-
confining pressure. The kinetic energy increases more rapidly and
reaches the peak earlier when the pre-confining pressure increases.
This indicates that a higher pre-confining pressure causes a shorter
coalburst triggering time and more violent fragment ejection,
resulting in a more harmful coalburst.

Figure 10 shows the distribution of the kinetic energy during
the coalburst process. There is a clear difference in the kinetic
energy near and far from the unloading surface, which leads to the
separation of coal fragments and plates as shown in Figure 5. The
evolution of kinetic energy under different pre-confining pressures
shows that the cracks gradually expand from the boundaries to the
centre of the coal samples, which is in good agreement with field
and experimental observations (He et al., 2012; Zhang et al., 2012;
Jiang et al., 2020). The evolution process of kinetic energy shows
that the ejection of fragments during coalbursts starts at some areas
on the unloading surface of the sample, and new areas of coalburst
are continuously formed and expand, eventually leading to a
violent coalburst. As shown in Figures 8, 10, the transformation
between elastic energy and kinetic energy during coalbursts is
captured by the numerical simulations. Notably, the distribution
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of kinetic energy in the sample is not uniform. On the one hand,
there are many “kinetic energy accumulation areas” near the
unloading surface, which lead to the occurrence of “coalburst
pits” with different depths and locations on the unloading
surface of the coal samples, as can be seen in Figure 10C. There
is another interesting phenomenon: some independent “kinetic
energy concentration areas” form inside the coal sample under high
pre-confining pressure, as shown in Figures 10C, D. These regions
have a higher kinetic energy value than their surroundings, which
indicates that some violent “internal burst” occur inside the coal
sample, promoting the ejection of fragments and coal plates. This is
because there is higher stress within the coal sample under high
pre-surrounding pressure, and the internal stress and energy
distribution are not uniform. When the pre-surrounding
pressure was suddenly unloaded, the dynamic failure occurred
inside the coal sample.

3.2.3 Frictional energy

Shear failure is an important element in the coalburst process.
When shear failure occurs, dislocation (frictional sliding) along the
blocks is triggered, so a certain amount of elastic energy is converted
into work to overcome frictional resistance. This part of the energy
dissipated due to the shear slip during a coalburst is called frictional
energy. Figure 11 illustrates how the frictional energy changes during a
coalburst. The increase in accumulated frictional energy is an
indication of shear failure in the coal sample. As shown in
Figure 11, the peak of the frictional energy during the coalburst
increases with rising pre-confining pressure. This demonstrates that
more shear cracks occur during the coalburst under high pre-
confining pressure.

Figure 12 shows the distribution of the frictional energy at
different stages during the coalburst. Figure 12 documents, those
regions where the frictional energy is concentrated develop from
areas near the unloading surface towards the centre of the sample.
This is consistent with the gradual expansion of shear cracks. The
pre-confining pressure has an important influence on the
distribution of frictional energy. Compared with a low pre-
confining pressure, the frictional energy is higher and more
concentrated in the centre of the sample under higher pre-
confining pressure. This shows that more shear cracks are
formed in the core of the sample during the coalburst induced
by release of a higher pre-confining pressure, resulting in
predominant shear failure of the sample.

4 Discussion

4.1 Influence of pre-confining pressure on
failure mechanism during coalburst

Strainbursts of rock are divided into tensile strainbursts
(Diederichs, 2007; Hu et al, 2018) and shear strainbursts
(Ortlepp, 2001; Zhang et al., 2012; Feng et al.,, 2016). In this
study, under different pre-confining pressures different failure
modes occur like analysed in Section 3.1 and illustrated in
Figure 13. The coalburst induced by release of a low pre-
confining pressure is dominated by tensile failure, which is
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referred to as tensile coalburst. During a tensile coalburst, the
failure is characterized by coal fragment ejection caused by tensile
failure in certain areas near the unloading surface, small failure
areas, and limited ejection intensity. Apart from tensile failure on
both sides, there is no complete penetrating shear fracturing in the
centre of the specimen. However, shear failure is the dominant
during coalbursts under high pre-confining pressure, which is
referred to as shear coalburst. There are two types of micro-
cracks in shear coalbursts. On the one hand: splitting and
throwing out of a large number of coal fragments and plates are
caused by the coalescence of tensile cracks near the unloading
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Distribution of kinetic energy under different pre-confining pressures of (A) .1 MPa; (B) 1 MPa; (C) 2.5 MPa and (D) 5 MPa for different points in time.

Internal
bursts

10 X103

surface. Fragments are ejected at a fairly high velocity, such as
10-30 m/s. On the other hand, many shear cracks form in the
central region of the coal sample, which is the major cause of coal
failure during coalburst. Notice, that the pre-confining pressure
applied to the two lateral sides are both released in the numerical
simulation. Therefore, significant lateral deformation and failure
occur on both sides of the coal samples in the numerical simulation.

As discussed above, the failure modes of coal during a
unloading-induced coalburst are complex. As shown in
Figure 13, the failure during coalbursts as presented by

numerical simulations, are different from single failure under
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Change of frictional energy vs time for different pre-confining
pressures.

static or quasi-static loads as presented for instance by (Haimson
and Chang, 2000; Chang and Lee, 2004; Yang et al., 2012). The
numerical results in this study show that tensile failures mainly
occur near the unloading surface, while shear cracks are mainly
distributed in the core region of the coal samples. This is in good
agreement with earlier studies (Feng et al,, 2018; Su et al.,, 2018).
The density of tensile cracks rises and they expand deeper below the
with
Moreover, the number of shear cracks that appears far from the

unloaded surface increasing pre-confining pressure.
unloaded surface also increase significantly, and these cracks
interpenetrate. It is possible to explain this failure phenomenon
in the following way. On the one hand, the stress change caused by
the sudden unloading of the pre-confining pressure causes the
deformation (extension) of the coal sample near the unloading
surface, and this lateral deformation is causing the tensile cracks.
On the other hand, the instantaneous unloading of the pre-
confining pressure causes an increase in the vertical stress in the
remaining more or less intact part of the coal sample. The higher
the pre-confining pressure, the greater the vertical stress of the
sample after unloading. It promotes the initiation and development
of shear failure in the centre of the coal sample. The failure
mechanism of unloading-induced coalburst gradually transforms
from tensile mode to shear mode as the pre-confining pressure
increases.

4.2 Influence of pre-confining pressure on
energy conversion of coalbursts

Figure 14 presents peak elastic energy, peak kinetic energy and
peak frictional energy of the coal samples under different pre-
confining pressures during unloading-induced coalbursts. The
graph shows that when the pre-confining pressure rises, the
three energies rise as well. The higher the pre-confining stress,
the higher the peak strength of the rock. Therefore, the ultimate
energy-storage capacity of the coal increases with the peak
strength. Compared with low pre-confining pressures, at high
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pre-confining pressures a higher stress change occur at the

moment of unloading, resulting in more tensile cracks
appearing near the unloading surface. Tensile failure is the main
source of kinetic energy increase. The frictional energy is mainly
caused by the shear slip between blocks. Severe shear failure occurs
during coalburst due to the increase in vertical stress induced by
unloading of the high pre-confining pressure, which causes an
increase in frictional energy. The relationship between the above
mentioned three energy types and the pre-confining pressure is not
linear.

The elastic energy displayed in Figure 7 is only the elastic energy
stored in the coal sample. It is well known that the elastic energy
released during coalbursts includes the elastic energy stored in the
sample and the elastic energy stored in the loading system
(Manouchehrian and Cai, 2016; Tarasov and Stacey, 2017; Gao and
Yang, 2021). The elastic energy in the loading plate W should be

calculated as:

o fnax ALl

W; =
L=

®)
where 0pax is the maximum vertical stress monitored at the loading
plate, and the properties of the loading plate are 1 =.1 m, E; = 17 GPa,
and A; =t x .1 m*

Consequently, the conversion ratio of kinetic energy « and the
conversion ratio of frictional energy f are calculated by:

Wk
SRS S 9
* We+ W, ( )

We
= 10
ﬁ Wc+WL ( )

where W and W are the kinetic energy and the frictional energy
during the coalburst, respectively. W and W, are the elastic energy
stored in the coal and the plate, respectively.

Figure 15 shows the conversion ratios of elastic energy into kinetic
and frictional energy during unloading-induced coalbursts under
different pre-confining pressures. As illustrated in Figure 15, the
pre-confining pressure has an important influence on the energy
transformation during a coalburst. In this study, the conversion
ratio of kinetic energy is between 2% and 4% when the pre-
confining pressure is less than 5MPa, which means only a small
percentage of elastic energy is transformed into kinetic energy, which
is consistent with previous findings (Gu and Ozbay, 2015; Hu et al.,
2020). However, the conversion ratio of kinetic energy increases
significantly as the pre-confining pressure continues to rise,
suggesting that more coal fragments and plates are thrown out at a
higher velocity during a severe coalburst. In addition, as the pre-
confining pressure rises, the conversion ratio of frictional energy
increases as well, indicating that the shear failure in coal samples
intensifies and that a shear coalburst occurs under a higher pre-
confining pressure.

4.3 Recommendations to prevent coalbursts

Violent coalbursts can occur in roadway developments as a
result of the unloading of high pre-confining pressure according to
simulation findings. Based on the above research results, three
measures presented below are recommended to prevent the
occurrence of coalbursts. First, a sudden unloading of a coal
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FIGURE 12
Distribution of frictional energy under different pre-confining pressures of (A) .1 MPa; (B) 1 MPa; (C) 2.5 MPa and (D) 5 MPa for different points in time.

pillar with high pre-confining pressure should be avoided, and a  performing large-diameter drilling in the coal to reduce the
slower excavation speed should be adopted to reduce the unloading  energy storage capacity. Third, it is necessary to provide timely
rate in the coal pillar. Second, some measures should be taken to  support to the free surface formed by the excavation, which will
reduce the elastic energy stored in the coal pillar, such as cutting the  inhibit the formation of tensile failures and the expansion of cracks
rock layer above the coal pillar to reduce the vertical load or  away from the unloading surface.
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5 Conclusion

This paper presents a numerical study of unloading-induced

coalbursts failure analysis using DEM and a static-dynamic loading
strategy. This method, well calibrated and validated, is effective in
capturing the typical phenomena of coalbursts. The main conclusions
in respect to the influence of pre-confining pressure on crack
propagation, failure mechanism, energy evolution and energy
conversion during unloading-induced coalbursts are as follows.

1) The pre-confining pressure has a significant effect on crack

development and failure mode of unloading-induced coalbursts.
Localized failure patterns are observed in coalbursts. Regions near
the unloading surface are more prone to tensile failure, while shear
cracks are the main failure type in the centre of the body. With
increasing pre-confining pressure, the failure mechanism of coal
transforms from a tensile coalburst towards a shear coalburst.

The numerical simulations provide direct evidence for the conversion
of stored elastic energy into kinetic energy and frictional energy during
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unloading-induced coalbursts. The evolution of energy is consistent
with the development of cracks. During coalbursts, the higher the pre-
confining pressure, the greater the rate at which the elastic energy
decreases and the greater the rate at which kinetic and frictional energy
increase. Some independent “kinetic energy concentration areas” are
observed during unloading-induced coalbursts, indicating that violent
“internal bursts” occur inside the coal, providing new insights into the
mechanism of coalbursts.

The pre-confining pressure obviously affects the energy transition
during unloading-induced coalbursts. The conversion ratio of
kinetic energy increases non-linearly with increasing pre-
confining pressure, indicating that coalbursts under high pre-
confining pressure are more dangerous. The conversion ratio of
frictional energy is approximately one-quarter of the conversion
ratio of kinetic energy. With increasing pre-confining pressure, the
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conversion ratio of frictional energy also increases non-linearly,
indicating that the coalburst becomes dominated by shear failure
under high pre-confining pressure.
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Stress in rock masses is an important parameter in the design and construction of
underground engineering, such as the design and maintenance of mine roadways
and the design of mining working faces. It is also a fundamental force causing the
deformation and failure of geotechnical engineering excavation. At present, the
abutment-pressure monitoring technology of the surrounding rocks of the coal
mine roadway in China is not intelligent and systematic and lacks some high-
precision sensing instruments and multi-functional monitoring systems. The
mechanical model of the rocks surrounding the borehole was constructed by
theoretical analysis of problems in the stress monitoring technology for
underground rock masses in coal mines. Additionally, the interaction between the
surrounding rocks and the borehole stress meter was analyzed. The borehole stress
meters for tubular-structure fiber Bragg grating (TS-FBG) and cystic-structure fiber
Bragg grating (CS-FBG) were designed by combining the sensing principle and
sensing characteristics of fiber Bragg grating, and the performance of the two
kinds of fiber Bragg grating borehole stress meters was compared by laboratory
test. The track roadway of the 14,301 tested working faces in the Shaqu Coal Mine
was taken as an example, and the stress of the rocks surrounding the 14,301-track
roadway was monitored in real time by CS-FBG borehole stress meter during the
mining of the working face. The following conclusions are drawn from the field
application. The rig-site utilization results revealed obvious stress growth and stress
peak zones in the mining-stress change curves of each measuring point on the two
sides of the 14,301-track roadway in the process of mining the tested working face.
Additionally, there were four stages: rapid rise, uniform growth, rapid rise to the peak,
and rapid decline. Maximum stress monitored by the second station was 18.5 MPa,
and the influence range of stress was over 140 m. Maximum stress monitored by the
first measuring station was 19 MPa, the influence range of stress was about 80 m, and
the peak stress position was about 20 m in front of the coal wall. Rig-site utilization
proved the design of the CS-FBG borehole stress meter to be reasonable.
Performance was stable and reliable, and the successful operation of field
monitoring achieved the expected effect.

KEYWORDS

coal mine roadway, surrounding-rock stress, fiber grating, cystic structure, borehole stress
meter
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Introduction

The stress state of rock masses is an important issue in engineering
rock mechanics. Stress in rock masses is an important parameter for
the design and construction of underground engineering, such as in
mine roadway design and maintenance and the design of mining
working faces (Hao, 2022; Liu et al., 2022; Yang et al., 2022a; Yang
et al, 2022b). It is also a fundamental force causing excavation
deformation and damage in geotechnical engineering, such as in
mining (Wang et al,, 2020; Liu and Li, 2022; Liu et al., 2022; Wang
et al.,, 2022; Zhou et al., 2022). Therefore, the stress states and stress
field characteristics of rocks after being disturbed, and the real-time
monitoring technology of mining-induced stress, are studied. This
research has great significance for the prevention and control of
dynamic coal and rock disasters (e.g., control of rock burst, coal-
gas outburst, coal wall spalling, and roadway roof collapse) and for
mine safety production (e.g., the risk assessment of the working face
area, roof control, and roadway support) (Ma et al., 2016; Sun et al,
2022; Yang et al., 2022a).

Researchers have studied monitoring technology for mining stress in
rocks surrounding mine roadways (Torres et al., 2011; Ray et al., 2018;
Wang et al., 2020). At present, abutment-pressure monitoring technology
for the rocks surrounding coal mine roadways in China is not intelligent
or systematic, and it lacks high-precision sensing instruments and multi-
functional monitoring systems. There are mature theories and field
applications for commonly used electromagnetic radiation monitoring
technology, microseismic testing technology, and borehole stress meter
testing methods in the stress monitoring of rock surrounding roadways
(Tao et al, 2019; Wang et al, 2020; Chai et al, 2021). However,
electromagnetic radiation monitoring technology and microseismic
testing technology are easily affected by external electrical equipment,
and their cost is high. The signal conversion of the borehole stress meter
test is limited to the electric type. Monitoring accuracy is not high because
the electric sensor is vulnerable to electromagnetic interference.
Additionally, test system matching is lacking, and the degree of
intelligence and integration is low. Therefore, research on improving
the signal conversion mode and the monitoring accuracy of borehole
stress meters is insufficient, and further research is needed to improve its
intelligence and systematization.

Fiber sensors based on fiber Bragg grating are a new type of all-
fiber functional passive sensor (Zhou et al., 2012; Sonnenfeld et al.,
2015; Liang et al., 2019), with the advantages of being intrinsically safe,
small in size, lightweight, corrosion resistant, electromagnetic-
interference resistant, and safe and reliable to use. Meanwhile,
transmission and perception are integrated to form a distributed
sensor network. It is a promising new sensor technology for coal
mines, which can realize the sensor monitoring of temperature, strain,
pressure, torque, and other physical quantities. Liang et al. (2022)
proposed a three-dimensional stress monitoring method for
surrounding rocks based on fiber Bragg grating sensing technology.
A cube-shaped three-dimensional stress fiber grating sensor was
developed based on the principle of the monitoring method. Wan
et al. (2021) developed a fiber Bragg grating stress sensor to measure
stress variation between the lower-excavation damaged zone and the
upper undistributed rock. Li (2015) proposed a stress monitoring
system for surrounding rocks based on optical fiber sensing
technology. Wei et al. (2015) used fiber Bragg grating sensing to
monitor the three-dimensional stress state of surrounding rocks and
its change law with mining. Additionally, a correlative simulation
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experiment was carried out. Zhang et al. (2020) developed a stress-
displacement monitoring system with a multi-point of one hole and
tested its measuring function.

However, most of these studies contain theoretical analysis,
laboratory research, or geotechnical engineering applications; the
research results are rarely generalized and applied in underground
coal mines. Moreover, there are few studies on fiber Bragg grating
borehole stress meters in coal mines (Xu et al., 2017; Liang et al., 2018;
Liang and Fang, 2018). Therefore, it is necessary to develop a fiber
Bragg grating borehole stress meter suitable for the stress monitoring
of the rocks surrounding coal mine roadways.

Based on existing research on borehole stress meters, interactions
between rocks surrounding mines and borehole stress meters were
analyzed theoretically by constructing a mechanical model of the
surrounding rock of the borehole. The structure of the fiber-grating
borehole stress meter was optimized, and its performance was tested
by fiber sensing technology. Combined with the geological conditions
of the coal mine, the abutment pressure of the rock surrounding the
roadway was measured onsite using the optimized design of the CS-
FBG borehole stress meter. The research results can improve the
intelligent mining-stress monitoring of mine roadways and reveal the
distribution characteristics and evolution law of the surrounding-rock
stress field of roadways, and they can be used to study coal and rock
dynamic disasters and roadway-support design.

Basic theory and characteristics of fiber
Bragg grating sensing

Fiber (Daichi et al., 2018; Guo et al., 2022; Liang et al., 2022) is
primarily composed of a core, cladding, coating (protective layer),
reinforced fiber, and protective sheath. Core and cladding are the main
parts of the fiber, with a diameter of about 125 um, and play decisive
roles in transmitting light waves. The coating layer, reinforced fiber,
and protective sleeve are mainly used to isolate stray light, improve
fiber strength, and protect. The basic working principle of optical
fibers (Daichi et al., 2018; Guo et al., 2022; Liang et al., 2022) is based
on total light reflection. Light propagates in the core. Since the
refractive index of the core is greater than that of the cladding,
when the numerical aperture meets the total reflection condition,
the incident light is not refracted and propagates through core
reflection. Therefore, optical fibers can confine electromagnetic
wave energy in the form of light in their core by total reflection
and guide the light wave along the direction of the fiber axis. Figure 1
shows optical fiber (the part between the small black dots in the figure
is the grating region, and the rest is the optical fiber region).

Fiber Bragg grating uses ultraviolet light to change the structure of
the fiber core so that the refractive index of the core changes
periodically under optical waveguides. A mirror-like device built
into the core transmits light waves with a grating effect. Light that
meets the grating wavelength condition is reflected, and the rest of the
light is transmitted. The basic principle of fiber Bragg grating sensing
(Chan et al., 2006; Ho et al., 2013; Yang et al., 2015) is that the change
of external parameters shifts the reflected light wavelength, and
changing external parameters can be obtained by detecting the shift
of the wavelength. Figure 2 shows the structure and sensing
characteristics of fiber Bragg grating.

When a light beam is injected into fiber Bragg grating, effective
reflection is generated if the Bragg condition is met. The peak
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Structure and sensing characteristics of fiber Bragg grating.

wavelength of reflected light is called the Bragg wavelength, which is as
follows in single-mode fibers (Chan et al., 2006; Ho et al., 2013; Yang
et al., 2015):

AB =2neffA (1)

where A3 is the reflected central wavelength of the Bragg grating, n.4is
the effective refractive index of the fiber core during fiber propagation,
and A is the period of the grating.

The reflected central wavelength of the Bragg grating (A5) changes
with changed n.; and A. Both parameters, sensitive to changed
external stress and temperatures, change the grid distance of the
Bragg grating. The central wavelength reflected after entering the
grating changes accordingly.

When the fiber Bragg grating is influenced by the external
environment (stress, temperature, etc.), A and Nefy change.
Wavelength variation AAp reflected from the grating can be
expressed as (Chan et al.,, 2006; Ho et al.,, 2013; Yang et al., 2015)

MB = 2AﬂeffA + 21’leffAA (2)

where Ay is the wavelength variation reflected from the grating, An
is the refractive index variation of an optical fiber, and AA is the
grating period variation.

The wavelength of A5 changes correspondingly with changed .4
and A. A and the effective refractive index of the reverse coupled mode
are the main factors affecting the reflection and transmission spectra
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of the fiber Bragg grating, and any change in the two values changes
the wavelength of the Bragg grating.

When fiber Bragg grating is used to monitor stress and strain, stress
acting on it changes the grating spacing and the central wavelength (Ap) of
light it reflects. Meanwhile, n.4 is affected by strain and temperature
because of the elastic-optical and thermo-optical effects. The fiber length
changes, and thermal expansion affects A, under the two effects. Changes
in both cause Az drift in the Bragg grating.

Analysis of interaction between the
surrounding rocks of the roadway and
borehole stress meter

Establishment of the mechanical model

At present, the borehole stress meter (Kang et al., 2010; Waclawik
et al, 2016; Waclawik et al., 2017; Yun et al., 2017) is the most
common and mature monitoring instrument for the coal mine
in the
surrounding the roadway. Some rocks surrounding the hole shrink

roadway. Firstly, a borehole is constructed rocks
into the hole with unloading. The borehole stress meter, filled with
hydraulic oil, is buried in the borehole. Since the stress meter has a
certain initial pressure, it can support the surrounding rocks. When
surrounding rocks are disturbed, they squeeze into the borehole. The
stress meter in the borehole compresses and interacts with the
borehole wall. The surrounding rocks squeeze the stress meter
inwards, and the stress meter supports the surrounding rocks
outwards. Mining stress can be accurately monitored by converting
this interaction into signal output. Therefore, the key to the method is
to ensure that the borehole stress meter can fully function with the
borehole wall of the surrounding rocks.

The surrounding rocks of the roadway are in the original
equilibrium state before drilling; the original state is broken after
drilling. The borehole wall falls off and deforms, and borehole stress is
released and transferred. Surrounding rock stress is redistributed after
some time, forming a plastic region in the rocks surrounding the
borehole. Radial stress gradually increases with the distance from the
borehole center. The surrounding rocks transition from the plastic
state to the elastic state in a bidirectional stress state, with improved
strength. Figure 3 shows the mechanical model of drilling in
surrounding rocks. R, is the radius of the drilling hole; R; and R,
are the radiuses of the plastic and elastic regions, respectively; oy is the
original stress of the surrounding rocks; and p; is the force exerted by
the stress meter on the hole wall.

Analysis of relationships
1) Borehole stress meter taken as the research object

The borehole stress meter is approximated as a thin-walled
cylinder,
(Figure 4). p/ is the force exerted by the borehole wall on the
stress meter, f is the force exerted by the hydraulic oil on the inner
wall of stress meter, and o; is the stress on the transverse section of the

and the mechanical analysis model is established

stress meter.
If the influence of the supporting capacity and stress transfer
efficiency ({) of the stress meter material cannot be ignored (Kang
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FIGURE 3
Mechanical model of drilling.

et al., 2010; Waclawik et al., 2016; Waclawik et al., 2017; Yun et al,,
2017), then the supporting force p; of the stress meter material can be
defined as

p=0f (3)

where AMy is the force exerted by the stress meter on the hole wall, {is
the stress transfer efficiency, and fis the force exerted by the hydraulic
oil on the inner wall of the stress meter.

The force balance analysis of the radial direction of the stress meter
is used to obtain

pl=pitf=01+0f ()

where p;’ is the force exerted by the borehole wall on the stress meter.
The axial direction of the stress meter is analyzed according to
knowledge of material mechanics:

_2R0><f_R0f
a2t

(41 (5)
where 0 is the stress on the transverse section of stress meter, R, is
the radius of the drilling hole, and ¢ is the wall thickness of the stress
meter.

Assuming that ¢ is the wall thickness of the stress meter, first
strength theory and cylinder-wall-thickness limit theory (Kang et al.,
2010; Waclawik et al., 2016; Waclawik et al., 2017; Yun et al., 2017) are
used to obtain

_ 2t[o]
f= t+ 2R,

(6)

where [o] is the ultimate strength in unidirectional stretching.
According to Eq. 4 and Eq. 6, the limit value of force exerted by the
hole wall on the stress meter can be denoted as

p_ 2ol +0)

S = 7
t+ 2R, @

2) Surrounding rocks taken as research objects
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FIGURE 4
Mechanical model of borehole stress meter.

Surrounding rocks are taken as the objects, and only radial stress is
studied. A borehole built into the surrounding rocks forms plastic and
elastic regions in turn. According to the principle of calculus (Kang
et al., 2010; Waclawik et al., 2016; Waclawik et al., 2017; Yun et al.,
2017), the tiny units in each stress zone are taken for force analysis. p;
is the stress of the meter on the hole wall, C,,, is the cohesion of the coal
mass, and ¢,, is the angle of internal friction.

® When the tiny element is located in the plastic region

The mechanical model is established (Figure 5). The force balance
analysis of the element is carried out in the radial direction (Kang et al.,
2010; Waclawik et al., 2016; Waclawik et al., 2017; Yun et al., 2017) to
obtain

. (df
o,rd0 + 20y sm<7>dr = (0, +do,)(r + dr)do (8)
where 0, is the stress on the element in the radial direction; oy is the
stress on the element in the circumferential direction, and r is the tiny
unit radius.

Since dy is small and the plastic region meets the strength
condition of Mohr’s straight line (Kang et al, 2010; Waclawik
et al., 2016; Waclawik et al., 2017; Yun et al., 2017),

(09 — 0,)dr = rdr
)

gg+Cypcotg, 1+sing, .
0, +Cycotd, 1-sing,

Based on the boundary conditions of the contact surface between
the surrounding rocks and the stress meter, it is simplified and
deduced that element stress (Kang et al, 2010; Waclawik et al,
2016; Waclawik et al., 2017; Yun et al., 2017) is

25in gy
o, = (pl + Cm cot ¢m)<RL> 1 m — Cm cot ¢m (10)
0

@ When the tiny element is located in the elastic region

The mechanical model is established (Figure 6). Surrounding rocks
can be approximated as a thick-walled cylinder, and o; is the stress at
the outer boundary of the plastic region. According to the Lame formula
(Kang et al., 2010; Waclawik et al., 2016; Waclawik et al., 2017; Yun
et al, 2017), stress in this region can be expressed as
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Elastic region

FIGURE 5
Mechanical model of plastic region.
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where op; is the stress at the outer boundary of the plastic region, and
0y is the original stress of surrounding rocks.

Interaction analysis

Surrounding rocks are in their original stress state before the
borehole is constructed. Surrounding rocks in the stress-relief area
shrink inward after the borehole is constructed with a certain diameter
at a certain point. The borehole stress meter with certain initial stress is
placed in the borehole. Surrounding rocks shrink inward and
gradually interact with the stress meter with the influence of
external excavation-engineering disturbance. It is assumed that the
disturbance influence does not produce a collapsing hole, large crack,
or large-scale fracture zone. The initial stress of the borehole stress
meter is assumed to be equal to the force exerted by the stress meter on
the hole wall. Figure 7 shows the interaction between the surrounding
rocks of the roadway and the borehole stress meter. The interaction is
analyzed as follows:

@ Figure 7A shows the diagram when initial stress p; of the
borehole stress meter is less than o,. Since the stress on the
hole wall is less than the stress before release, the stress meter
cannot support the surrounding rocks. Surrounding rocks
continue to shrink inward, and stress gradually increases
until it is equal to the stress of the surrounding rocks at
inner point A. The stress meter starts to work properly.
Therefore, increasing the initial stress of the borehole stress
meter is a prerequisite for the normal use of the stress meter.

@ Figure 7B shows the interaction when the initial stress p; of the
borehole stress meter is equal to oy. Since the stress meter exerts
the same force on the hole wall before stress release, the
surrounding rocks return to their original position B under
the support of the stress meter. The stress meter can make the
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Elastic region

FIGURE 6
Mechanical model of elastic region.

surrounding rocks no longer shrink, and it starts to work
normally. The initial stress value is the optimal value for the
normal operation of the stress meter in this case.

® Figure 7C shows the interaction when the initial stress p; of the
borehole stress meter is greater than 0. Surrounding rocks are
supported and extended outward due to large initial stress.
Stress on the surrounding rocks decreases with the gradual
expansion of the stress meter. The stress of the surrounding
rocks gradually increases until the stress meter stress is equal to
the stress of the surrounding rocks at the external point C due to
mining influence. At this time, the stress meter starts to work
normally.

The initial stress of the borehole stress meter and the original stress
of the surrounding rocks significantly affect the working state of the
stress meter. Only when the initial stress of the borehole stress meter is
as large as possible and the elasticity of borehole stress meter is good
enough can the borehole stress meter work well. Therefore, the
monitoring accuracy of the borehole stress meter is improved by
increasing the initial stress value and improving the scalability of the
borehole stress meter.

Design of fiber-grating borehole stress
meter

Design principle

The vibrating-string stress meter (Tang et al., 2016; Wang et al.,
2019; Yu et al,, 2021) is mainly composed of a hollow steel cylinder,
steel string, and embedded electromagnetic coil. It is necessary to pre-
load the steel string, put the cylinder into the borehole, and make the
cylinder and the surrounding rocks of the borehole fit tightly together.
When the cylinder is stressed, the steel strings are extruded and
vibrated. According to the vibration frequency, cylinder stress can
be measured to obtain borehole stress.
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FIGURE 7

Analysis of the interaction between surrounding rocks and
borehole stress meter. (A) pi<oo. (B) pj=0o. (C) p;>0o.

The KSE hydraulic borehole stress meter (Hei et al., 2020; Wang
et al., 2020) is mainly used to connect the inclusion, guide tubing,
pressure-frequency converter, and other parts into a closed oil-circuit
system. When the surrounding rocks of the borehole pressure the
inclusions, the pressure-frequency converter converts the liquid
pressure inside the inclusions into the corresponding electrical
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frequency signal, and the corresponding borehole stress variation
can be obtained according to frequency variation.

Referring to the design principles of the above two kinds of
stress meter, the fiber Bragg grating borehole stress meter designed
in this study was mainly composed of a pressure cushion and fiber
Bragg grating piezometer. When this kind of stress meter was used,
fiber Bragg grating borehole stress was placed in the borehole and
certain initial stress was applied. When the surrounding rocks were
disturbed, the pressure cushion was squeezed. It sensed the
pressure and sent it to the fiber Bragg grating piezometer
through hydraulic oil in the pressure cushion. The fiber Bragg
grating piezometer converted the pressure change into the
wavelength drift.

Borehole stress meter design and
performance test

1) Design of the TS-FBG borehole stress meter

The TS-FBG borehole stress meter and the pressure cushion are
designed in a thin-wall stainless-steel cylindrical tubular structure. It is
made by connecting an external fiber-grating pressure meter and
encapsulating it in the outer end. The tubular structure is used as the
pressure sensing area and the grating area as the sensing area. Finally,
optical fibers are extracted and connected with a fiber Bragg grating
demodulator to realize the communication of monitoring signals.
Figure 8 shows the designed TS-FBG borehole stress meter.

The TS-FBG borehole stress meter has a standard measuring range of
up to 60 MPa, which can work for a long time under the mine without
being affected by the electromagnetic signals of the surrounding
environment. Table 1 shows the main technical parameters.

A hydraulic servo loading testing machine was used to test the
performance of the designed TS-FBG borehole stress meter. The TS-
FBG borehole stress meter should be sorted according to wavelength
and the circuit should be checked before the
experimental test. The TS-FBG borehole stress meter was first

classification,

placed on the fixture of two semi-arc bearing structures at the
beginning of the experimental test, and the whole structure was
placed under the pressure valve of the testing machine.
Additionally, the bearing structure and TS-FBG borehole stress
meter were checked for uniform force. The TS-FBG borehole stress
meter was connected to the fiber Bragg grating demodulation system,
and we checked whether the instrument works properly. The initial
pressure was applied to the TS-FBG borehole stress meter, and
relevant data were recorded. The pressure was continued for the
performance test after data and equipment were stabilized. Figure 9
shows photos before and after the performance test of the TS-FBG
borehole stress meter.

The performance test of the TS-FBG borehole stress meter shows
that when the metal tube is filled with hydraulic oil, the pressure
induction zone is easily deformed beyond the elastic limit of the thin-
walled tube when a certain pressure is applied. Meanwhile, the metal
tube is only a thin-walled tube with poor expansion and scalability,
which can easily cause oil leakage and result in inaccurate tests or even
failure. Furthermore, this design is time-consuming and laborious in
oil injection and does not have the function of pressure regulation,
which greatly affects the test results and makes the test fail to collect
effective experimental data.
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FIGURE 8
TS-FBG borehole stress meter. (A) Schematic diagram of stress
meter. (B) Physical drawing of stress meter.

TABLE 1 Main technical parameters of the TS-FBG borehole stress meter.

Technical specification Parameter

Standard measuring range 60 MPa

Wavelength range 1,510-1,590 nm

Measuring time <ls
Measurement accuracy <1% F-S
Operating temperature -10-80 °C

Overall dimensions @35 x350 mm

Encapsulation modes Metallic stainless-steel package

Forms of efferent fibers Single-ended single-core outgoing fiber

Joint types FC/APC
Level of protection P67

Level of safety Primary safety level

2) Design of the CS-FBG borehole stress meter

The second type was further optimized in view of the problems
with the first type of TS-FBG borehole stress meter. Its structure is
mainly composed of a quadrangular cone end, pressure cushion,
sensitization pad, check valve, fiber grating piezometer, and
protective sleeve. A pressure cushion was designed into a cystic
structure, and four sensitizing pads were installed on its outer
surface. The one-way valve was connected to a pressure cushion
and fiber Bragg grating piezometer. The fiber Bragg grating
piezometer and signal transmission cables were protected by
protective sleeves. When used, the capsular pressure cushion and
sensitizing pad were used as the pressure sensing area, and the grating
area was used as the sensing area. The signal transmission cable is
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FIGURE 9
Before and after the performance test of the TS-FBG borehole
stress meter. (A) Before the test. (B) After the test.

connected to the fiber Bragg grating demodulation instrument to
realize the communication of monitoring signals. Figure 10 shows the
designed CS-FBG borehole stress meter.

The design of the CS-FBG borehole stress meter has a standard
measuring range of up to 60 MPa, which can work for a long time
under the mine without being affected by the electromagnetic signals
of the surrounding environment. Table 2 shows the main technical
parameters.

The original metal tubular pressure cushion was changed into a
cystic structure to improve the compression resistance and force
sensitivity of the pressure cushion, and four cuboid sensitizing pads
were fixed on the outer surface of the pressure cushion. The sensitizing
pad has a length of 130 mm, a width of 20 mm, and a thickness of
4 mm. There is a small gap between the sensitizing pad and the
pressure cushion. The front and rear ends of the sensitizing pad were
designed with a similar quadrangular cone structure, which formed
four branches. Four branches met at one point and were fixed to each
other.

This design increased the stability of the stress meter and the
pressure sensitivity and flexibility of the pressure cushion. The design
has the following advantages: it changes the contact mode of the whole
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FIGURE 10
CS-FBG borehole stress meter. (A) Schematic diagram of stress
meter. (B) Physical drawing of stress meter.

TABLE 2 Main technical parameters of the CS-FBG borehole stress meter.

Technical specifications Parameter

Resolution 6 KPa

Standard measuring range 60 MPa

Wavelength range 1,520-1,580 nm

Measurement accuracy 0.01 MPa

Level of protection IP 67

Level of safety Primary safety level

Lead wire of the sensor head FC/APC Armored cable

Installation mode Drilling installation
Canning material Stainless steel

Reflectance >90%

Operating temperature -20-80°C

plane between the tubular structure and surrounding rocks into a local
contact mode, improves the bearing capacity of the pressure cushion
under the same pressure, and prolongs the service time of the stress
meter. Figure 11 shows the design of the pressure cushion quadrangle
end and sensitizing pad.

A hollow check valve was installed between the pressure cushion
and fiber grating piezometer to keep the oil pressure in the pressure
cushion stable and make the oil injection convenient. The check valve
has a thread design to facilitate the assembly and connection of the
fiber grating piezometer and protective sleeves. Its outer diameter is
28 mm, with an inner diameter of 18 mm, and a wall thickness of
5mm; an oil hole with a diameter of 6 mm exists at its bottom.
Figure 12 shows the check valve.

The performance of the CS-FBG borehole stress meter was
tested by an MTS automatic servo-pressure testing machine. The
testing machine can realize automatic data storage and recording
and has a multifunctional display function. An experimental test
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FIGURE 11
Designed pressure-cushion end and sensitizing pad. (A)
Quadrangular cone end. (B) End and sensitizing pad.

mold of the confining pressure was designed to keep the pressure
cushion under uniform force and to restore the surrounding rock
stress environment when the borehole stress meter was used in the
field (Figure 13). The mold was divided into fixed and pressing
molds. The fixed mold was a rectangular container with a
U-shaped groove inside, and the pressing mold was a semi-
cylindrical pressing plate. The cuboid of the fixed mold part
was 800 mm long, 200 mm wide, and 100 mm high. The radius
of the U-shaped groove was 70 mm and that of the pressing mold
was 25 mm.

Micron Optic Company’s classic Sm125 Fiber Bragg grating
static demodulation instrument was used for the stress meter
performance experiment (Sun et al., 2019; Tian et al., 2019; Wu
et al,, 2019). It has a wavelength resolution of 1 p.m. and a
wavelength scanning range of 1,510-1,590 nm. The software
system is integrated with MOI-ENLIGHT, and the client
program interacts with the Windows system. Figure 14 shows a
fiber Bragg grating static demodulator.

The experimental methods and operating procedures of the stress
meter performance test are as follows:
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FIGURE 12
Check valve.
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FIGURE 13
Performance-test equipment of borehole stress meter.

@ The fiber Bragg grating borehole stress meter was connected to
the demodulator before the experiment. The initial stress meter
pressure was small in order to test the tightness of stress meter
and check for oil leakage.

@ Sand, crushed coal, and rock blocks were laid in turn in the
cuboid fixed mold and mixed with water in a certain
proportion. The borehole stress meter was buried in it and
placed for 24 h after compacting and filling.

® The prepared model was put on the pressure plate of the
pressure test machine. The pigtail of the borehole stress
meter was drawn out of the model, and the semi-
cylindrical pressure plate on the model of borehole stress
meter was put right above the model. We ensured that the
stress of the stress meter was uniform and that it played a
certain protective role during the pressure.

@ The pressure test machine was debugged and checked for
normal functioning, and users became familiar with the use

of the test machine and related settings.

® A cotton sheet glued with alcohol was used to wipe the pigtail
joint of the borehole stress meter and the optical jack of the
demodulator. The tail fiber of the borehole stress meter was
connected to one of the channels of the demodulator after
drying, and the network interface of the computer was
connected to the network interface of the demodulator
through the network cable. The demodulation device was
started and parameters such as IP communication protocol
and collection frequency were set. Then data collection was
performed.
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FIGURE 14
Fiber Bragg grating static demodulator.

® The height of the pressing plate was lowered to contact the mold at

the beginning of the experiment, then changed to a small range
pressure mode to reduce the falling speed of the pressing plate.
When the pressure data of the servo system fluctuated significantly,
the equal gradient pressure mode was used to increase the load by
20 KN each time until the load reached 300 KN. Demodulator
software automatically recorded the monitoring data of the whole
loading process.

@ Unloading was done with the same gradient until the
pressure exerted by the experimental machine on the
mold was zero after loading. The large-range pressure
mode was used to rapidly raise the pressing plate. The
remaining model was replaced and the same loading and
unloading test carried out.

The monitoring data were sorted, and the borehole stress meter
and experimental machine were checked. The site was cleaned
up and the experimental test completed.

Three groups of loading and unloading experiments were carried
out, and one group of experimental test data was selected for analysis
(Table 3). Figure 15 shows the pressure- and wavelength-changing
curve applied by the experimental machine.

The surrounding rock pressure subjected to the fiber grating
borehole stress meter increases simultaneously with increasing
pressure exerted by the experimental machine in the test
(Figure 15). Also, the grating wavelength changes constantly. The
wavelength decreases continuously during the loading process and
increases continuously during the unloading process.

The changing curve of the pressure and wavelength applied by the
experimental machine can be divided into two stages. 1) In the
pressure-boost stage, the borehole stress meter is gradually
compacted and fitted closely with sand in the mold, with a small
slope of the curve and the slow change. The pressure on the mold is
small at the early stage of pressurization. The initial stress of the
borehole stress meter is not enough and the expansion is insufficient,
failing to interact with the sands and stones in the mold. 2) The
borehole stress meter and sand in the mold are compacted and fitted
closely at the pressure-stabilizing stage. The borehole stress meter
bears the pressure, and the slope of the curve is large. Then, the grating
wavelength and the applied pressure present a linear change. The
borehole stress meter interacts with the sand in the mold, and the test
is reliable.
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TABLE 3 Experimental data for the performance test of the CS-FBG borehole stress meter.

Number of Loading Wave wavelength Unloading Wave Wavelength
test pressure/KN length/nm variation pressure/KN length/nm variation
1 0 1546.1242 - 300 1545375 -
2 20 1546.1215 0.00272 280 1545.4202 0.0452
3 40 1546.1022 0.01923 260 1545.4591 0.0389
4 60 1546.049 0.05323 240 1545.5368 0.0777
5 80 1545.9693 0.07974 220 1545.5718 0.035
6 100 1545.9183 0.051 200 1545.6018 0.03
7 120 1545.8625 0.05576 180 1545.6893 0.0875
8 140 1545.8125 0.05002 160 1545.7439 0.0546
9 160 1545.7606 0.05185 140 1545.7908 0.0469
10 180 1545.7098 0.05082 120 1545.8389 0.0481
11 200 1545.6498 0.05998 100 1545.8705 0.0316
12 220 1545.5955 0.05436 80 1545.942 0.0715
13 240 1545.5437 0.05179 60 1545.9924 0.0504
14 260 1545.4903 0.05341 40 1546.0787 0.0863
15 280 1545.439 0.05132 20 1546.0859 0.0072
16 300 1545.3852 0.05377 0 1546.105 0.0191
meter is optimized, its scalability and initial pressure should be
1546.2 studied in the next step.
—@— Test of loading
1546.14 —@— Test of unloading
1546.0 . . . . .
Rig-site utilization and effect analysis
1545.9-
£
ﬁ . .
B 154581 Mine overview
o
o 154577
g 1545.64 The Shaqu Coal Mine of Huajin Coking Coal Co., Ltd. is
1545.5.] located in Liulin County, Luliang City, Shanxi Province, China.
The mine strike length is 22 km, the inclined direction is 4.5-8 km
1545.4 . . . .
wide, and the area is 138.35 km”. The whole minefield is a gently
15453 inclined monoclinic structure with small local folds and faults.

020 40 60 80 100120 140160 180200220 240 260280300320 i ;
Load applied/KN The structure of the minefield belongs to a simple type. The
mining area is rich in high-quality coking coal, and the dip angle

FIGURE 15 is gentle, generally 3°-7°. It is identified as a high gas mine with an

Changing curve between the pressure and wavelength. . 3. .
absolute gas emission rate of 422.28 m*/min and a relative gas

emission rate of 81.84 m*/t. Shaqu Mine is the second-highest gas
mine in China.

In summary, the second kind of CS-FBG borehole stress meter
can meet the requirements of field use. A good linear relationship
exists between the grating wavelength and applied pressure during
the loading and unloading test. The wavelength varies with the
pressure applied, and the value of the wavelength at unloading is
slightly smaller than at loading. The wavelength changes unevenly
during the loading and unloading process of each stage, and the
change value is about .05 nm, indicating the high sensitivity of the
CS-FBG borehole stress meter. However, the pressure cushion of
the borehole stress meter is seriously deformed after the test
(Figure 16), and it is difficult to reuse. Structural scalability
must still be optimized and improved. When the borehole stress
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The traditional electromagnetic sensor has certain dangers in
the underground arrangement. Observation data have large errors
and serious lag when manually observing and recording the stress
variation of the surrounding rocks of the roadway. A real-time
monitoring system of roadway-surrounding rock stress based on
fiber Bragg grating sensor technology was installed in the 14,301-
track roadway to promote the new technology and the timeliness of
monitoring.

The 14,301 working face was the first mining face in the South
mining area 3#, inclined to a longwall mining layout. The south
was the unexcavated 14,302 working face; north and east were the
village-protection coal pillars; west to the south was the main entry
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FIGURE 16
Deformation of borehole stress meter after the test

of mining area 3#. The average thickness of coal seam 4# was
2.45 m, with an average dip angle of 6° and an average burial depth
of 400 m. The inclined length of the 14,301 working face was
220 m, and the 1,145m. The
14,301 working face adopted a Y-shaped ventilation mode. The
length of the track roadway is 1,260 m, and the length of the belt
roadway is 1,300 m. The two layers of coal were mined together

strike mining length was

due to the small spacing between coal seams 3 and 4# in the front
part of the working face. However, the spacing between the coal
seams 3 and 4# is larger in the back part of the working face, so the
two coal layers must be mined separately. A second setup entry was
dug at 805 m of the belt roadway and 769 m of the track roadway,
and the track roadway was retained by gob entry technology as the
roadway of the next working face. Figure 17 shows the layout of the
14,301 working face.

Layout design of borehole stress meter

Two monitoring stations were arranged in the 14,301-track
roadway, combined with the requirements of the mining stress
monitoring of surrounding rocks of the roadway to test the rig-site
utilization of the CS-FBG borehole stress meter. Stations 1 and 2#
were arranged about 910 m and 660 m away from the open cut of
the 14,301 working face respectively (Figure 17). Six measuring
points were arranged in each monitoring station, and three
measuring points were arranged on the upper side of the
roadway and the lower side of the coal pillar (Figure 18A). A

10.3389/feart.2022.1122579

drilling rig was used to cut holes at a height of 1.5m from the
roadway floor to simultaneously monitor the distribution and
change of mining stress at different depths of surrounding rocks
on two sides of the track roadway (Figure 18B). Additionally, drill
holes with depths of 1, 3, and 5 m were constructed, and the spacing
between adjacent holes was 2 m. The CS-FBG borehole stress meter
was installed in each borehole (Figures 18C, D), and 12 were
installed in two measuring stations.

The field installation process and steps of the CS-FBG borehole
stress meter are as follows:

@ Holes were drilled with depths of 1, 3, and 5 m along the floor at
a height of 1.5m in the two measuring stations of the track
roadway, according to the requirements of the measuring point
layout. The spacing between adjacent holes is 2 m.

® The borehole diameter should be about 10 mm larger than
the borehole stress meter to prevent the borehole stress
meter from becoming stuck in the borehole during
installation and make it quickly contact with
surrounding rocks.

® The drilling hole should be cleaned after drilling. First, the hole
bottom was cleared and then the surrounding rocks of the
drilling hole were cleaned. A wooden pole was used to wrap a
towel layer. Desiccants were applied to dry the drill holes, and a
clean towel was replaced each time.

@ An anchorage agent was placed in the borehole after the
borehole was cleaned to make full contact between the
borehole stress meter and the surrounding rocks. Then the
CS-FBG borehole stress meter was slowly pushed into the
borehole with a push rod. The push rod should not be
rotated during pushing into the borehole stress meter to
prevent the optical fiber pigtail at the tail of borehole stress
meter from being torn off during rotation.

® Cement mortars were pushed into borehole, and grouting was
stopped when mortars were filled and flowed out of the orifice. The
borehole stress meter was cemented into surrounding rocks by
mortars.

® The CS-FBG borehole stress meter was drawn out to the drilling
hole, and the splitter and adapter were connected in order. Then
the main optical cable was connected to the base station by the
flange. Figure 18 shows the field installation of the borehole
stress meter.

Belt roadway

Nanshan centralized Air distributi d
J &/ return air roadway /w
][ [

Nanshan Track roadway

The second
open cut

Statlon 1#  Station 2#

{
5/ Open cut

Working face 14301 <

Track roadway Working face
A mining direction

EDtDEEDCEDEDZSQDj CJ

i
', Nanshan belt roadway

FIGURE 17
Layout of the 14,301 working face.
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FIGURE 18

Field installation and layout of the CS-FBG borehole stress meter.

(A) Layout design of borehole stress meter. (B) Site construction drawing
of borehole. (C) CS-FBG borehole stress meter. (D) Field installation of
roadway sides.

Rig-site utilization effect analysis
The mining-stress monitoring system of the surrounding rocks of the

fiber Bragg grating roadway can monitor the abutment pressure at
different depths in real time after the installation and debugging of the
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FIGURE 19

Vertical mining stress curves of each measuring point in the track
roadway of the second measuring station. (A) Upper side of the track
roadway. (B) Lower side of the track roadway.

14,301-track roadway. The mining-stress variation curves of the
surrounding rocks of the 14,301-track roadway at different depths are
obtained through the collection and analysis of the monitoring data of the
two stations (Figures 19A,B).

The mining-stress distribution curves of the two sides of the 14,301-track
roadway have the same change law during mining of the 14,301 working face
(Figure 19). It shows four stages: rapid rise, uniform growth, rapid rise to the
peak, and rapid decline. When the measuring point is 50 m away from the
working face, the increase in stress is small. When the distance from the
working face is within 50 m, stress starts to increase rapidly. When the
distance from the working face is about 20 m, stress reaches its peak. As the
distance from the working face decreases further, stress drops sharply until
the measuring point fails. Stress increases overall with the increased depth of
the measurement point, but the increased amplitude is not uniform.

Figure 19A shows obvious stress growth areas and stress
concentration areas in the stopping process. When the measuring
point enters the range of 140 m, the stress of the measuring point with
3-m depth jumps up first, indicating that the surrounding rock enters
the zone affected by mining stress. Subsequently, stress increases
uniformly at different depth-measurement points. When the
measuring point enters the working face within 40 m, the stress of
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FIGURE 20

Vertical mining-stress curves of each measuring point in the track
roadway of the first measuring station. (A) Upper side of the track
roadway. (B) Lower side of the track roadway.

the measuring point with 1-m depth rises rapidly, indicating that
surrounding rocks enter the advanced stress concentration area of the
working face. When the measuring point is at about 20 m, the stress
reaches a peak of 18.5 MPa and then drops rapidly until the working
face advances past the measuring point, which fails the measuring
point. The stress of measuring points at different depth is compared.
Vertical stress increases with the increased depth of surrounding
rocks, and peak stress at the measuring point at 5m is the largest
because surrounding rocks at different depths are disturbed by mining
to different degrees.

The stress growth and stress concentration zones are also obvious in
the process of mining the working face (Figure 19B). When measuring
points are within 145 m of the working face, measuring points at 3 and 5 m
first enter the mining-stress-affected zone. When the measuring point
enters the working face within 50 m, the stress of each measuring point
increases rapidly and enters the rapid growth area. When the measuring
point enters the working face within 18 m, the stress of each measuring
point reaches a peak. The disturbance influence of the measuring point
with 1-m depth is not significant when comparing the stress of each
measuring point without planting depth, and the increased amplitude is
relatively gentle in the process of mining the working face.
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The measuring points of the first measuring station are similar to
those of the second measuring station during the mining of the
14,301 working face (Figure 20). The mining stress curves of the
measuring points at different depths also show the stages of rapid rise,
uniform growth, rapid rise to peak, and rapid decline. Additionally,
the stress of each measuring point presents increases with the
increased depth of the measuring point, but the increasing
amplitude is not uniform.

Obvious stress growth and stress peak zones exist during the
stopping of the 14,301 working face (Figure 20A). When the
measuring point is 100 m away from the working face, the
stress of different depth measuring points does not change.
When the measuring point enters the working face within 90 m,
the stress of each measuring point grows slowly, and surrounding
rocks enter the stress-affected zone. When the measuring point is
within 50 m of the working face, the stress of the measuring points
at 3 and 5 m shows a leaping rise, while that at 1 m rises rapidly
when it is 35 m away from the working face. When the measuring
point is within 20 m from the working face, peak stress reaches
19 MPa. The stress value of the measuring point with 5-m depth is
always greater than that with 1- and 3-m depth in the mining
process.

The stress growth and stress peak zones are still obvious during the
mining of the 14,301 working face, and the stress distribution pattern is
similar to that of the upper coal body (Figure 20B). The stress influence
range is about 80 m in front of the working face, the stress rapid growth
area is about 50 m in front of the working face, and the stress peak is at
about 18 m in front of the working face.

Conclusion

1) The mechanical model of the rocks surrounding the borehole
was built through theoretical analysis, and the interaction
between surrounding rocks and the borehole stress meter
was analyzed. The results showed that increasing the initial
stress and elasticity of the borehole stress meter improved its
monitoring accuracy.

2) Two kinds of fiber Bragg grating borehole stress meters, with
tubular structure and cystic structure, were designed by
combining the sensing principle and sensing characteristics
of fiber Bragg grating, and their performance was tested by
experiments. The precision of stress monitoring is affected by
insufficient initial stress and scalability of the borehole stress
meter. The CS-FBG borehole stress meter was more suitable for
the stress monitoring requirements of the surrounding rocks of
the coal mine roadway, compared with the TS-FBG borehole
stress meter.

3) The rig-site utilization results showed that the mining stress variation
curves of each measuring point on the two sides of the track roadway
have obvious stress growth zones and stress peak zones in the process of
mining the test working face. There were four stages: rapid rise,
uniform growth, rapid rise to peak, and rapid decline. Maximum
stress monitored by the second station was 18.5 MPa, and the influence
range of stress was over 140 m. Maximum stress monitored by the first
measuring station was 19 MPa, the influence range of stress was about
80 m, and the peak stress position was about 20 m in front of the coal
wall. Field application proved the design of the CS-FBG borehole stress
meter to be reasonable: the performance is stable and reliable, and the
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successful operation of field monitoring has achieved the expected
effect of field monitoring.
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Mine geological disaster is a complex non-linear system. The traditional prediction
model has the disadvantages of low prediction accuracy and poor reliability. In order
to solve this problem, the open-pit mine slope displacement is taken as the research
object. Based on a new algorithm extreme learning machine (ELM), the new
intelligent algorithm sparrow search algorithm (SSA) are introduced to determine
the weights and thresholds of the input layer and hidden layer of ELM. The open-pit
mine slope displacement prediction model of improved ELM is constructed and
applied to an engineering example. The results show that the root mean square error
of SSA-ELM modelis only a quarter of that of BP model, which is 50% higher than that
of GM (1,1) and ELM models. The correlation coefficient of the prediction results of
the SSA-ELM model is 0.983, and the accuracy is better than that of the traditional
model. The single ELM model and the PSO-ELM model show that the SSA algorithm
has better improvement effect. The SSA model has good comprehensive
performance and high prediction accuracy. It is feasible to apply it to the
prediction of slope displacement in open-pit mines.

KEYWORDS

extreme learning machine, particle swarm algorithm, open-pit slope, deformation
prediction, PSO-ELM, sparrow search algorithm, SSA-ELM

Introduction

As the open-pit mine enters the deep mining stage, the mining environment becomes
worse, and the frequency of geological disasters in the mine increases year by year. The mine
landslide not only affects the normal mining operation, but also poses a threat to the ecological
environment and the safety of the surrounding people’s lives and property. According to the
statistical data in 2017, the total number of accidents and deaths of non-coal mine slope
landslides in China accounted for 13.5% and 9.3% of mine safety accidents respectively, ranking
third (Yang, et al., 2020; Zhang, et al.,, 2010). At the same time, research shows that every
increase of 1°in the mining slope angle of a large open-pit mine will save tens of millions or even
hundreds of millions of yuan in stripping costs, but it will also bring about corresponding
disaster risks (Yang, et al., 2011). Macro creep deformation is the result of gradual damage and
deterioration of materials inside the slope during the evolution of slope instability (Liu et al.,
20205 Li et al., 2021a). Therefore, it is of great significance to grasp the slope failure law and
predict and warn the landslide according to the mining slope displacement to ensure the safety
production of open-pit mines and improve economic benefits.

The prediction of open-pit slope displacement is a vital method to landslide hazard
prevention. The empirical model, statistical model and artificial intelligence model are three
approaches to predict displacement of slope and describe the behaviors of slope by analyzing the
on-site measured data of slope. The empirical model based on site monitor data is most widely
used, however, it is not suitable the prediction the periodic and stepped landslides. To avoid
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above problems, other researchers have applied statistical analysis
models to predict displacement considering the time and the slope
surface characteristics, which included that there are grey system
model (Liu, et al.,, 2016; Tasci, et al.,, 2018), Pearl Growth model
(Xu, et al., 1998).However, these models only performs well when the
data meets the modeling requirements or applicable to only one type
slope, and its universality is not high.

In recent years, conventional models have been enhanced with
some various artificial intelligence techniques.such as BPNN
prediction model (Feng, et al., 2018; Jiang, et al., 2018; Yang, et al,,
2013), improved genetic neural network model (Guan, et al., 2015;
Han, et al., 2022), support vector machine model (Yusof, et al., 2017;
Zhou, et al, 2017), etc. Although the BPNN prediction model can
predict under any data, it calculates the weights and thresholds of the
output layer and the hidden layer through the gradient descent
method. The accuracy is not high, and it needs repeated trials. The
SVM model has advantages in small sample and poor data, however,
its parameter selection has always restricted the application of the
model. The above models are also beneficial exploration for slope
displacement prediction of open pit mine (Mahmoodzaden, et al.,
2022), but they also have problems in generalization ability, robustness
and prediction accuracy. Therefore, it is necessary to establish a
displacement prediction model with high prediction accuracy and
strong generalization ability to ensure the safety production of the
open pit slope (Liu et al., 2022; Li et al., 2023). The extreme learning
machine (ELM) is a new method of single-layer feed forward neural
network that has emerged in recent years. ELM has been verified in
many engineering practices, such as concrete dam deformation
prediction (Zhou, et al, 2017), landslide displacement prediction
(Guan, et al, 2018), short-term power load prediction (Cheng,
et al., 2018), efc, but it is rarely used in the field of safety
monitoring in open pit mines. Some previous studies revealed that
ELM is better than ANN and SVM in overcoming low learning rates
and local minimum problems of regression analysis (Kang, et al,
2017). Therefore, the ELM is used to predict displacement of open-pit
slope. However, the ELM also need to be optimized enhance the
predict ability of displacement of open-pit slope (Li et al., 2021b; Zhou
et al, 2022). The metaheuristic algorithms inspired by the natural
behavior of animals have good performance to optimize the singe
neural network.

Therefore, in order to improve the shortcomings of poor
prediction accuracy performance, poor robustness and weak
generalization ability of traditional models, this paper establishes
the SSA-ELM model for open-pit mine displacement prediction,
determines the hidden layer node and activation function
according to the gradual trial method, and introduces the sparrow
search algorithm to optimize the connection weight and threshold
value of ELM, which is applied to an example of open-pit mine slope
displacement prediction.

Extreme learning machine

ELM was first proposed by Huang (Ding, et al., 2015) as a single
hidden layer feed forward neural network. Different from the gradient
descent method used by BP, it randomly generates the weights and
thresholds of the input layer and the output layer, which will not be
adjusted during the training process. As long as the number of hidden
layers is determined, the unique solution can be obtained. Therefore,
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for N arbitrarily different samples (x;; y;), among them x; = x;;, X2,
Xiz- .. xia) "€R", ¥i = i1, Vi, Vis- - - Yia] "€R™, Then the mathematical
module of ELM network can be expressed as equation (1)

1 1
0= yi= Y Big(x:) = Y Big(mix; +m) )
-1 in1

Where g(x) is the activation function, The number of hidden layer
nodes is N, m;, n; represents the connection weight value and
threshold value between the ith hidden layer and the input layer
node respectively, f3; is the weight vector between the ith hidden layer
and the output layer.

According to the theorem proposed by Huang, when the
b; of the

network are set randomly, and there is no need to update

activation function is infinitely differentiable, the w;.

iterations during the training process, and the threshold between
the output layer and the hidden layer is no longer needed, just calculate
the output Just the value. Setting the hidden layer to N nodes and the
ELM with the activation function g(x) can quickly fit the input N
samples with zero error, namely:

1
Ylloi—tl =0 @)
j=1

According to equation (2), there are m;, f;» #; so that

equation (3)
I !
Vi = Zﬁig (%) = Zﬂig (myx; +m;) = t; (3)

Equation (3) can be expressed in matrix form Hf = T,Finally, it
can be transformed into a problem of solving the least square norm
solution of the weight matrix 5. According to equation (3), and in most
cases the number of samples is much larger than the number of hidden
layer nodes, we need to find the pseudo-inverse of H, namely

B=H'T=(HH) 'H'T (4)

Where H* is the Moore — Penorse generalized inverse of the hidden
layer output matrix H.

Introduction to optimization algorithm
Particle swarm optimization algorithm

Particle swarm optimization algorithm (Yumin, et al., 2014) is a
swarm intelligence global search algorithm, which performs well in the
optimization and improvement of neural networks. The basic feature
of this algorithm is that in the N-dimensional search space, there are d
particles. Assume that a certain particle searches for the optimal value
alone, which is the local extreme pbest, and at the same time shares
information with the particles in the group to obtain the global
extremum gbest. All particles of the particle swarm adjust their
speed and position according to the local optimal value and the
global optimal value, and finally obtain the optimal solution. The
update formula of particle swarm optimization algorithm is shown in
equations (5) and (6):

Vil = wVi +cyry (pbestt, — X)) + czrz(gbest;n - Xjn) (5)
Xt = xt 4y (6)
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FIGURE 1
Flow chart of SSA-ELM and PSO-ELM models

In the equations, w is the inertia weight, which decreases linearly
from 09 to 0.4; t is the number of iterations, n=1,2,3,...N;
i=1,2,3,...,d; V;, is the velocity of the particle, ¢; and ¢, are non-
negative numbers, called acceleration factors; X, is the position of the
particle, r; and r, are random numbers distributed between [0,1].

In the equation (5), it can be seen that the speed of a particle is affected
by its own speed V,, the optimal value of the particle itself and the
distance between the particle (pbest!, — X!,) and the distance between
the global optimal value and the particle ( gbesttgn — X!,) decision, and see
that the inertia weight, learning factors ¢; and ¢, control these three parts
respectively. ¢; controls the contribution of the distance between the
particle and its own optimal value to the particle velocity, which is called
“cognitive coefficient”. ¢, is called the “social learning coefficient”, which
expresses the influence of the global optimal value on the particle velocity.
The inertia weight is large in the early stage, focusing on the global search,
and gradually becomes smaller as the number of iterations increases in the
later stage, focusing on the local search and improving the ability of the
particles to jump out of the local minimum.

Sparrow search algorithm

The sparrow search algorithm (Yan, et al, 2022) is a new
intelligent algorithm that imitates sparrow foraging and predation.
In the SSA algorithm, the discoverer, joiner and scout cooperate to
carry out local search and global search. Usually the finder has a higher
fitness value and can provide the foraging area and direction for the
joiner. The mathematical equation is expressed as:

) ifR, < ST

if R,>ST

t
X,.,Jn exp(

X QL

X:}l - o - iter max )

Where t is the current number of iterations, iter ;.4 is the maximum number
of iterations, X} jand X f;l represent the position information of the ith and
i+1st sparrows in dimension j , R, (R, € [0, 1]) is the warning value, Q is a
random value with normal distribution, and L is a matrix with all 1 elements.
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Joiners will always follow the discoverer to harvest better food, and
at the same time monitor the discoverer and compete for food, so as to
ensure their predation rate; its mathematical formula is expressed as:

t t

X - X
Q- exp<7wor$;2 ”) ifi>n/2

t+1 t t+1
Xp + |Xi,j Xp

X;;l = (8)

- A" . L otherwhise

Where X/ is the optimal position of the producer, X}, is the global
worst position, A* = AT (AAT)™ , A is a matrix whose internal
elements are 1 or -1, when >#/2 , it means that the hungry person
with the worst fitness goes after the prey.

When the scout finds a predator, it immediately sends out an
alarm signal, and all the sparrows make anti-predation behaviors. The
mathematical formula is expressed as:

t t t
Xhest + ﬁ : 'Xi,j - Xbest

X’t;l = Xt A 'Xf,] - X:L:)lrst
BN\ G fur0)

if fi>fq
9

) iffi:fy

Where Xj, is the global best position, A is a random number between
0 and 1, § is a step size control parameter with a mean of 0 and an
expectation of 1, f;, f g and f,, represent the current individual, the
current best and the current worst fitness value respectively. When
fi>f g it means that the sparrow is in a vulnerable state, when v, it
means that the sparrow active in the middle is close.

Prediction model and evaluation index
based on SSA-ELM and PSO-ELM

Improved ELM model for deformation
prediction of open-pit mine slope

In order to be able to precisely forecast open-pit mine slope
displacement, the extreme learning machine is used for modeling.
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FIGURE 2

Monitoring points of Jianshan mine slope.

Although the single extreme learning machine model has a simple
structure and fast solution speed, it also needs to determine the
number of hidden layers. The number of hidden layers can be
determined according to the trial algorithm and the two-
dimensional search method are determined, and the trial algorithm
is used in this paper. The weights and thresholds of the ELM input and
output layers are randomly generated and have nothing to do with the
training data. The randomly generated values will make the algorithm
good and bad, and it cannot guarantee that the solution sought must
meet the requirements. Therefore, the new intelligent algorithm SSA
are used to improve the ELM(Anupam, et al., 2020), and a combined
open-pit mine slope displacement prediction combined model is
established. The threshold of the hidden layer and the output layer,
so as to obtain the expected vector that meets the requirements. Figure
1 depicts a process for optimizing ELM using the SSA and the PSO.
The specific steps of the model are as follows.

Step 1. Divide the collected open-pit mine slope displacement data
into two parts, the training set and the test set. At the same time,
preprocess the data, eliminate the influence of dimensions and
compress the data into the solution space of the activation function.

Step 2., initialization, setting the particle swarm and sparrow
dimensions, that is, the weights and thresholds of the input and
output layers of the ELM, the parameters of the particle swarm
algorithm and the sparrow search algorithm.

Step 3. Calculate the fitness function value. In this paper, the mean
square error mse of the slope displacement prediction value of the open-
pit mine is used as the objective function to calculate each fitness value.

Step 4., iterative optimization, to obtain the optimal fitness value,
at the same time, the optimization results are the optimal solutions
obtained by the two algorithms, and the connection weights and
thresholds of the ELM hidden layer and input layer are obtained.
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Step 5. Based on the optimization results, establish an optimized
extreme learning machine slope deformation prediction model for
open pit mines, input the test set into the established model, and
obtain the optimal model after evaluation.

Evaluation index

It is very necessary to evaluate the accuracy of the prediction
results of the slope displacement prediction model in open-pit mines.
The corresponding evaluation of the results of the deformation
monitoring model can judge the accuracy and applicability of the
proposed monitoring model, which can be compared with different
models, and Can be used to define warning values. Indicators include
root mean square error (RMSE) and correlation coefficient (R), the
optimal model has smaller RMSE and largest R.

RMSE = (10)

> (e -7
k=1 i (11)

R=
\/k; =9 =5y

i

Where y; is predictive value, y; is the true value, y is the mean of

predicted values, y * is the mean of true values,n is the number of samples.
i

Engineering example
Engineering background
Jianshan mine is located in the middle of Jianshan mining area.

The northern slope of Jianshan is the exposure part of rock stratum of
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FIGURE 4
Comparison of single model prediction results.

meter field floor. The slope of Jianshanle mine is a continental dip
bedding rock slope, and the mining area is located in Xiangtiaocun
anticline of east-west tectonic belto The stable state of the slope
makes the slope deformed, and even leads to the overall instability
or local instability of the slope. During the mining period, there
were continuous sheet collapses and collapses under the slope
platform. If the landslide disaster occurs on the slope, it will
seriously affect the personal and equipment safety of the normal
mining and stripping operation of the mine, and also affect the
safety of the villages, farmland, railways, highways and so on
around the slope. The stability state and hazard of the slope
together determine the safety monitoring of the slope. From the
monitoring technology and monitoring cost analysis, considering
the economic benefit and monitoring effect and other factors
combined with the actual situation of the slope, the automatic
monitoring system is finally adopted to carry out real-time safety
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Comparison of prediction results of four models.

monitoring of the slope. The detailed layout of monitoring points is
shown in Figure 2. There are 8 profile monitoring lines and
40 deformation monitoring points.

Deformation prediction and result analysis

Taking the slope displacement data of an open-pit mine as an
total of monitoring data at
No.601 monitoring point were selected (Sun, 2014), and only a

example, a of 46 periods
single factor of displacement was considered. The Table 1 display
the monitor data. The data of the first 8 days were used to predict the
displacement of the next day, and a total of 38 sets of data were formed.
The first 24 periods were used as The training set and the last
14 periods were used as the test set, ELM model, GM (1,1) and BP
model were used to compare and analyze the prediction results.

The number of hidden layers of the ELM model is 6 and the
transfer function is sig type through the trial algorithm, and the
prediction result of ELM is obtained, and compared with the
BP(Sun, 2014; Xie, et al., 2014) and GM (1,1)(Sun, 2014; Sun
et al,, 2016; Wu, et al., 2015) models, as shown in Figure 2.
Analysis of Figure 2 shows that the prediction results of the BP
model can predict the trend of displacement, but almost every
predicted value deviates from the real value, and the prediction
result is the worst; the prediction effect of the GM (1,1) model is
better than that of the BP model, but the model predicts Unstable,
the predictive effect is also poor. The prediction results of the single
ELM model are significantly better than the BP model, and the
prediction effect is better than that of the GM (1,1) model in the
early and late stages, while the prediction value of the GM (1,1)
model in the middle part is closer to the real value, indicating that
the ELM model is better than the BP model. The prediction
accuracy of the model is high, but because of the randomly
generated weights and thresholds, the prediction results will also
be unstable.

To overcome the instability of the ELM prediction results, the new
intelligent algorithm SSA is used to improve the ELM model, and the
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TABLE 1 Sample dataset.

Serial number

Input vector

10.3389/feart.2023.1126394

Output vector

1 3.7 6.2 11.8 16.2 17.7 21.5 25.5 28.1 30.8
2 6.2 11.8 16.2 17.7 21.5 25.5 28.1 30.8 333
3 11.8 16.2 17.7 21.5 25.5 28.1 30.8 333 38

4 16.2 17.7 21.5 25.5 28.1 30.8 333 38 353
5 17.7 21.5 25.5 28.1 30.8 333 38 35.3 43.1
6 21.5 25.5 28.1 30.8 333 38 353 43.1 43.6
7 255 28.1 30.8 333 38 35.3 43.1 43.6 46.2
8 28.1 30.8 333 38 35.3 43.1 43.6 46.2 60.5
9 30.8 333 38 35.3 43.1 43.6 46.2 60.5 49.5
10 333 38 353 43.1 43.6 46.2 60.5 49.5 64.1
11 38 353 43.1 43.6 46.2 60.5 49.5 64.1 57.9
12 35.3 43.1 43.6 46.2 60.5 49.5 64.1 57.9 65

13 43.1 43.6 46.2 60.5 49.5 64.1 57.9 65 73

14 43.6 46.2 60.5 49.5 64.1 57.9 65 73 70.9
15 46.2 60.5 49.5 64.1 57.9 65 73 70.9 76.2
16 60.5 49.5 64.1 57.9 65 73 70.9 76.2 70.3
17 49.5 64.1 57.9 65 73 70.9 76.2 70.3 75.4
18 64.1 57.9 65 73 70.9 76.2 70.3 75.4 84.9
19 57.9 65 73 70.9 76.2 70.3 75.4 84.9 86.4
20 65 73 70.9 76.2 70.3 754 84.9 86.4 83.7
21 73 70.9 76.2 70.3 75.4 84.9 86.4 83.7 90.1
22 70.9 76.2 70.3 75.4 84.9 86.4 83.7 90.1 92.3
23 76.2 70.3 75.4 84.9 86.4 83.7 90.1 92.3 98.1
24 70.3 75.4 84.9 86.4 83.7 90.1 92.3 98.1 98.1
25 75.4 84.9 86.4 83.7 90.1 92.3 98.1 98.1 99.4
26 84.9 86.4 83.7 90.1 92.3 98.1 98.1 99.4 100.9
27 86.4 83.7 90.1 92.3 98.1 98.1 99.4 100.9 99.6
28 83.7 90.1 92.3 98.1 98.1 99.4 100.9 99.6 103.9
29 90.1 92.3 98.1 98.1 99.4 100.9 99.6 103.9 108.2
30 92.3 98.1 98.1 99.4 100.9 99.6 103.9 108.2 118.8
31 98.1 98.1 99.4 100.9 99.6 103.9 108.2 118.8 116
32 98.1 99.4 100.9 99.6 103.9 108.2 118.8 116 118.8
33 99.4 100.9 99.6 103.9 108.2 118.8 116 118.8 125

34 100.9 99.6 103.9 108.2 118.8 116 118.8 125 119
35 99.6 103.9 108.2 118.8 116 118.8 125 119 133.1
36 103.9 108.2 118.8 116 118.8 125 119 133.1 132.3
37 108.2 118.8 116 118.8 125 119 133.1 132.3 132.8
38 118.8 116 118.8 125 119 133.1 1323 132.8 135.8
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TABLE 2 Prediction errors of five models.

Serial True GM(1,1) ELM PSO-ELM SSA-ELM
number value

Predictive Relative Predictive Relative Predictive Relative Predictive Relative Predictive Relative
value error (%) value error (%) value error (%) value error (%) value error (%)

25 99.4 94.4 5.03 102.7 332 102.0 2.62 101.4 1.97 98.9 0.53

26 100.9 103.6 2.68 103.2 2.28 103.9 2.94 99.9 0.94 101.1 0.23

27 99.6 94.9 472 1053 572 104.9 537 100.4 0.79 99.5 0.06

28 103.9 99.9 3.85 105.5 1.54 110.5 6.32 108.8 4.71 107.3 3.32

29 108.2 104.1 3.79 105.6 2.40 112.7 413 109.1 0.86 108.6 0.36

30 1188 1235 3.96 108.1 9.01 115.3 2.94 113.0 4.86 1139 4.08

31 116 121.1 4.40 1152 0.69 113.9 1.84 1122 3.30 117.1 0.94

32 118.8 121.4 2.19 119.7 0.76 112.6 521 120.5 1.39 120.9 1.74

33 125 132.7 6.16 123.6 112 115.4 7.68 122.0 2.40 121.7 2.62

34 119 109.7 7.82 129 8.40 1212 1.82 120.0 0.87 120.7 1.42

35 133.1 143.6 7.89 1285 3.46 128.2 3.70 132.9 0.17 130.2 2.18

36 1323 111 16.10 1335 091 129.1 2.40 132.8 0.39 130.3 1.50

37 132.8 120.3 9.41 135.7 2.18 132.4 0.27 1352 1.82 136.1 2.49

38 135.8 1263 7.00 136.5 0.52 1339 1.40 135.3 036 136.7 0.64

Average value 6.07% 3.02% 3.47% 1.77% 1.58%
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Absolute errors of five models.
TABLE 3 Performance comparison of five models.
Algorithm BP GM(1,1) ELM  PSO-ELM = SSA-ELM
RMSE 8.85 4.61 4.68 2.45 2.38
R 0.806 0.933 0.946 0.979 0.983

weight and threshold between the ELM input layer and the hidden
layer are optimized through the optimization algorithm to improve
the prediction ability of the ELM model.

The parameters of the PSO-ELM model are set as follows. The
population size of the particle swarm optimization algorithm is 30,
the maximum number of iterations is 400, and the sums are
2.4 and 1.5 respectively, and the inertia weight is linearly
decreased from 0.9 to 0.4. The population size of the SSA
algorithm is 30, and the maximum number of iterations is also
400, the warning value is 0.6, the proportion of discoverers is 0.7,
and the proportion of sparrows aware of danger is 0.2.

Figure 3 is the fitness graph of ELM optimized by PSO and SSA
algorithms. As shown in Figure 4, although the particle swarm
optimization algorithm converges at iteration 150, it falls into a local
optimum, while SSA has been better than the PSO algorithm after
10 iterations, and has been looking for the optimal value, although it is
close to convergence at about 380, but did not fall into the local optimum,
and achieved better results, indicating that the optimization effect of the
SSA algorithm is better than that of the PSO algorithm.

The prediction results of ELM optimized by SSA and PSO
algorithms are shown in Figure 5. Compared with the ELM
model, the prediction values of SSA-ELM and PSO-ELM are
closer to the real value, and the prediction value of the
optimized ELM model can better reflect the development trend
of slope deformation. Each stage can approach the actual value very
well, and the prediction stability is high. There is no situation where
the prediction effect of GM (1,1) and a single ELM model is
unstable, and the robustness is high, and the prediction effect is
the best. It shows that SSA and PSO can improve the prediction
performance of a single ELM model and find the optimal weight and
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threshold. The predicted value of SSA-ELM is closer to the on-site
monitor values than the predicted value of PSO-ELM, indicating
that the improvement effect of the SSA algorithm is better.

Model accuracy evaluation

In order to further evaluate and obtain the optimal model, the
prediction errors of the five models are shown in Table 2. The average
relative errors of the BP model, the GM (1,1) model, the single ELM
model, the PSO-ELM model and the SSA-ELM (Hu et al., 2022) model
are respectively 6.02%, 3.02%, 3.47%, 1.77% and 1.58%. The relative
errors of ELM model and GM(1,1) model are close to each other,
obviously better than BP model, but their relative errors fluctuate
greatly, and the prediction stability is slightly insufficient. Except for
the 28th, 31st, 32nd and 33rd groups of PSO-ELM model, the
prediction values of the 31st, 32nd and 33rd groups are slightly
worse than the GM(1,1) model, the other 11 groups of prediction
results are better than the GM(1,1) model, and the model is the largest
The relative error and the minimum relative error are 4.86% and
0.17%, respectively, which are better than the single ELM model and
the GM (1,1) model. The maximum, minimum and average relative
errors of the SSA-ELM model are 4.08%, 0.06% and 1.58%, which is
the smallest among the five models, indicating that the PSO and SSA
algorithms have improved the prediction ability of the ELM model,
and the SSA has a stronger optimization ability than the PSO. The
improved ELM model is feasible for open-pit slope displacement
prediction, and the SSA -ELM model and higher prediction accuracy.

Figure 6 is the absolute error radar chart of five open-pit mine
slope deformation prediction models. As shown in Figure 5, the
maximum, minimum and average values of the absolute error of
the BP model are the largest among the five models, and the absolute
error of the single ELM model is The maximum and minimum values
of the error are smaller than the GM(1,1) model, but the average
absolute error of the GM(1,1) model is smaller, indicating that the
ELM model needs to be further improved, and the absolute error of the
PSO-ELM and SSA-ELM models The maximum, minimum and
average values are smaller than those of the other three models,
indicating that the SSA and PSO algorithms can improve the
predictive ability of the ELM model. The ELM model does not
show that the improvement effect of SSA is better.

The root mean square error RMSE and correlation coefficient R
are introduced as the five evaluation indexes of model accuracy. It can
be seen from Table 3 that the root mean square errors of the PSO-ELM
model and the SSA-ELM model are 2.45 and 2.38mm, respectively,
which are only a quarter of the BP model, and the relative prediction
accuracy of the GM(1,1) and ELM models The correlation coefficient
of ELM among the five models is 0.946, which is higher than that of BP
and GM (1,1) models, indicating that ELM is superior to traditional
models in slope displacement prediction of open-pit mines, and has a
certain degree of advancement. The correlation coefficients of the
PSO-ELM model and the SSA-ELM model are 0.979 and 0.983,
respectively, indicating that the improved ELM model overcomes
the shortcomings of the single ELM algorithm that randomly
generates weights and thresholds, and improves the model
prediction accuracy. Because the PSO algorithm is stronger, it
further proves that SSA-ELM is feasible and effective for slope
displacement prediction in open-pit mines.
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Conclusion

The slope displacement change of the open-pit mine is affected by
many non-linear factors, and the traditional model performs poorly.
Therefore, the new algorithm ELM is used to predict the displacement
of this type of slope, which overcomes the shortcomings of the poor
prediction accuracy performance of the traditional model, but the
stability is slightly insufficient. .

Introduce SSA and PSO algorithms to determine the weights
and thresholds of the ELM input layer and hidden layer, and
improve the single ELM model. Compared with the two
traditional models BP and GM (1,1) and the single ELM
model, the prediction results of the improved ELM model, The
correlation coefficient is higher, and the correlation coefficient of
the SSA-ELM model is the highest among the four models. The
root mean square error of SSA-ELM is 2.38mm, which is smaller
than the other four models. This model has superior performance
and high reliability, and is used in open air The prediction of mine
slope deformation is feasible. The main limitation of this paper is
that only one dataset was utilized to evaluate the results of
developed models. Meanwhile, this study did not consider that
the proposed algorithms have some limitations, such as local
minima trapping issues and the inability to exploit local space.
The developed model in this study will be applied to other datasets
to demonstrate its generalization ability and robustness. Present
strategies to avoid the problem of local minima trapping issues
and the inability of metaheuristic algorithms to exploit local space
and illustrate their impact on the current model.
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Evaluation of bearing capacity of
PHC pipe piles via the dynamic and
static loading test

Caihua Li and Xuepeng Li*

Chancheng District Construction Engineering Quality and Safety Inspection Station of Foshan, Foshan,
Guangdong, China

Due to its faster implementation and potential cost savings for estimating the
bearing capacity of PHC pipe piles, the High Strain Dynamic Test (HSDT) offers an
alternative approach to Static Load Test (SLT). The report presents a bearing
capacity study via those methods with a sliding micrometer. And a Pile Driving
Analyzer (PDA) imported from the United States is employed, to determine the
design parameters of pile foundation engineering and provide the error sources of
bearing capacity. Sliding micrometers with cone-shaped rings are embedded in
the inner side of the pile piles every 1 m for measuring the strain. The law of stress
and strain at various depths during loading is presented in this paper. As a new
concept, the “inflection point” is proposed by the relationship between shaft
resistance and relative displacement of pile-soil. By comparing the SLT and
HSDT, the relationship between toe resistance and settlement of pile is
demonstrated. This paper analyses the reliability and precision, and explore the
error source so as to provide theoretical evidence for trail-pile testing in future.
And the error of bearing capacity between SLT and HSDT with CAPWAP studies
shows that the HSDT could provide adequate results for assessing the bearing
capacity of PHC pipe piles.

KEYWORDS

bearing capacity, resistance, HSDT, SLT, sliding micrometer
1 Introduction

At present, static load test (SLT) and high strain dynamic test (HSDT) are two methods to
determine the bearing capacity of base piles (Rausche et al., 1985; Alawneh et al., 2001). Static
load test is the most commonly employed technology as the more accurately determination, but
it is time-consuming and may be costly for engineering geology (Smith, 1960; Aghayarzadeh
et al., 2020; Alwalan and Naggar, 2020). As a relatively new developed technology, high strain
dynamic testing has the advantages of fast, convenient and inexpensive (Heins et al., 2020). In
recent years, compared with the traditional static load test, the practice of engineering shows
that the error of high strain dynamic test with high strain curve match method (CMM) is
within +20% (Choe et al,, 2002; Long, 2007; Svinkin, 2019). Therefore, it is a widely
acknowledged testing technique for pile detection, and is frequently referenced in the
ASTM D4945 (ASTM D4945, 2000) as a most basic of test need (Briaud and Tucker, 1984;
ASTM D4945, 2000).

Interpretation of HSDT can be accomplished using direct or indirect methods (Chen et al.,
2022). The case method adopted by pile driving analyzer (PDA) is an example of the direct
method. The PDA is used with the HSDT. It contains a computer-based program for data
acquisition and analysis at the field from the case method (Zhao, 2005). The Case Wave
Analysis Program (CAPWAP) is applied for an analysis to correlate the dynamic to static
capacity of the piles (Ding et al., 2013). It executes the analysis based on the concept of stress
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TABLE 1 Soil properties of test site.
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Soil layer No Soil layer Depth (m) Deformation modulus (MPa) Internal friction angle ()  Cohesion force (°)
@ Plain fill 15 2 8 7
@ Silt/Loose ~ slightly dense 6.0 13 25 /
® Silt/medium dense 4.6 16 28 /
@ Mucky soil 4.4 / 4 6
® Medium-coarse sand 2.6 25 35 /
® Silt/dense 3.0 18 28 /
@ Strongly weathered mudstone 6.4 180 45 25
SPT (Blow count) ! : |
Soil layer 0 20 40 60 @ 5m @ 5m @ D =500 mm
. 0 : )2 -
Plain fill ' ' ‘ ‘ ‘
silt/ 5m : :
loose ~ slightly dense| [ ; : :
1
BB
~ | Silt/ medium dense | =10 F : ] T
E é I I 1
= = Sm, I I
& Mucky soil & ! ! !
o 015 H I
] g1 o _@ ________ o .
Medium-coarse sand | E | D =400 mm
. 20 . 1 1 1
Silt / dense High strain test: 1# ~ 8# - D: Diaimeter of pipe pile
Static load test: 1# ~ 8#
Strongly 25 L Sliding micrometer: 1#, 3#, S#, 6#, 7#
weathered mudstone FIGURE 2
30 Ground plan of the test piles.

FIGURE 1
The standard penetration test results of different soil layers.

wave propagation with signal matching method to find a reasonable
solution (Green and Kightley, 2005a).

Li and Gao (Li and Gao, 2012) tested 56 piles with high strain
dynamic test. However, the calculation model of pile-soil was assumed
and simplified with the case method (Rajagopal et al, 2012).
Considering the pile was an elastic rod with one-dimensional
uniform impedance, only the damping of the soil at the toe of pile
was taken into account, so the dynamic resistance of the soil at the
shaft resistance of pile was disregarded (Likins et al., 1996; Livneh and
EL Naggar, 2008). The curve match method not only assumes the rigid
soil adjacent to pile but also considers the damping attenuation and
deficiency of pile shaft factors (Meyerhof and Murdock, 1953; Gates,
1957; Smith, 1960; Salgado et al., 2017). Mohammed (Mohammed,
2013) examined the difference between high strain dynamic and static
load tests of helical piles in cohesive soils. Heins and Grabe (Heins and
Grabe, 2019) proposed a new technique based on the finite element
method, which accurately captured the key aspects for HSDT results
and was capable of deriving the pile bearing capacity. Green and
Kightley (Green and Kightley, 2005b) studied the CAPWAP by the
theory and engineering application.

Frontiers in Earth Science

For the widespread use of PHC pipe piles in the Chancheng
distruct in China, it is crucial to verify the dependability and
applicability of HSDT. This paper presents the development and
applications of bearing capacity of PHC pipe piles based on HSDT,
SLT with sliding micrometer. This paper also presents a new concept
of “inflection point” through the curve between shaft resistance and
relative displacement of pile-soil. By comparing the error in bearing
capacity between SLT and HSDT, the reliability and surveying
precision of the curve match method is analyzed, to reasonably
determine the design parameters of pile foundation engineering in
Chancheng distrust in China.

2 Test site and method
2.1 Site description

The Chancheng test site is located in Foshan City, Guangdong
Province, China. The soil layers consist of plain fill, silty, muddy soil,
medium coarse sand, silty, and strongly weathered mudstone from top
to bottom. Table 1 gives the soil properties of test site. And the results
of standard penetration test (SPT) of various soil layers are depicted in
Figure 1.
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TABLE 2 Construction parameters of test piles.
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2.2 Test design

The test contains eight pipe piles with 400 mm or 500 mm
diameter. Figure 2 depicts the ground plan of the test piles. The
spacing between each pile is 5 m. High strain dynamic tests and static
load tests are carried out on piles 1# to 8# piles. For the purpose of
analyzing the variation law of the axial force and deformation of pile
during the study of static load test, slide micrometers are embedded
into the 1#, 3#, 5#, 6#, and 7# piles, and parallel embedded in
symmetrical parts.

The 1# and 2# pile length is 23 m, 3# pile length is 24 m, and 44,
5#, 6#, 7#, and 8# pile length is 25 m. The test piles were driven by
D50 diesel hammer pile driver. The construction parameters are
shown in Table 2. The hammering can be terminated when the
final three hammer penetrations fulfill the specification of the
design.

2.3 Test method

The high strain dynamic test is done several months after pile
installation. The high strain dynamic test employs the eighth
generation American-made Pile Driving Analyzer (PDA), free
fall hammer hammering, and theodolite testing penetration
(Figure 3). Each pile was hammered with an 80 kN hammer at a
drop distance of 0.8 m-2.0m, and four to five times. The
hammering distance starts from 0.8 m and gradually increases
until the pile end resistance is fully developed. The data
sampling time is 200 m and sampling frequency is 10 kHz.
According the JGJ106-2003 of Chinese technical code for testing
of building foundation piles (JGJ106 2003, 2003), two full-bridge
strain sensors and two accelerometer sensors are affixed externally
at diametrically opposite direction on the pile near ground surface
about 1.0 m.

To perform CAPWAP automatic signal matching analysis, good
quality high strain dynamic test data are required. An assumption of
unknown soil parameters is made and tested by performing an
analysis with one of the measured quantities as a top boundary
condition. If there is disagreement between the other measurement
and its calculated counterpart, the calculation is repeated with a
corrected set of soil model parameters.

The static load test is conducted 30 days after the high strain
dynamic test. The static load test utilizes the conventional platform
stacking method and the slow maintenance load method to
measure the settlement of the pile cap via the displacement
sensor located on the pile top. The initial stage of loading is
800 kN, and then each subsequent load is raised by 400 kN until
the termination loading condition of experiment is reached, and
each unloaded stage has a force of 800 kN. After each level of load is
applied, the settlement of pile top shall be measured and read
according to the 5th, 10th, 20th, 35th, 50th, and 65th minutes, and
then measured every 30 min.

Through the incorporated sliding micrometer on the inner side
of the pile body (1#, 3#. 5#, 6#, and 7# pile), a cone-shaped
measuring ring is mounted on the HPVC measuring pipe every
1 m. The strain of the pile body under various loads of static load
test is measured, and the axial force of the pile body of each test
section is computed so that friction, end resistance, and pile-soil
relative displacement may be determined. Figure 4 depicts the
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FIGURE 3
The test site of HSDT with PDA.
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FIGURE 4
Schematic diagram of embedding sliding micrometer.
borehole instrumentation with line measurement instruments 1 1
. . Fpo=-Ri+Ri—Fa +-R; (1)
(measuring mark and casing). 2 2

The upward traveling resistance waves of pile are presented in  where R; is shaft resistance, R, is the resistance, F, is the resistance of
Figure 5, and the resistance of the upward wave F, is depicted in  the traveling downward wave towards the pile toe at time f;. The #, is

Eq. 1. designated as the time when the impact wave passes the sensor
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FIGURE 6 The typical curve of wave up and wave down.
The typical curve of high strain dynamic test.
TABLE 3 The ratio of settlement value to pile diameter. 3 AnalyS|S Of resu ltS
Pile pile /kN s/mm D/mm Ratio (% ; ; ;
P © W 3.1 High strain dynamic test
1# 4,400 56.54 500 1131
o, 2600 17 500 02 Figure 6 depicts the typical curve of HSDT in this site and the results are
' . ! obtained from with CAPWAP analysis. The high strain dynamic test with
3# 4800 52.55 500 10.51 CAPWAP analysis performs a wave equation form by using the velocity
4 5200 60.81 500 1216 records as pile-top boundary conditions. The measured (Msd) force value
and velocity value with CAPWAP analysis are shown in Figure 6. The cases
# 2 46.24 2 a L .
> 2200 6 200 22 exhibit a good proportionality between force and velocity impedance at the
6# 5600 56.30 500 11.26 onset of impact. Two curves overlap well before the first peak, which shows
the success of fitting between force and velocity curves. The maximum of
7# 2,400 67.99 400 16.99 o : .
force and velocity is 5211.43 KN and 3.63 m/s respectively. For the existence
8# 3,600 48.43 400 12.11

location and the time ¢, is designated as the time when the toe reflected
impact wave returns to the sensor location (t, is equal to #; plus 2 L/c)
(Green and Kightley, 2005a; Zhao, 2005; Ding et al., 2013).
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and development of shaft resistance, the two curves are seen clearly to
depart sharply after the first peak. And the two curves are seen to depart
sharply near the pile toe from the force time history.

Figure 7 shows the typical curves of wave up (WU) and wave down
(WD) in the site. The pile top can be considered as the starting point of the
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The Q-s curve results of static loading.
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FIGURE 9

The s-lgt curve results from static loading.

rising of WD, while the pile toe represents the starting point of the falling
of WU. The duration of 2 L/c is clearly illustrated in Figures 6, 7.

3.2 Static loading test

Figure 8 depicts the Q-s curve results of static loading The 3#.
5#, 6#,and 7# piles have reached the state of failure, and the curves
exhibit
demonstrate that the four piles are the typical friction piles. The

steep drop characteristics. In addition, the curves

ultimate bearing capacity of a single pile is the load value at the
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The measured strain curve of pile under various loads from 3# pile
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FIGURE 11
The axial stress curve under various loads from 3# pile.

starting point of a steep drop section, according to the Chinese
building foundation testing code (Briaud and Tucker, 1984). Taking
list 3# pile as an example, the beginning of a sharp decline in settling
begins below 4,800 kN. The ultimate bearing capacities of 3#, 5#.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1130294

Li and Li

Shaft resistance (kPa)

0 50 100 150 200 250
o[ T T T T T T T T 1
' —m— 800 kKN —8— 2400 kN —O— 4000 kN
—8— 1200 kKN —@— 2800 kKN —O— 4400 kN
—A— 1600 kKN —&— 3200 kN —2— 4800 kN
S5k —%— 2000 kN —%— 3600 kN —— 5200 kN
10
—
g
2
S5 F
1S}
= [~ heAvmehyO N~ ~ -TT T
a T Medium-coarse sand
< 20 L ReAvReAY HO OOV
= Silt /dense
F
25 +
Strongly weathered mudstone
£
FIGURE 12

The shaft resistance curve under various loads from 3# pile.
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The curve of the deformation or settlement and Q value.

6#, and 7# piles are therefore 4,800 kN, 5200 kN, 5600 kN, and
2,400 kN, respectively.

The ratio of settlement value to pile diameter is displayed in Table 3
for all test pipe piles. Extensive practical experience demonstrates that
the ultimate load may occur only when the settlement reaches 10% of
the pile’s diameter (Smith, 1960). The ratio of settlement to pile
diameter for the majority of piles exceeds 10%, and the max ratio
value is 16.99% from 7# pile. Considering the steep drop characteristics
and highly weathered argillaceous siltstone of the pile tip bearing
stratum, it can be concluded that the bearing capacity of the
foundation was completely developed during the static load test.
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Relation between toe resistance and settlement of pile toe.

Figure 9 illustrates the s-Igf curve results of 3# pile from static loading.
When the load is increased from 800 kN to 4,800 kN (the twelfth load),
the settlement does not decrease appreciably and a steep decline trend do
not appear. However, when the load is increased to 5200 kN (the
thirteenth load), the curve demonstrates a clear decreasing tendency.
Consequently, the ultimate bearing capacity from the s-Igt curve results is
also 4,800 kN, which is equal to the result from the Q-s curve. During the
unloading test, the maximum settlement is 52.55 mm, and the ultimate
residual settlement is 35.50 mm. Maximum rebound value is 17.05 mm,
and the rate of rebound is 32.45%.

3.3 Sliding micrometer

The strain of the pile shaft axis under various loads can be measured
continuously by embedding test elements in the pile body. The internal
force test of pile body is calculated by the corresponding strain. It can be
seen from Figure 10 demonstrates that under the condition of small load
(800 kN), the strain change from the pile body to the pile end is minimal.
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TABLE 4 Average value of unit friction resistance of each soil layer (kPa).

10.3389/feart.2023.1130294

Slide High strain dynamic Code for design of building foundation Correction value of
micrometer test DBJ15-31-2016 code
Plain fill 18 37 20 ~ 28 16 ~ 22
Silt/loose ~ slightly dense 55 38 22 ~ 44 18 ~ 35
Silt/medium dense 94 65 42 ~ 64 42 ~ 64
Mucky soil 119 83 20 ~ 28 21 ~ 29
Medium-coarse sand 137 112 94 ~ 116 107 ~ 125
Silt/dense 185 247 64 ~ 86 72 ~ 96
Strongly weathered 202 251 160 ~ 240 181 ~ 271
mudstone

TABLE 5 The contrast from test results by SLT and HSDT.

Pile no. Max load/kN Finally settlement/mm  Bearing capacity by SLT/kN Bearing capacity by HSDT/kN  Contrast/%
1# 5600 56.54 4,400 4,862 1050
2# 4,000 4117 3,600 4,131 14.75
3# 5200 52.55 4,800 4,637 -3.39
4 5600 60.81 5200 5500 5.77
54 5600 4624 5200 4,990 -4.04
6# 6,000 56.30 5600 4,910 -12.32
7# 3,000 67.99 2,400 2,300 -4.17
8# 3,900 48.43 3,600 3,400 -5.56

The pile stress is the largest at the pile depth of about 12 m, and the stress
at the pile end is the smallest, but the overall stress of the pile body is
relatively uniform; as the load on the top of the pile increases, the strain
around the pile body tends to be unevenly distributed. When the load on
the top of the pile is 5200 kN, the strain at a distance of 12 m from the top
of the pile is extremely high, and drops abruptly downward. The
construction record indicates that 12 m is the piles’ connecting point.
When it reaches approximately 18 m and 21 m from pile top, it reaches a
small peak, but the measured strain is less than 12 m. It decreases sharply
to the minimum at the bottom of the pile, indicating that the pile body
begins to enter the plastic stage under high load.

Figure 11 demonstrates that the axial stress of the pile body decreases
as the increasing of the test pile depth under the loading of the pile top. This
indicates that the pile top load is mainly offset by the pile shaft resistance,
which is consistent with the relevant characteristics of friction piles.

The soil strength is reflected by deformation and increases in
proportion to the degree of deformation. Likewise, the friction
resistance increases as the relative displacement between piles and soil.
Figure 12 demonstrates that as the load increases, so does the friction
resistance. At different depths of the same soil layer, the friction resistance
varies, and the friction resistance of each soil layer increases to varying
degrees along the pile depths. In contrast to prior research, in this test the
friction resistance in the deep portion of the pile has not decreased, which
is mainly due to the hard soil layers of medium coarse sand, silty sand, and
severely weathered mudstone.

Frontiers in Earth Science

Before loading 4,800 kN, the load on the pile top is provided by the
friction resistance of the pile body, the settlement of the pile is the
compression of the pile body, and the toe resistance of the pile is not
exerted as shown in Figure 13. With the increase of the load to
4,800 kN, the cumulative deformation and the settlement curves of the
pile top are separated, the pile tip begins to subside, and the toe
resistance gradually increases with the load. a is the settlement caused
by pile subsidence.

Figure 14 depicts the curve between relative displacement of
pile-soil and shaft resistance at the base of each soil layer. The pile
shaft resistance is closely related to the relative displacement of the
pile-soil. Regardless of the soil layer, the pile shaft resistance
increases as the pile-soil relative displacement increases. When
the relative displacement of pile-soil reaches a certain extent
(Inflection point), the change in pile shaft resistance is
negligible, indicating that the pile shaft resistance is fully
mobilized. However, the shaft resistance still has an increasing
trend, but the increasing trend is small, indicating that the pile
shaft resistance has not yet been fully mobilized, such as in the soil
layer composed of medium-coarse sand, silt, and strongly
weathered mudstone. And this phenomenon is comparable to
the research conclusion reached by Huang et al. (2008) (JGJ106
-2003, 2003). As a novel notion, the inflection point is crucial for
shaft

evaluating the relationship between resistance and

displacement of pile.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1130294

Li and Li

O (kN)
4000

6000

60 -
Static loading
= = — High strain dynamic testing
80 -
FIGURE 16

The Q-s curve of test pile.

3.4 Comparative analysis

Figure 15 depicts the relationship curve between unit toe resistance
and toe displacement of 3#, 5# and 6# piles, derived based on the axial stress
test results from static load test. In accordance with the rule depicted in
Figure 14, soil resistance is proportional to displacement. Under the same
displacement, when the pile toe displacement is small, the toe resistance
calculated by the high strain dynamic test is less than that calculated by the
static load test. However, when the displacement is large, the toe resistance
calculated by the high strain dynamic test is higher than that calculated by
the static load test. Due to the difference in soil resistance, the settlement
calculated by dynamic test is greater than that measured by static load test
when the vertical load is small (pile displacement is small), whereas the
settlement calculated by dynamic test is smaller than that measured by
static load test when the load is large (pile displacement is large).

Table 4 displays the average value of unit friction resistance of
each soil layer from each of the five piles (1#. 3#, 5#, 6#, and
7#). The test results of 5 test piles indicate that the unit
friction resistance of the upper soil layer measured by a slide
micrometer is greater than that measured by a high strain
dynamic test, but those of the deeper soil layer tested are
smaller than that from the high strain dynamic test; the friction
resistance of the soil layer is closely related to its depth.

Figure 16 demonstrates the Q-s curve of the test pile. When the pile
top load is small, the settlement calculated by high strain is close to the
measured result of static load test; when the pile top load is large,
especially when the pile is close to the failure condition, the settlement
calculated by high strain dynamic test is obviously less than the static
load test result. Table 5 compares the results of the high strain dynamic
test and static load test. The errors from high strain dynamic test and
static load test are within 15%.
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4 Conclusion

The bearing capacity of PHC pipe piles in Chancheng district
was successfully completed via high strain dynamic testing and
static load test. This paper investigated a suitable tool HSDT using
the PDA and SLT with the sliding micrometer. In Chancheng
district of China, CAPWAP analyses by an American-imported
PDA tool were successfully completed, and signal matching
was accomplished. The following specific conclusions may be
drawn.

1. A new concept of “inflection point” is proposed between shaft
resistance and relative displacement of pile-soil. The pile shaft
resistance increases as the pile-soil relative displacement increases.
When the relative displacement of pile-soil increases to a certain
extent, that is “Inflection point”, the change of pile shaft resistance
is negligible.

2. Therelationship between toe resistance and settlement of pile is
shown by comparing the SLT and HSDT. when the pile toe
displacement is small, the toe resistance calculated by HSDT is
lower than that by SLT, while when the displacement is large,
the toe resistance calculated by HSDT is higher than that
by SLT.

3. CAPWAP analysis were successfully completed and signal
matching was achieved. The error between the SLT and
HSDT is small, and within the acceptable range of 15%. It
indicates that the HSDT could provide suitable results to
assess the bearing capacity of PHC pipe piles in Chancheng
district.
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Introduction: The initial velocity of gas diffusion (AP) of coal is an important index
to characterize the outburst risk of coal, and temperature is an important factor
affecting the determination of initial velocity of gas diffusion. However, how to
control the temperature during AP determination remains a significant challenge.
Methods: In this paper, an experimental system for AP testing under temperature-
controlled conditions was constructed, and the effect of temperature on the AP
determination results was further explored by accurately controlling the
temperature of the testing system.

Results: The results show that the temperature change will affect the
determination result of AP in the range of 13°C-40°C, and the determination
results do not show obvious regularity.

Discussion: The main reasons for the analysis are as follows: during the
determination of AP, although the higher the temperature is, the faster the
speed of gas diffusion and the greater the amount of gas diffusion and the
pressure produced in the first 60s, but the smaller the amount of gas
adsorption before release. There is a situation of mutual offset between the
two, resulting in the fluctuation of AP determination results. It is concluded
that the temperature change will affect the determination of the initial velocity
of gas diffusion, and when AP is measured, the temperature of the experimental
system should be consistent with the actual temperature of the sampled coal body
as far as possible, so as to increase the reliability of the measured results for the
prediction of coal and gas outburst. This paper provides an experimental basis for
clarifying the industry standard of temperature related to AP.

KEYWORDS

gas diffusion, initial velocity, temperature, determination, coal

1 Introduction

The initial velocity of gas diffusion of coal is an index that indicates how quickly the coal
containing gas changes from adsorption state to free state under the condition of complete
exposure. The greater the initial velocity of gas diffusion, the stronger the initial gas release
capacity of coal body, and the greater the outburst risk of coal seam (Liu and Wang, 2013;
Liang et al., 2018; Sun, 2018). This index has been used as one of the indexes to judge the
danger degree of coal and gas outburst in most countries in the world, and has been widely
used (AQ1080-2009, 2009; Wang and Shi, 1991; Lu, 1992).
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Many scholars have studied the influencing factors of this index
and achieved fruitful results (Chen et al., 2012; Meng and Li, 2016;
Du et al, 2020; Li et al., 2022; Lu et al,, 2022). The effects of
adsorption pressure, firmness coefficient, volatile matter, adsorption
equilibrium time, and particle size on the initial velocity of gas
diffusion have also been studied (Jianning, 2010; Xu and Jiang, 2011;
Tan et al., 2012; Xu and Jiang, 2012; Yanwei and Mingju, 2015; Yang
etal., 2022). Temperature is one of the important factors. Li et al. (Li
and Jiang, 2009) pointed out that there is a quadratic relationship
between the initial velocity of gas diffusion and the temperature
difference through experiments and curve fitting in the temperature
range of 20°C-24°C, and the higher the temperature is, the smaller
the initial velocity of gas diffusion is Guo, (2018) draws the
conclusion that the initial velocity of gas diffusion decreases with
the increase of temperature in the temperature range of 5°C-30°C
through experimental analysis, and points out that the extent of the
decrease is related to the initial velocity of gas diffusion of coal
sample itself Ma, (2017) thinks that there is a quadratic function
relationship between temperature and initial velocity of gas diffusion
in the temperature range of 15°C-35°C, and the initial velocity of gas
diffusion increases with the increase of temperature before the
extreme point, and decreases with the increase of temperature
after the extreme point.Huang et al. (2019) pointed out that the
error of the same coal sample is large when the experimental
temperature is 10°C-30°C, which is caused by the influence of
room temperature, and the follow-up study should fully consider
the effect of room temperature on the initial gas diffusion velocity of
coal.Guo et al. (2020) pointed out that the initial velocity of gas
diffusion does not decrease in a straight line with the increase of
temperature, and the change of temperature may affect the internal
pressure of gas or the structure of coal matrix.

Although many people at home and abroad have made great
contributions to the study of the influence of temperature on the
determination results of the initial velocity of gas diffusion, in
during AP
determination has rarely been reported. With the continuous

general, the precise control of temperature
increase of coal mining depth, the phenomenon of coal seam
temperature increase occurs in many mines (Zheng et al., 2011),
and the influence of temperature factors on coal and gas outburst is
increasing. As the main prediction index of coal and gas outburst,
the initial velocity of gas diffusion has no clear requirement for
temperature in the industry standard for its determination, so there
is an urgent need to study the influence of temperature factors on its
determination and define the standard.

This paper constructs the AP determination system under the
condition of temperature based on the instrument for measuring the
initial velocity of gas diffusion developed by Henan Polytechnic
University, and realizes the accurate control of the temperature of
the test system. The experiment was carried out strictly according to
the technical standard of AQ 1080-2009 (AQ1080-2009, 2009), and
the effect of temperature on the initial velocity of gas diffusion was
further studied. It is concluded that in the temperature range of
13°C-40°C, the temperature change will affect the determination
results of AP, and the determination results do not show obvious
regularity. This paper provides an experimental model and some
data support for the further study on the temperature influencing
factors of AP determination.
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2 Experimental
2.1 Coal sample collection

Four coal samples were selected for experiment in this paper in
order to make the experimental results comparable. Coal sample 1 is
head of
16041 transportation roadway in Jiaozuo Jiulishan Coal Mine,

a soft coal collected from the excavation
which is numbered JR. Coal sample 2 is hard coal collected from
16021 transportation roadway in Jiaozuo Jiulishan Coal Mine,
numbered JY. Coal sample 3 is a soft coal collected from
3101 working face of Hebi No. 8 Coal Mine, which is numbered
HR. Coal sample 4 is hard coal collected from 3103 working face of
Hebi No. 8 Coal Mine, numbered HY. The specific sampling
locations is shown in Figure 1.

In order to fully understand the properties of coal samples, four
coal samples were analyzed industrially according to the industrial
analysis method of coal (GB/T212-2008). The results are as follows,

as shown in Table 1.

2.2 Sample preparation

According to the regulations of GB474 and GB477 in China, the
collected coal samples were crushed and sieved with particle size of
0.2-0.25 mm. The production process of coal sample is shown in
Figure 2. Two specimens are taken from each coal sample, each
weighing 3.5 g. Meanwhile, keep the spare coal sample for repeated
experimental verification.

2.3 Experimental installation

The initial velocity of gas diffusion determination system under
temperature-controlled conditions constructed in this paper is
mainly composed of five parts: the initial velocity of gas diffusion
determination instrument, glass water tank, constant temperature
water bath, gas cylinder and vacuum pump. The instrument for
measuring the initial velocity of gas diffusion is developed by Henan
Polytechnic University. The glass water tank is self-built. Constant
temperature water bath is produced by Chongqing Huida
Experimental instrument Co., Ltd. Other auxiliary experimental
equipment include WY-98B adsorption constant tester, electronic
scale, distiller, sealed hammer crusher, mercury thermometer, and
SO on.

In order to clearly show how to accurately control the
temperature of the system, the system model diagram is drawn,
as shown in Figure 3. The realization process of temperature control:
Appropriate amount of water is injected into the glass tank, and then
the well-sealed initial velocity of gas diffusion determination
instrument is placed in it to maintain immersion. The constant
temperature water bath is connected with the glass water tank, and
the temperature of the water in the tank is controlled by the constant
temperature water bath, so as to realize the accurate control of the
temperature of the AP determination system. Two thermometers are
placed vertically on both sides of the tank to compare and monitor
whether the water temperature is stable at the set temperature.
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FIGURE 1

Sampling locations of experimental coal samples.

TABLE 1 Basic information and parameters of experimental coal samples.

Sample Sampling location Maq (%) Aad (%) Vjar (%) FCud (%)
JR Jiulishan Mine, Jiaozuo mining area 3.07 11.33 6.28 79.02
Y Jiulishan Mine, Jiaozuo mining area 2.05 21.1 7.02 69.33
HR Hebi No. 8 Mine, Hebi mining area 2.2 15.86 11.03 70.46
HY Hebi No. 8 Mine, Hebi mining area 1.42 9.97 12.42 76.08

Note: Myg, Vo and FC,g, are the moisture, ash, volatile matter, and Fixed Carbon contents on the air-dried basis, respectively.

FIGURE 2
Sample preparation process.

2.4 Experimental process and results

The experiment was carried out strictly according to the
technical standard of AQ 1080-2009 (Liang et al., 2018). In order

Frontiers in Earth Science

to accurately describe the process of the experiment, this paper
makes a schematic diagram of the determination system, as shown
in Figure 4. The specific experimental process is as follows:

2.4.1 Sample preparation

The coal sample with particle size of 0.2-0.25 mm was prepared
according to the 2.2 method. In this experiment, there are 4 coal
samples. In order to make the experimental results reliable, two
samples are taken from each kind of coal sample, one of which is
used as a parallel comparison of coal samples. A total of 8 samples,
each sample weighs 3.5 g.

2.4.2 Sample loading

Eight samples were packed in 8 sample bottles by funnel. Sample
bottle 1 and 5 are filled with JR, sample bottle 2 and 6 are filled with
JY, sample bottle 3 and 7 are filled with HR, and sample bottle 4 and
8 are filled with HY. The latter is the parallel comparison sample of
the former.

2.4.3 Temperature selection

The temperature range selected in the experiment is
13°C-40°C. A total of 6 temperature points were selected,
which are 13°C, 18.5°C, 23°C, 28°C, 35°C and 40°C. There are
three factors to consider: the first is the temperature environment
of the coal mine around 20°C in the actual production; the second
is the development trend of temperature rising with the increase
of mine mining depth; the third is to find the linear law of AP
changing with temperature.
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FIGURE 3

System model for measuring the initial velocity of gas diffusion under temperature control.
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FIGURE 4
The Schematic diagram of AP determination under temperature condition.

2.4.4 Test

Step 1: Check the test system, set the first temperature point to be
investigated at 13°C, and start heating. Enter the second step after it
is constant at 13°C. The temperature of water in the tank was
observed by the two thermometers.

Step 2: Open all coal sample channels, open valves 9 and 10, rotate
three-way valves 11 and 12 to the position where they are connected
up and down, and start the vacuum pump to degas the coal sample
for 90 min.

Step 3: After 90 min of degassing, turn off the vacuum pump, and
then rotate valve 11 to connect methane bottles and all coal sample
bottles. Gas is charged to make coal samples absorb gas for 90 min,
and the charging pressure is maintained at 0.1 MPa.

Step 4: Close the methane bottle and all coal sample bottles in order
to isolate the coal sample bottle from the methane bottle.
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Step 5: Rotate the three-way valves 11 and 12 to the position of the
upper and lower connection, and start the vacuum pump to degas
the dead space of the instrument, so that the liquid level of the
mercury column at both ends of the U-shaped mercury column
meter is level.

Step 6: Close valve 12, stop the vacuum pump, then close valve 10.
Open the coal sample bottle 1, start the stopwatch timing when the
coal sample bottle is connected to the dead space of the instrument,
close valve 1 at 10s, write down the upper and lower liquid level
readings of the mercury column meter on the left, and get the P,
value. Open the valve 1 again at 45 s and close valve 1 again at 60 s,
read out the upper and lower liquid level readings of the mercury
column meter again, get the P, value, and then calculate the AP value
of coal sample 1 at the temperature of 13°C.

Step 7: Close the coal sample bottle 1 and complete the coal sample

1 test. Open valve 10 and 12, start the vacuum pump to degas the
dead space of the instrument, so that the mercury column surfaces at

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1138828

Shang et al.

TABLE 2 The AP determination results under temperature condition.

10.3389/feart.2023.1138828

Temperature (°C) JR (mmHg) JY (mmHg) HR (mmHg) HY(mmHg)
13 33 18 21 15
185 335 205 22 16.5
23 33 22 225 16
28 325 215 19.5 17
35 31 215 205 16
40 30.5 23 19.5 16.5
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FIGURE 5
The variation curve of AP value with temperature.

both ends of the U-shaped mercury column meter are level. The
same method is used to complete the test of coal sample 2, 3 and
4 AP value in turn. The same steps are used to complete the test of
AP values of four parallel coal samples 5, 6, 7 and 8 on the right.

Step 8: After all the tests are completed, the difference between the
left coal sample and the corresponding right parallel coal sample AP
is calculated. If the difference between the two is greater than 1, the
test result of this group is invalid, and the sample is reloaded for
testing. If the difference is less than 1, the maximum value of the two
will be taken as the determination result of the coal sample. Finally,
the determination results of 4 groups of coal samples under 13 °C
temperature condition are obtained.
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The AP values of four coal samples at 18.5°C, 23°C, 28°C, 35°C
and 40°C are obtained by re-setting the temperature of thermostatic
water bath and repeating the above steps. The results are shown in
Table 2.

3 Discussion and results
3.1 Experimental analysis
From Figure 3 we can see that the instrument for determination

of initial velocity of gas diffusion is always immersed in a constant
temperature tank in this experiment, the water temperature is
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controlled by a thermostatic water bath. The temperature difference
is less than 1 °C up and down, and the temperature is relatively
constant. The difference between the experimental process and the
previous experiments is that when measuring the AP value at a
certain temperature point, the constructed constant temperature
system can not only ensure that the temperature of the coal sample is
the set temperature, but also ensure that the temperature of the
whole test system is constant at the set temperature. It is not affected
by room temperature. This scheme greatly improves the reliability
and accuracy of the temperature condition in the determination
of AP.

According to the experimental results of 2.4, the variation curves
of initial velocity of gas diffusion at different temperatures of JR, JY,
HR, and HY are drawn respectively, as shown in Figure 5.

From Figure 5 we can see that in the temperature range of
13°C-40°C, the initial velocity of gas diffusion jumps up and down
with the increase of temperature, showing no obvious regularity.
From the span, JRis 3,]JY is 5, HR is 3, HY is 1.5, compared with the
critical value 10, this is enough to affect people’s judgment on the
risk of coal and gas outburst. From a macro point of view, the initial
gas emission rate of soft coal in Jiaozuo Jiulishan Mine and Hebi No.
8 Coal Mine shows a decreasing trend with the increase of
temperature, while their corresponding hard coal shows a rising
trend. Preliminary judgment: for hard coal, the effect of temperature
rise on gas diffusion rate is greater than that on adsorption, while
soft coal is the opposite.

3.2 Discussion

This paper focuses on the influence of temperature on the
determination of the initial velocity of gas diffusion. According
to the definition of AP, AP is the difference between the pressure P;
generated by gas diffusion of coal sample in the first 10s and the
pressure P, produced by gas diffusion of coal sample within 45-60 s,
provided that the basic measurement conditions such as adsorption
equilibrium pressure and particle size remain unchanged. In general,
the determination result is reflected in the amount of gas emission in
the first 60 s of coal sample, which is related to the gas emission rate
and the initial adsorption capacity of coal sample. Therefore, the
discussion of the influence of temperature on the initial velocity of
gas diffusion becomes the discussion of the influence of temperature
on the rate of gas emission and the initial gas adsorption capacity in
the first 60 s.

3.2.1 Analysis of the influence of temperature on
gas diffusion rate

Liu et al. (2013) concluded that the increase of temperature
greatly improves the diffusion ability of gas in coal particles by
enhancing the activity of methane molecules and strengthening the
expansion of pores, especially small pores. Gao, (2013) proved that
in the temperature range of 25°C-45°C, under the same pressure
condition, the higher the temperature, the greater the rate of gas
desorption, and the maximum rate is in the first 60 s, and tends to be
consistent after 3min. Li (Hong, 2011) believes that in the
temperature range of 20°C-60°C, under the same pressure, the
higher the temperature, the greater the gas desorption rate, and
the maximum gas desorption rate is in the first 60 s. He, (2010)
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demonstrated that in the temperature range of 10°C-40°C, the
higher the temperature, the higher the gas desorption rate and
the greater the desorption amount in the same time. Based on the
above research, it can be concluded that the higher the temperature,
the faster the gas emission rate, and the greater the gas emission
amount in the first 60 s, which means that the effect of temperature
on the determination results of initial velocity of gas diffusion is
positively correlated from the perspective of gas disffusion rate.

3.2.2 Analysis of the influence of temperature on
initial adsorption amount of gas

Wang et al. (2016); (Zhang et al., 2009); (Chen et al., 1995);
(Zhong et al., 2002); (Wang et al., 2011); (Liu et al., 2012); (Cai et al.,
2019); (Wang et al., 2022) and others found that the amount of gas
adsorption gradually decreased with the increase of temperature. It
is generally accepted that the adsorption amount decreases by 8% for
a 1 °C temperature increase. Based on the previous research results,
from the perspective of gas adsorption, the higher the temperature,
the smaller the initial adsorption capacity of coal sample before AP
determination. From this point of view, the effect of temperature on
the determination of the initial velocity of gas diffusion is negatively
correlated.

3.2.3 Analysis of the influence of temperature on
gas diffusion pressure

The temperature has an effect on the pressure under the
condition of constant diffusion space. The initial velocity of gas
diffusion determination instrument used in this paper is of variable
volume and pressure type. According to the research results of Lu,
(1992), AP is not only related to the amount of gas diffusion to be
measured, but also related to the volume of the dead space of the
instrument and the tube diameter of the manometer. The sum of the
dead space of the instrument and the space produced by the change
of the pressure gauge is the diffusion space of the experimental coal
sample. Here, according to the ideal gas state equation (PV=nRT),
assuming that the diffusion space V and the gas diffusion quantity n
remain unchanged, it can be seen that the temperature is
proportional to the pressure. That is to say, the higher the
the the the the
corresponding p-value. Therefore, from this point of view, the

temperature, greater pressure, greater
change of temperature will directly affect the values of P; and P,,
thus affecting the results of the determination of the initial velocity
of gas diffusion.

To sum up, in the process of AP determination, although the
higher the temperature is, the greater the gas diffusion volume and
its generating pressure are in the first 60 s, but the smaller the
adsorption capacity before release is, and there is a mutual offset
between the two cases. Therefore, the measurement results of AP
under different temperature conditions failed to show the
corresponding regularity. The analytical results are consistent
with the experimental results.

According to the above discussion, it is suggested that the
industry the related
temperature should be clarified. Reason: In actual production, the

standard for determination of AP
actual temperature of coal seams in different mining areas and
different depths is different, but most of the experimental
measurements are carried out at room temperature (20°C), so the
results of AP may deviate from the real results. In the actual test, not
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all laboratories have constant temperature conditions either, and the
same coal sample may have different test results in winter and
summer, and inconsistent test results in day and night. The result
will directly affect people’s judgment of coal and gas outburst.

4 Conclusion

1. The test system for the initial velocity of gas diffusion under
different temperature conditions constructed in this paper
provides an experimental reference for further research.

. The temperature change will affect the AP determination results
in the range of 13°C-40°C, and the results do not show obvious
regularity. In the process of AP determination, the temperature of
the experimental system should be kept consistent with the actual
temperature of the sampled coal body as far as possible, so as to
increase the reliability of the determination results for the
prediction of coal and gas outburst.

. From a macro point of view, hard coal shows an increasing trend of
AP with the increase of temperature, and soft coal shows a
decreasing trend. It is preliminarily speculated that the effect of
temperature increase on gas diffusion rate of hard coal is greater than
the effect on its adsorption, and the opposite is true for soft coal.

. This paper also provides an experimental basis for clarifying the
industry standard for the determination of AP related
temperature. Therefore, the industry standard for determining
the temperature of AP should be defined, in order to increase the
comparability and stability of AP determination results.
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In order to reveal the influence of air leakage on oxygen concentration in goafs of
fully mechanized caving mining with a shallow buried and high mining height, the
air leakage of No.122108 working face in Caojiatan coal mine in different seasons
was tested by the SFg tracer gas test method. Based on the result of the air leakage
test, the "three zones” of spontaneous combustion in the goaf were simulated
using Ansys Fluent fluid dynamics software, and the simulated result was
compared with that of the field test. The result shows that the vertical air
leakage of the working face is serious, the wind speed is high, and the air
leakage rate is up to 86.96%. The air leakage rate is higher in winter and lower
in summer. The air leakage intensity decreases from the air inlet side to the air
return side through the middle of the goaf. The range of the oxidation heating
zone of the goaf is 98-245 m on the air inlet side and 33—-96 m on the air return
side. The numerical simulation result is well consistent with the field test data. The
research conclusion can guide fire prevention and the extinguishing of
No.122108 working face and lay a foundation for the prevention and control of
spontaneous fire in goafs of fully mechanized caving mining with a shallow buried
and high mining height.

KEYWORDS

shallow buried and high mining height, SFg tracer gas, air leakage, oxygen concentration,
numerical simulation, coal spontaneous combustion

1 Introduction

There are many kinds of complex mine disasters. coal spontaneous combustion is one of
the most serious mine disasters (Querol et al.,, 2011; Liu et al., 2019; Zheng et al., 2019; Liu
et al.,, 2020; Onifade and Genc, 2020; Jin et al., 2021; Kuai, 2021), which can easily cause
casualties, environmental pollution, and property loss (Deng et al., 2017; Wu et al., 2018; Li
et al, 2019; Song et al, 2020). According to the data, fire accidents caused by coal
spontaneous combustion account for more than 90% of the total mine fires (Ma et al.,
2022), and coal spontaneous combustion in goafs comprise over 60% of total mine
spontaneous combustion (Su et al,, 2016; Wen et al.,, 2017). In the process of mining,
the roof of the coal bed in goafs will be pressed periodically; therefore, the roof will break and
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sink, and the cracks will be connected with goafs. For shallow buried
coal beds, even the surface will experience local collapse, and rock
cracks will penetrate the surface and goafs and form air leakage
channels, thus creating air leakage and an oxygen supply
environment for goafs (Li W. et al, 2022). When special
geological conditions are encountered in the process of mining,
the speed of mining slows down, and a certain thickness of the loose
coal body is left behind in goafs, which will inevitably cause
spontaneous combustion of coal left in goafs. Therefore, it is of
great significance to study and master the distribution of air leakage
flow fields in goafs of fully mechanized caving mining with a shallow
buried and high mining height in order to realize the control of
spontaneous combustion in goafs.

The SF¢ tracer gas measurement method is a reliable technique
for measuring air leakage in mines, which is used to determine air
leakage channels and air leakage in goafs (Wang et al., 2014; Zhu
et al., 2016). Researchers at home and abroad have carried out a lot
of research studies and practices on air leakage using the SF¢ tracer
gas measurement method. Tian et al. (2020) measured the air
leakage in goafs of the U-type ventilation working face in the
Wenzhuang Coal Mine using the SFq tracer gas method. The
results showed that there were many air leakage channels in
goafs of this working face, and the air leakage velocity at the
interface between the hydraulic support and goafs was high.
Zhao et al. (2016) used the SF4 tracer gas instantaneous release
method to analyze the air leakage from surface cracks in the fully
mechanized cave mining with a shallow buried and high mining
height of the Pingshuo mine area, determining parameters of surface
air leakage and proposing comprehensive prevention and control
measures according to the air leakage test result. Wu (2020) used SFg
tracer gas measurement method to measure the air leakage velocity
in the goaf of the Xiegou coal mining face and obtained the main air
leakage interval of the goaf.

Due to the complexity of residual coal and porosity distribution in
goafs, determining air leakage flow fields in goafs and “three zones” of
spontaneous combustion in goafs by means of field measurement and
experimental study is limited. To some extent, numerical simulation can
make up for the deficiency of field measurement and carry out
reasonable and accurate physical simulation of air leakage flow fields
in goafs (Kurnia et al., 2014; Tang et al., 2016; Zhang and Ji, 2016; Liu
et al,, 2022). Based on the unsteady state simulation method, Zuo et al.
(2021) divided “three zones” of coal spontaneous combustion in goafs
by analyzing the relationship between working face mining and coal
spontaneous combustion under the condition of low air leakage velocity
in goafs. Li et al. (2019), by establishing a numerical model, determined
the three-dimensional spontaneous combustion risk area in goafs. The
results showed that the “spontaneous combustion zones” in goafs
became wider along the vertical height and the spontaneous
combustion risk area turned larger. Shi et al. (2014) simulated the
variation law of oxygen concentration in goafs during the mining of a
fully mechanized caving mining face by the computational fluid
dynamics (CFD) method. Hu and Liu (2021) took a fully
mechanized caving mining face in the Yindonggou Coal Mine as
the research object and combined numerical simulation with actual
conditions to accurately divide the distribution range of “three zones” of
spontaneous combustion in goafs. The simulation result was in
agreement with the measured one. Based on the method of
numerical simulation and field measurement, Xing (2021) studied
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the influence of surface air leakage in shallow thick coal beds on
coal spontaneous combustion in goafs and obtained the distribution
of “three zones” in goafs and the distribution law of the oxygen
concentration field. In addition, a coal mine fire monitoring device
was used for field verification.

At present, most scholars have only studied the law of air leakage
in one time dimension. Due to the change of seasons, many
environmental factors such as climate, temperature difference,
and atmospheric pressure are changed, which causes the coal
seam to trigger the “gasp effect.” Based on the research studies
carried out at home and abroad, this study takes No.122108 working
face of Caojiatan coal mine as the research object and uses the SFq
tracer gas to measure the air leakage of this working face in summer,
autumn, winter, and spring. Based on the measured result of the air
leakage, fluid dynamics software Ansys Fluent is used to simulate the
“three zones” of spontaneous combustion in goafs, and the
simulation result is compared with the field measurement. The
research conclusion can lay a foundation for the prevention and
control of spontaneous fire in goafs of fully mechanized caving
mining with a shallow buried and high mining height. It is hoped
that it can guide the fire prevention and extinguishing work of a
similar working face in Caojiatan coal mine.

The subsequent sections of this paper are organized as follows:
Section 2 introduces the overview of the working face. Air leakage
measurement of the SF¢ tracer gas and analysis of results are elaborated
in Section 3. Section 4 is dedicated to the theoretical basis of simulation
in the goaf, parameter setting of the numerical model of the goaf, and
the numerical simulation result and analysis. Field verification is
explained in Section 5. Finally, conclusions are given in Section 6.

2 Overview of the working face

No. 122108 working face is located in the second coal face in the
east of the 12th panel of the 27 coal bed in Caojiatan coal mine, and the
mined coal bed belongs to the type I spontaneous combustion coal bed.
The coal dust is explosive with the absolute gas emission of 2.90 m*/min
and relative gas emission of 0.10 m*/t. The working face is adjacent to
the goaf of No.122106 working face in the north, with a strike length of
5,966 m and an inclined length of 280 m. The working face adopts the
longwall backward mining method and integrates the fully mechanized
caving mining technology. The caving method is used to treat the goaf.
The average coal thickness of the working face is 10 m, the designed
mining height is 6 m, the coal caving height is 4 m, and the ratio of
mining to caving is 1:0.67. The coal mining machine cuts coal in two
directions, and the end is cut obliquely with a length not less than
59.7 m and a depth of 865 mm. The roadway layout of the mining
working face is shown in Figure 1.

3 Air leakage measurement of the SFg
tracer gas

3.1 Air leakage measurement principle of the
SFe tracer gas

SFs does not exist in natural stones and has good stability and
testability (Zheng et al., 2022). Therefore, this study uses the SF tracer
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Roadway layout of the mining working face.
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FIGURE 2

Schematic diagram of air leakage rate calculation (L is the
horizontal distance between the tracer gas release point and the
working face, and Hy and H; represent the elevation of the tracer gas
release point and monitoring point in the mine, respectively).

gas to detect the air leakage. When there is an air leakage channel, SF¢
will pass through and can be detected at the air outlet; otherwise, it must
not be detected from the air return side.

This study measures the distribution of surface air leakage channels
by the SFq tracer gas pulse release method and tests surface air leakage of
No.122108 working face in spring, summer, autumn, and winter in situ.
In order to ensure the accuracy and reliability of the field test, this paper
measures twice a quarter. This study measures the SF¢ gas released from
the surface, which is tested, and the air return corner of the working face
is measured to analyze the distribution law of air leakage channels on
the surface and the air leakage and transfusion parameters.

The vertical air leakage rate from the surface to the goaf is
calculated quantitatively by the release time of the tracer gas on the
surface, the appearance time of the tracer gas in the mine, and the
relative position between the release point and the working face. The
air leakage rate can be expressed as follows (Tian et al., 2022):

V=, (1)
where V is the air leakage rate, d is the distance between the tracer

gas release point and the corner of the working face, and t refers to
time interval.
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Due to irregular air flow to the formation in cracks, the
maximum air leakage rate and the minimum air leakage rate can
be determined by calculating the longest and shortest straight line
distances, respectively. As shown in Figure 2, the formula for
calculating the maximum and minimum air leakage rates can be
obtained as follows.

L+ (H;-H,
Vmax: ( td ])> (2)
I*+ (H; - H;)

where V,,,,, and V,,;, are the maximum and minimum air leakage
rates, respectively.

3.2 Air leakage measurement scheme in the
goaf

In this measurement, the instantaneous release mode is adopted
to conduct field observation and investigation on the surface
subsidence area of the working face at different times (winter:
16 January 2021; spring: 11 March 2021; summer: 27 June 2021;
and autumn: 16 September 2021). In addition, a “two-way” chute
with a relatively large air leakage and good communication with the
working face and the position with large cracks under periodic
pressure of the working face are selected as tracer gas release points
on the surface. The SF¢ tracer gas is used to test the distribution of
surface air leakage channels, and the release amount is 32 L. The
selected release point position is shown in Figure 3.

3.3 Analysis of results

The portable SFs gas detector is adopted to test the return wind
20 m from the return wind corner of No.122108 working face on the
surface and in the mine in different seasons. The ambient temperature,
air pressure, working face wind speed, SFs appearance time, and
duration are recorded, and then the air leakage from the surface to
No.122108 working face is measured.
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FIGURE 4
Change of surface and downhole temperatures in different
seasons.

3.3.1 Change of surface and downhole ambient
temperatures and air pressure in different seasons

As can be observed in Figures 4, 5, the largest temperature
difference in winter reaches 37.7°C, the surface temperature is below
zero, and the smallest temperature difference in summer is only
0.9°C. Because of the change of seasons, the surface temperature is
greatly different, and the change of air temperature leads to the
change of air density, forming the phenomenon that the
atmospheric pressure in winter is higher than that in summer.
The downhole is a semi-closed environment where the change of
temperature and atmospheric pressure is small, thus forming an
evident temperature difference in the downhole. As shown in
Figure 5, the maximum air pressure difference is 40.37 hPa in
winter and 22.47 hPa in summer. The difference between spring
and autumn is small due to climatic characteristics.

3.3.2 Leakage rate

In combination with the crack survey in the surface collapse
area, tracer gas release in different positions, and downhole
observation, the vertical air leakage in No.122108 working face of
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FIGURE 5
Change of surface and downhole air pressures in different
seasons.

Caojiatan coal mine is qualitatively and quantitatively analyzed to
find the characteristics and law of the formation of surface cracks
and air leakage channels. The change of the air leakage rate of each
measuring point in different seasons is obtained by calculation, as
shown in Figure 6. The result shows that the vertical air leakage of
No.122108 working face in Caojiatan coal mine is serious, the wind
speed is high, air leakage exists in 20 of 23 measuring points, and the
air leakage rate is up to 86.96%. As can be observed in Figure 6, the
air leakage rate also varies significantly with the seasonal change.
Due to the large temperature difference in winter, the air pressure
difference between the surface and downhole is large, the air leakage
is serious, and the maximum air leakage rate at A5 measuring point
reaches 0.1614 m/s. The air leakage rate is generally higher in winter
than in the other three seasons, and the air leakage rate is the lowest
in summer because the temperature in winter is low, the air shrinks,
the density increases, and the weight of the air column per unit area
and the air pressure goes up. Therefore, in winter, the maximum air
leakage rate ranges from 0.1003 to 0.1614 m/s, the average flow rate
is 0.1022 m/s, the minimum air leakage rate is 0.0717-0.1145 m/s,
and the average flow rate is 0.5377 m/s. It is the opposite in summer.
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The air pressure decreases, and the downhole negative pressure
decreases. In summer, the maximum air leakage rate ranges from
0to 0.1354 m/s, the average flow rate is 0.0961 m/s, the minimum air
leakage rate ranges from 0 to 0.0983 m/s, and the flow rate is
0.0670 m/s. Seasonal changes result in the difference of pressure
between the surface and downhole, and the air leakage is serious in
winter when the negative pressure increases.

Figure 7 shows the change of the average air leakage rate with the
working face distance. It can be observed that the air leakage rate is
smaller when the measuring point is far away from the working face.
On the contrary, the air leakage rate is larger when the distance from
the working face is closer. This is because the surface cracks at the
measuring point far away from the working face are relatively few
due to a series of environmental factors such as long subsidence time
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Distribution of the average air leakage flow rate of the measuring
points at different positions in the surface crack working face in four
seasons

and surface soil filling, and the wind leakage speed of the cracks is
relatively small; the surface cracks at the measuring point near the
working face are relatively more for a good development condition
due to the initial formation of the subsidence area, and the wind
leakage speed of the cracks is relatively large. According to the
results of field investigation and test, the transfusion through the
surface to the goaf is not uniform due to serious air leakage in the
large crack zone in some subsidence areas and the small cracks with
little or no air leakage. There are many extended large cracks on the
surface; the maximum width of cracks is 0.03-0.09 m, and the length
of cracks is 23-35 m. These large cracks are highly likely to have
serious air leakage and need to be buried in time.

Figure 8 shows the distribution of the average air leakage flow
rate on the air inlet side, air return side, and measuring point in the
middle of the working face in four seasons. It can be observed that
the air leakage flow rate on the inlet side is relatively large, while that
on the return side is relatively small.

3.3.3 Distribution of air leakage intensity

The main methods for calculating the air leakage intensity of a
loose coal body include the air flow calculation method, Darcy
differential algorithm, air network solution algorithm, and oxygen
concentration calculation method (Deng et al., 1999). Theoretically,
the first three methods can accurately calculate the air leakage
intensity and distribution of a loose coal body. However, due to
the limitation of accuracy of the current wind and pressure
measurement technology and practical conditions of roadway, it
is difficult to implement the practical application of calculating the
air leakage intensity of a loose coal body. The error is large, so they
are seldom used in the field. The fourth method is simple and
accurate; it calculates the air leakage intensity using the measured
oxygen concentration.

The oxygen concentration measurement method is through the
actually measured oxygen concentration distribution to push back
the air leakage intensity. The idea is to assume a kind of air leakage
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face.

law and calculate the air leakage intensity according to the oxygen
consumption rate of coal at the temperature by measuring the
oxygen concentration at a certain point in a loose coal body. The
air leakage intensity is taken as the initial value, and the change of the
system air pressure is considered (mainly the change of hot air
pressure caused by the change of coal temperature); then, the
dynamic change law of air leakage intensity can be obtained.

Assuming that the air leakage flows only along one dimension,
when the air leakage intensity in a loose coal body is constant, the
relationship between the air leakage intensity and oxygen concentration
can be obtained [as shown in Formula 4 (Zuo et al., 2018)]:

~ - V(();z (%41 — x:)

Q(xi )= , (4)

i
CoZ

it+1
C 0,

Co,In

where C, is the oxygen concentration of the fresh air flow and is set
as 9.375 x 10" °mol/cm?; VOOz (T) is the oxygen consumption rate
when the experimentally determined coal temperature is T and the
oxygen concentration is 21% and is set as mol/ (s - cm>); Q (x; ) is the
air leakage intensity at x; in the goaf and is cm?®/ (s - cm?); x4, and
x; are, respectively, the distance between two points of the goaf and
the working face, m.

According to the field observation data, the horizontal
distribution map and three-dimensional distribution map of the
air leakage intensity in different positions inside the goaf are
established as shown in Figures 9, 10. As can be observed in
Figures 9, 10, the air leakage intensity is highest on the air inlet
side of the goaf, second highest in the middle of the goaf, and lowest
on the air return side. Therefore, the air leakage intensity decreases
from the air inlet side to the air return side through the middle of the
goaf. Atabout 50 m from the air inlet side to the working face, the air
leakage intensity has a peak value and is higher than the surrounding
points, which should be due to the existence of the auxiliary chute
and connection roadway at the wind inlet side so that the air leakage
is relatively large. According to the analysis result of air leakage
intensity, the air leakage is serious on the air inlet side, which should
be the key area of fire prevention and extinguishing work.
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FIGURE 10

Three-dimensional distribution map of the air leakage intensity of
No0.122108 working face.

4 Numerical simulation analysis

4.1 Theoretical basis of simulation in the
goaf

After the working face is mined, the roof strata will collapse one
after another. Therefore, the goaf is filled with broken rock and the
loose coal body, and the cracks between the broken rock and the
loose coal body are very abundant in the goaf. For the purpose of
simulation calculation, we consider the loose coal body and rock as
homogeneous porous media. It is assumed that 1) spontaneous
combustion occurs in residual coal in the goaf; 2) heat exchange
occurs between residual coal and the surrounding air; and 3) heat
released by the chemical reaction enhances the transfusion process
between the substances and intensifies heat and mass transfer.

4.1.1 Mathematical equation of gas concentration
in the goaf

The pore distribution in loose coal is usually large, and large
pores will cause the gas to leak easily. The air leakage rate causing
spontaneous coal combustion is very small (0.001-0.5 cm s™) under
the actual conditions, and the air leakage distribution is a function of
time and space. In order to study the influence of surface air leakage
on coal spontaneous combustion in the goaf, the control equation of
the key characteristic parameter O, of coal spontaneous combustion
is established.

The migration of O, in porous media includes diffusion and
transfusion. According to Fick’s law, the diffusion of air components
is from high concentration to low concentration. In the given
calculation area, O, transfusion should conform to Darcy’s law,
and the air leakage intensity in the transfusion model only needs to
consider the air leakage through the unit area of loose coal. The
equation for the mass balance of O, can be expressed as follows:

~0Co, - 0Co, ~0Co,  0’Co,  0°Co, . 0°Co,
2 ox T oy tQ oz =Dx 0x? + Dy oy? +D: 0z2
Vo, (T), (5)
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where Q is air leakage intensity of the goaf; Q,, Qy, and Q, are air
leakage intensity components in the x, y, and z directions,
respectively; Cp, is the concentration of Oy D is diffusion
coefficient; Dy, D,, and D, are diffusion coefficients of O, in x,
¥, and z directions, respectively; Vo, (T) is the oxygen consumption
rate of coal, when the O, volume fraction is Cp, and the oxygen
consumption rate is proportional to O, volume fraction.

4.1.2 Governing equation of the flow field in the
goaf

In the normal production of the mine, it is assumed that the
transfusion, diffusion, and chemical reaction in the combustion
space proceed smoothly, and the total mass of air remains
unchanged. If the temperature of the goaf is basically kept
constant, the governing equation of the flow field in the goaf can
be obtained as follows (Li Y. C. et al.,, 2022):

[ 0 ( OH\, 9 (, 0H) 0o oH\ .
ox\ “ox) oy\ oy /) oz\ Foz)
_9C _oC _.oC _9C _9C _dC
~+Q-—+Q—=D——+Dy— +D,—— V(T
Q3+ @5, * A5, = Pz D g+ D a = VD)
Q:—EVH
u
C
V(T) = —Vy(T
(1) Co o(T)
(6)

where H is the pressure and k is the absolute permeability; if the
permeability of the goaf is isotropic, k.=k,=k; u is the air viscosity
coefficient; C, is the mass concentration of O, in air; Vy(T) is the
standard oxygen consumption rate.

4.2 Parameter setting of the numerical
model of the goaf

4.2.1 Numerical model

In accordance with the actual condition of No0.122108 working
face, a three-dimensional model of the goaf of the working face is
established. The depth of the goaf is set to 400 m, the inclined length
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FIGURE 12
Three-dimensional model of grid division.

of the working face is set to 280 m, the thickness of floating coal
along the inlet and return air chute is set to 5.71 m, the thickness of
floating coal in the middle of the goaf is 0.85 m, and the rock on
floating coal is 10-m thick. The origin of coordinates is located at the
innermost end of the goaf. The direction pointing to the air outlet is
the x-axis-positive direction, the direction pointing to the working
face is the y-axis-positive direction, and the upward direction is the
z-axis-positive direction. The calculation area grids are divided into
structured grids. In the floating coal, the step length is 1 m in x, y,
and z directions, the step length in the rock is 4 m, and there are
1,523,756 grids. The three-dimensional model and grid division are
shown in Figures 11, 12.

4.2.2 Boundary conditions

The setting of boundary conditions is the key of the numerical
simulation solution. Only when the conditions are reasonable and
close to the actual conditions can the accurate flow field distribution
be calculated.

In the model area studied, it is assumed that the air inlet lane, air
return lane, and working face surface are boundaries in this area.
The wind speed and gas concentration involved in these boundaries
are the boundary conditions to be considered in the model. In
addition, it is assumed that that rest of the surface in the area has a
wall property. Due to the presence of this wall, the permeation effect
of the gas will not be possible. Therefore, based on the
aforementioned assumptions, the boundary conditions for
transfusion and diffusion in the model area are defined as follows.

(1) Assuming that the temperature in the goaf does not change and
the pressure at both ends of the working face remains stable, it is
; dcC _
a steady-state }ransfusmn problem, namely, G =0.
(2) On the wall, Q = 0.

Assuming that the gas enters the goaf in a steady-state
transfusion mode, the air inlet is set to the velocity inlet, the
speed is set to 2.4 m/s, and the air outlet boundary is set to out
flow. The goaf is set as the porous medium area of air flow. The
porosity, viscous resistance coefficient, inertia resistance coefficient,
and oxygen consumption rate are compiled into the solution
program by UDF programming. In that process of model
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Distribution of oxygen concentration in the goaf. (A) Smooth distribution of oxygen concentration at 0.5 m from the coal seam floor. (B) Strip
distribution of oxygen concentration at 0.5 m from the coal seam floor. (C) Three-dimensional distribution of oxygen concentration in the goaf.

solution, the energy equation and the component transport model
are opened.

4.3 Numerical simulation result and analysis

Based on the aforementioned model, the distribution of oxygen
concentration in the goaf is obtained as shown in Figure 13. Figures
13A, B show, respectively, smooth distribution and stripe
distribution of oxygen concentration at a distance of 0.5m from
the coal seam floor, and Figure 13C shows three-dimensional
distribution of the oxygen concentration in the goaf.
13A-C that oxygen
concentration in the goaf of Caojiatan coal mine is 18% at 98 m

It can be observed from Figures

from the air inlet side to the working face and 8% at 245 m; similarly,
oxygen concentration on the air return side is at 33 and 96 m. The
comparison shows that oxygen concentration on the air inlet side of
the goaf decreases more slowly than that on the air return side,
oxygen concentration distribution at the same depth is different, and
oxygen concentration at the inlet side is greater than that at the
return side.

5 Field verification

The oxygen concentration result obtained by the simulation is
compared with the field observation result as shown in Figures
14, 15.

As can be observed intuitively from Figures 14, 15, the oxygen
concentration data obtained by numerical simulation show a
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Comparison of measured and simulated oxygen concentration
on the air inlet side.

decreasing trend as a whole along with the extension of the deep
part of the goaf, while the measured data show a slight fluctuation
and decreasing trend. This is due to the error in field measurement
and the influence of air leakage in the goaf. Generally speaking, the
numerical simulation and the field data are well anastomotic.
Considering the results of field observation and simulation, in
order to eliminate the hidden danger of coal spontaneous
combustion in the goaf of coal spontaneous combustion fully
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on the air return side.

mechanized caving face, it is necessary to enlarge the monitoring
range of the dangerous area in the goaf. Therefore, assuming that the
thickness of floating coal is enough to gather heat, it can be
preliminarily judged that the coal spontaneous combustion risk is
high in the goaf of No.122108 fully mechanized caving face in
Caojiatan coal mine in the range of 98-245 m from the air inlet side
and 33-96 m from the air return side.

6 Conclusion

This study takes No.122108 working face of Caojiatan coal mine
as the research object and uses the SF tracer gas to measure the air
leakage of the working face in different seasons. Based on the result
of air leakage measurement, the “three zones” of spontaneous
combustion in the goaf are simulated using Ansys Fluent fluid
dynamics software, and the simulation result is compared with
the field measurement. The main conclusions are as follows.

(1) The vertical air leakage in No.122108 working face is serious,
with high wind speed and air leakage rate up to 86.96%. The air
leakage intensity decreases from the air inlet side to the air
return side through the middle of the goaf.

(2) The air leakage rate of No0.122108 working face is generally
higher in winter than that in other three seasons and the lowest
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In this paper, polymer colloid and fly ash colloid fire extinguishing materials are
selected. Through experimental preparation and water precipitation
characteristics research, colloid fire extinguishing materials and optimal
concentration ratio suitable for Binchang mining area are selected to
effectively control the fire area. The results show that, the higher the
concentration of polymer colloidal powder mixed with water, the shorter the
gelling time. After the fly ash is mixed with the gelling agent and water, when the
concentration ratio of fly ash to water remains the same, the greater the
concentration of the gelling agent, the shorter the gelling time. After the
colloid is left standing for 24 h, the smaller the concentration is, the more
water is precipitated, and the higher the water precipitation rate is. Through
comparison, it was found that when the polymer colloid was selected as the fire
extinguishing material, with the concentration ratio of polymer colloid material to
water being 3.5%—-4%: 96.5%-96%, effective control could be achieved over the
fire zones in the goaf of Binchang mine. The research is of great reference value
for the control of mine fires.

KEYWORDS

spontaneous combustion of coal, polymer colloid, fly ash colloid, water precipitation
characteristics, fire zone management

1 Introduction

China is rich in coal resources, with its output and consumption being among the world’s
highest (Qi and Kuan, 2011). The disasters in mines are complex and of various types, and
fires caused by spontaneous combustion of coal are one of the most serious mine disasters
(Querol et al, 2011; Liu et al., 2020; Onifade and Genc, 2020), which can easily cause
casualties, environmental pollution and property losses (Deng et al., 2017; Wu et al., 2018; Li
et al, 2019; Song et al, 2020). Data show that fire incidents caused by spontaneous
combustion of coal account for more than 90% of the mine fires (Su et al.,, 2016; Ma
et al, 2022). With the improvement of the safety level of coal mines, the spontaneous
combustion of coal seams is mainly managed by the principle of “prevention first and
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prevention and treatment combined” (Zhang, 2018; Liu et al., 2022),
which has put forward higher requirements for the fire extinguishing
materials used in mines.

At present, grouting technology is the most widely used
technology to inhibit coal spontaneous combustion because of its
low cost (Colaizzi, 2004; Wen et al., 2017). The grouting technology
mainly includes slurry grouting, gel, three-phase foam, polymer
colloids and other materials (Liang et al., 2016). Domestic and
foreign researchers have carried out a lot of research on the
grouting technology and its application in fire extinguishment,
and achieved certain results. Based on the existing prevention
and control measures taken in Lijiata Coal Mine, Chen (2020)
proposed an emergency response plan for preventing
spontaneous combustion of coal by using fly ash thickened
colloid to wrap the broken coal body and block the leaking air.
Li et al. (2005) applied the fire prevention and extinguishing
technology of pipe-network-type composite colloid injection to
successfully control the large fire zone with complicated air
leakage situation in Shuangyashan Dongrong No.3 Mine, which
ensured the normal use of the rail going up the mountain and the
safety of the whole mine. Wang et al. (2017) developed a control plan
based on fly ash colloid grouting according to the characteristics of
the spontaneous combustion of coal in the Ewirgol Coal Mine,
which helped successfully extinguish the natural fires in this mine.
Yang et al. (2020) found that the fly ash composite colloid isolation
technology can be used to quickly deal with the complex fire zones in
Huashan Mine and the spreading and escalating fires there. In
response to the signs of spontaneous combustion of coal pillars
in the main tunnel of Huangling No. 2 Coal Mine in Shaanxi
Province, Yan (2015) used the polymer colloid fire prevention
technology to effectively deal with abnormal high-temperature
areas. Shi et al. (2018) analyzed the potential application of the
optimal concentration of surfactant in stabilizing fly ash suspension
to delay coal spontaneous combustion.

Fly ash used for grouting fire extinguishing can play the role of
isolation, encapsulation and cooling (Zhao et al., 2019). Polymer
colloid has the comprehensive characteristics of water retention,
cooling, plugging and inhibition (Zhang et al., 2011). The interface
properties of fly ash and polymer colloid material matrix are
different. Most researchers at home and abroad only study the
fire extinguishing technology for a certain material. In this paper, the
water precipitation and water loss of two kinds of fire extinguishing
materials, the polymer colloid fire extinguishing agent and the fly
ash colloid fire extinguishing agent, after being placed at different
concentrations for 24 h are studied experimentally. The optimal fire
extinguishing material and its concentration ratio suitable for
Binchang mining area are selected, and the amount of glue
injected into the filling roadway is calculated. The reasonable
injection process is adopted. The research conclusion can play a
good role in controlling the spontaneous combustion of loose
accumulation coal in underground goaf.

The subsequent sections of this paper are organized as follows:
Section 2 introduces the overview of the fire zones. Grouting of
ignition points in the working face for fire extinguishment is
dedicated to the
experimental study. Discussion is evaluated in Section 5. And

elaborated in Section 3. Section 4 is

Section 6 describes the implementation of the fire prevention and
extinguishment project. Finally, conclusions are given in Section 7.
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2 Overview of the fire zones

Binchang Mine Field is located in the north of Taiyu anticline, in
which the main minable coal seams are prone to spontaneous
combustion of coal. In the mines of this mine field, the fully
mechanized top coal caving is mostly adopted for the coal
mining, resulting in large amount of float coal in the goafs, so it
is necessary to focus on preventing the fires caused by spontaneous
combustion of float coal in the goaf. The coal seam structure in the
mining area is complex, with developed endogenous fissures, and
the coal seam thickness is 12 m. In the process of tunnel excavation,
due to the local high pressure of the mine, the top coal body is
relatively broken, forming air leakage ways which constantly supply
oxygen, which has made it possible for heat storage. When the
temperature in the deep part of top coal is above 60°C, the CO
concentration will continue to increase and gradually spread along
the working face. Therefore, it can be judged that there are abnormal
high-temperature areas in the mine field, which have high risks of
spontaneous combustion of coal.

3 Grouting of ignition points in the
working face for fire extinguishment

3.1 Problems and solutions

The design and good application of mine fire prevention and
control is a complex, systematic process. At present, there are some
problems in the fire prevention and extinguishment technology and
equipment adopted in Binchang Mine Field and the basic research
on spontaneous combustion, specifically as follows: 1) with the
increase of mining depth, the mining process suffers more obvious
disturbances, and the geothermal gradient increases significantly,
but there is little research on the coupling effect of the spontaneous
combustion of deep coal seams under the influence of hot air
pressure; 2) in terms of monitoring and early warning, China
lacks an integrated fire monitoring and warning system against
both internal and external causes, and it is imperative to establish
such an integrated monitoring and prevention technology system
for coal mine fires that organically combines early fire monitoring
and warning and expert decision-making and analysis; 3) in terms of
fire control, besides high costs, the current fireproof materials are
not pertinent enough to completely control the high-temperature
areas, resulting in frequent re-ignitions, and the professional
equipment used by personnel are not intelligent enough; 4) in
terms of emergency rescue of mine fires, there has been a lack of
explosion hazard detection and control technologies in semi-
enclosed areas and special monitoring equipment for opening
and closing of fire zones to deal with the wide range of and
complex situations involved in the chain reaction disasters caused
by fires; 5) facing the worldwide problem—detection of hidden fire
sources, the drilling method used is costly and wasteful. The isotope
radon measurement method can be easily affected by air leakage,
and the remote sensing method is also susceptible to surface
radiation, lithology and geological structures of overlying strata.

So far, China has made great progress in the monitoring and
early warning of mine fires, the management of mine fires, the
emergency rescue of fire incidents, the comprehensive evaluation
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methods for fire hazards resulting from internal and external causes
in coal mines based on the Internet big data platform, and the
corresponding management platform technologies and equipment:
1) in terms of emergency rescue, small instruments such as gas
analyzers for detection of coal mine disasters have been developed,
among which, the portable infrared coal temperature monitoring
device can provide in-situ monitoring and analysis underground,
and the developed gas explosion-proof material can achieve the
explosion risk prediction and rapid protection against the
catastrophic environment of fire zones. 2) in terms of fire
prevention and control, the technologies of monitoring the
ignition points in hidden areas by electronic control and infrared
remote sensing methods have been developed, and new types of
aerosol and foam inhibitors and microorganisms have also been
worked out for fire extinguishment, large-aperture fire-fighting
drilling equipment have been developed against large-aperture
and loose coal bodies, short-distance composite inert gas cooling
and air plugging technologies have been explored for shallow buried
coal seams, and rapid cooling and fire-extinguishing equipment and
technologies, for high-temperature coal bodies.

3.2 Management plan

The coal seam in the affected working face has an inclination
length of 220 m and a thickness of 12 m, the length of the mining
area is 3 m, and that of the venting area is 9 m, with 40 m not
topped. The overall bottom length of the drill holes is 6 m, and
there are three rows of drill holes. According to the conditions of
the goaf, the grouting technology was adopted, which can
effectively control the spontaneous combustion of loose coal
body in the goaf.

The polymer colloid has the advantages of fast gelation
speed, simple process and less corrosive to the equipment,
which can effectively improve the water content in the fire
extinguishing agent and greatly improve the fire extinguishing
efficiency. The fly ash gelling agent can accumulate a large
amount of water after swelling in water, so that the mixed
slurry has great heat storage capacity and good thermal
stability. After dehydration, it can be stored in water again,
which has a good effect in preventing and controlling coal seam
spontaneous combustion fire. Therefore, polymer colloid fire
extinguishing agent and fly ash colloid fire extinguishing agent
were selected.

4 Experimental study
4.1 Experimental principle

In this experiment, polymer colloid fire extinguishing agent and
fly ash colloid fire extinguishing agent are used to control the
spontaneous combustion fire of loose accumulation coal in
underground goaf. After grouting in the goaf, the loose coal in
the lower layer of the accumulation body is wrapped by the water
precipitation of the colloid, and the heat in the loose coal-fired body
is replaced by the good thermal conductivity of the water, and the
colloid deposited in the upper layer is used to absorb the
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FIGURE 1
Polymer colloid fire extinguishing agent.

FIGURE 2
Fly ash colloid fire extinguishing agent.

replacement heat. Through these two experiments, the heat in
the loose self-fired coal body is removed to achieve a good
cooling effect.

4.2 Process of the experiment

4.2.1 Experimental materials

The experimental materials required for the preparation of
polymer colloid and fly ash colloid fire extinguishment agents are
shown in Table 1.

4.2.2 Steps of the experiment

The steps for the preparation of polymer colloid and fly ash
colloid fire extinguishing agents are shown in Table 2.

Figure 3 and Figure 4 compare the water precipitation
performance of polymer colloid and fly ash colloid fire
extinguishing agents with different concentrations, respectively. It
can be clearly seen that when the concentrations are different, the
water precipitation of the polymer colloid and the fly ash colloid fire
extinguishing agents is quite obvious.

4.3 Experimental results

All colloids can retain water—they can make a certain amount of
water retained in the colloidal network framework and lose its
fluidity. The colloid fire extinguishing agent makes full use of the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1133732

Shang

10.3389/feart.2023.1133732

TABLE 1 Experimental materials required for preparation of polymer colloid and fly ash colloid fire extinguishing agents.

Preparation of polymer colloid fire extinguishing agent

Preparation of fly ash colloid fire extinguishing agent

Experimental

materials

Polymer colloid fire extinguishing agent (as shown in Figure 1), water, disposable

clear plastic cups, a stopwatch, and glass rods

Gelling agent, water, disposable clear plastic cups, a stopwatch, glass
rods, and fly ash (as shown in Figure 2)

TABLE 2 Steps for the preparation of polymer colloid and fly ash colloid fire-extinguishing agents.

Preparation of polymer colloid fire extinguishing agent

Preparation of fly ash colloid fire extinguishing agent

Steps of the
experiment

1) Prepare the raw materials required for the experiment, such as polymer
colloid fire extinguishing material, disposable clear plastic cups, and glass
rods.

1) Prepare the raw materials required for the experiment, such as gelling
agent, disposable clear plastic cups, glass rods, and fly ash, etc.

2) Keep the concentration range of the polymer colloid fire extinguishing
material at 0.5%-5%, and mix it with water. Set control groups for the
polymer colloid powder by increasing its concentration at a rate of 0.5%, and
prepare 100 g of solution for each group.

2) Keep the concentration range of the gelling agent at 0.06%-2%, and mix it

with water and fly ash. Set control groups for the gelling agent by increasing

its concentration at a rate of 0.5%, and prepare 100 g of solution for each
group.

3) Prepare the polymer colloid fire extinguishing solution with a
concentration of 0.5%, where the required mass of the polymer colloid fire
extinguishing material is 0.5g, and the required volume of water is 99.5 ml.

3) Prepare the solution at a fly ash to water ratio of 1:1, and add 0.06%
gelling agent solution, which requires 0.06 g of gelling agent, 49.97 ml of
water and 49.97 g of fly ash.

4) Weigh the required substances with an electronic balance, pour them into the clear plastic cups, and label them separately for easy identification.

5) Weigh 99.5 ml of water with a measuring cylinder, and pour the polymer
colloid powder into the water, stir while pouring it to make it thoroughly
mixed, until it becomes colloidal, and record the gelling time.

5) Weigh 49.97 ml of water with a measuring cylinder, pour the gelling
agent into the water, stir while pouring it to make it thoroughly mixed, until
it becomes colloidal, and record the gelling time.

6) Mix all the group thoroughly and record the time, and then record the
quality of the colloid every 1 h, 2 h, 5 h, and 24 h, and observe the changing
trend of the colloid quality; after 24 h, record the volume of water
precipitated.

6) Mix all the group thoroughly and record the time, and then record the
quality of the colloid every 1 h, 2 h, 18 h and 24 h, and observe the changing
trend of the colloid quality; after 24 h, record the volume of water
precipitated.

FIGURE 3
Comparison of water precipitation properties of the polymer

FIGURE 4

Comparison of water precipitation properties of fly ash colloid

colloid fire extinguishing agent with different concentrations (From
left to right, the concentrations of polymer colloid fire extinguishing
materials are 0.5%, 2.5% and 4.5%, respectively).

fire extinguishing agent with different concentrations (From left to
right, the concentration ratios of fly ash to water are 1:1, 1:1.5, 1:2, 1:
2.5 and 1.3, respectively).

water retention property to extinguish fires with water and also
makes up for the shortcoming of flowing water, that is, it is highly
fluid and unable to extinguish fires at high places such as the tops of
the tunnels and working faces. The more stable the structure of the
colloid, the greater the force between the colloid and water, and the
slower the water loss rate at a high temperature, which is very
conducive to prevention and extinguishment of coal mine fires. If
the water loss rate of the colloid is too high, the colloid structure will
be unstable and have a shorter useful life, making it difficult to
achieve the desired fire-extinguishment effect. The calculation of
water loss rate and water precipitation rate of colloidal materials is
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helpful to study the water retention properties of the two colloidal
materials.
The formula for calculating the water loss rate is as follows:

Y =
M,

(1)
where, Y is the water loss rate of the polymer colloid fire
extinguishing agent, M; is the mass reduction, and M, is the
total mass.

The formula for calculating the water precipitation rate is as
follows:
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TABLE 3 Calculation results of the water loss rate and water precipitation rate of the polymer colloid fire extinguishing agent.

Group  Concentration of the Water/  Gelling Residual mass/g Water Drainage/ Total Drainage
polymer colloid fire % time/s loss mm volume/ rate/%
extinguishing 1Th 2h 5h rate/% %
material/%
1 0.5 99.5 56 99.82 | 9971 | 99.46 = 97.69 2.31 35 53 66.04
2 1.0 99.0 47 99.62  99.60 | 9936  97.59 241 27 52 51.92
3 1.5 98.5 34 99.78 | 99.66 = 99.42 = 97.78 2.22 21 50 42.00
4 2.0 98.0 31 99.75 | 99.60  99.36 = 97.75 2.25 16 48 33.33
5 25 97.5 29 99.93 | 9990  99.80 = 98.22 1.78 11 51 21.57
6 3.0 97.0 19 99.69 | 99.65  99.45 = 97.90 2.10 6 52 11.54
7 35 96.5 13 99.96 | 99.94  99.83 9826 1.74 3 51 5.88
8 4.0 96.0 12 99.94 | 100.05 99.83 = 98.26 1.74 0 50 0.00
9 45 95.5 8 9933 | 9938  99.16 = 97.52 2.48 0 49 0.00
10 5.0 95.0 6 9991 | 9994  99.70 = 97.94 2.06 0 50 0.00
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FIGURE 5 FIGURE 6

Changes in the water loss rate and water precipitation rate of the
polymer colloid fire extinguishing agent with different concentrations.

Changes in the water loss rate and water precipitation rate of the
polymer colloid fire extinguishing agent with different gelling time.

_Vl

P=
Va

(2)  water precipitation rate is shown in Figure 6. It can be seen from
Figure 5 and Figure 6: 1) After the polymer colloid powder was
mixed with water, the higher the concentration, the shorter the
gelling time. 2) After the colloid was left standing for 24 h, the
smaller the concentration, the more the water precipitated, and the
higher the water precipitation rate. 3) When the concentration of the

where, P is the water precipitation rate of the polymer colloid fire
extinguishing agent, V; is the mass reduction, and V, is the
total mass.

4.3.1 Water loss rate/water precipitation rate of the
polymer colloid fire extinguishing agent

According to Eq. 1 and Eq. 2, the calculation results of the water
loss rate and water precipitation rate of the polymer colloid fire
extinguishing agent are shown in Table 3.

Figure 5 shows the changes of water loss rate and water
precipitation rate of the polymer colloid fire extinguishing agent
with different concentrations, and the effect of gelling time of
polymer colloid fire extinguishing material on water loss rate and
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polymer colloid fire extinguishing material was 4.5% and the
concentration of water 95.5%, the water loss rate was the
highest—2.48%, indicating that its water retention performance
was the worst. When the concentration of the polymer colloid
fire extinguishing material was 3.5% and the concentration of
water 96.5%, or when the concentration of the polymer colloid
fire extinguishing material was 4% and the concentration of water
96%, the water loss rate was the lowest—1.74%, indicating that its
water retention performance reached the best level. According to the
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TABLE 4 Calculation results of the water loss rate and water precipitation rate of the fly ash colloid fire extinguishing agent.

Fly ash: Fly  Water/ Gelling Gelling Residual mass/g Water Water Total Water
water  ash/ % agent/%  time/s loss precipitation/  volume/  precipitation
% 1h 2h 18h 24h rate/% mm % rate/%
1:1 49.97 49.97 0.06 51 99.43 | 9931 = 97.86  97.04 2.96 1.00 3.0 333
49.72 49.72 056 35 99.40 9927 = 9794 9713 2.87 0.40 39 10.3
49.50 49.50 1.00 25 98.63 9847 = 97.14 9639 3.61 0.05 39 13
49.25 49.25 1.50 18 97.58 | 9740 = 96.13 = 9547 453 0.02 44 05
49.00 49.00 2.00 15 98.58 9843  97.08 = 96.40 3.60 0.01 4.0 03
1:15 39.98 59.96 0.06 55 99.41 9931 9797  97.23 277 1.70 29 58.6
39.78 59.66 0.56 37 99.73 | 99.61 = 9834  97.56 2.44 0.80 3.6 222
39.60 59.40 1.00 27 99.54 9937  98.08  97.32 2.68 020 39 5.2
39.40 59.10 1.50 21 99.87 | 99.70 = 9846 = 87.75 225 0.10 3.8 26
39.20 58.80 2.00 20 9951  99.43 9814 = 97.43 2,57 0.05 4.0 13
1:2 3331 66.62 0.06 57 99.47 | 9934 9797  97.23 2.77 2.10 23 91.3
33.15 66.29 056 38 9771 | 9758 9628 9556 4.44 0.60 33 19.2
33.00 66.00 1.00 31 99.72 | 99.55 = 9833 = 97.64 236 0.50 3.7 14.2
32.83 65.67 1.50 22 99.72 | 99.56 = 9826 = 97.67 233 0.40 40 10.0
3267 65.33 2.00 20 99.54 9943  98.16 = 97.44 2.56 0.40 42 9.5
125 28.55 71.39 0.06 63 99.48 | 9936 9791 = 97.12 2.88 2.10 26 81.6
28.41 71.03 056 51 99.71 | 99.60 = 9833 = 97.62 2.38 1.50 3.0 50.0
2829 70.71 1.00 35 99.57 | 99.46 9825 = 97.56 2.44 1.20 32 345
28.14 70.36 1.50 27 99.61 9949 = 9826 = 97.58 242 0.90 32 28.1
28.00 70.00 2.00 22 99.16  99.02 = 9767 = 96.94 3.06 0.90 34 264
13 24.99 74.95 0.06 75 99.66  99.58 = 98.08 = 97.28 272 220 3.0 733
24.86 74.58 0.56 58 99.70 | 99.57 = 98.19 = 97.52 248 1.90 3.1 61.3
2475 7425 1.00 37 99.88 | 99.66 = 98.40 = 97.72 2.28 1.60 34 47.1
24.63 73.88 1.50 28 99.65 9947 = 98.12 | 97.41 2.59 1.20 35 343
24.50 73.50 2.00 24 99.15 9899 = 9757 = 96.82 3.18 1.00 3.6 27.8

experimental results, it can also be found that the polymer colloid
after gelation has the following properties: 1) lower water loss and
better water precipitation. 2) higher fluidity before gelation, and
water precipitation after gelation, making it able to seal fluids.

4.3.2 Water precipitation rate/water loss rate of the
fly ash colloid fire extinguishing agent

According to Eq. 1 and Eq. 2, the calculation results of the water
loss rate and the water precipitation rate of the fly ash colloid fire
extinguishing agent are displayed in Table 4.

Figure 7 is the variation curves of the gelling time with the
concentration of the gelling agent under different concentration
ratios of fly ash and water. As can be observed in Figure 7, after the
fly ash was mixed with the gelling agent and water, when the
concentration ratio of fly ash and water remained the same, the
greater the concentration of the gelling agent, the shorter the gelling
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time. When the concentration of the gelling agent remained the
same, the greater the concentration of water mixed with fly ash, the
longer the gelling time. The changes in the water loss rate and water
precipitation rate under different concentration ratios of fly ash to
water are shown in Figure 8. After the colloid was left standing for
24 h, the smaller the concentration, the more water precipitated, and
the higher the water precipitation rate. Through comparison of the
water loss rate and water precipitation rate under different
concentration ratios, it can be found that when the concentration
ratio of fly ash to water was 1:1, and the concentrations of fly ash and
water were both 49.25%,
maximum—4.53%, but the water precipitation rate was 0.5%,

the water loss rate reached the

which was not the lowest level, indicating that its water retention
performance was not the best. When the concentration ratio of fly
ash to water was 1:1.5, the concentration of fly ash was 39.40%, and
the concentration of water 59.10%, the water loss rate was the
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Variation curves of the gelling time with the concentration of the gelling agent under different concentration ratios of fly ash and water.

smallest—2.25%, but the water precipitation rate was 2.6%, which
was not the highest, indicating that its water retention performance
was not the best, either.

5 Discussion

Based on the two experimental results, we can make the
following analysis and discussion: 1) When the polymer colloid
to water concentration ratio in the polymer colloid fire extinguishing
agent is 4.5%: 95.5%, the water loss rate is the highest and the water
retention is the poorest. However, when the concentration ratio is
3.5%-4%: 96.5%-96%, the water loss rate is the lowest and the water
retention is the best. 2) When the concentration ratio is 5%:95%, the
gelling time is the shortest, but its water retention is not the best.
When the concentration ratio of the two is 0.5%:95%, the gelling
time is the longest, but the effect is not obvious, and the water
retention effect is not the best, either. 3) In the experiment where the
fly ash was mixed with water and gelling agent, it can also be found
that when the ratio of fly ash, water and gelling agent leads to the
shortest or longest gelling time, the water retention may not be the
best or the worst.

Both polymer colloid and fly ash colloid fire extinguishing
agents have their own advantages. The fly ash colloid material
has been used for a longer time, and has the advantages of low
price, non-toxicity and good permeability, but it also has its
disadvantages—large consumption, long gelling time, inability to
be accumulated in high places, poor fluidity, easiness to block

Frontiers in Earth Science

pipelines and easy cracking of the gel layer. While the polymer
gel material has good fluidity, good fire prevention and
extinguishment effect, and high strength of the gel layer, but it is
more costly. In the traditional fly ash slurry, water only adheres to
the surface of the fly ash particles, and since the fly ash slurry has no
the
performance of the traditional fly ash slurry is poor. Through

three-dimensional network structure, water retention
comparison of the advantages and disadvantages of the two types
of materials, the polymer colloid fire extinguishing agent was finally
chosen to effectively control the spontaneous combustion of loose

coal in the goaf of Binchang mining area.

6 Implementation of the fire prevention
and extinguishment project

6.1 Colloid injection system and process

The grouting and colloid injection system mainly consist of the
ground portable grouting and colloid injection fire prevention and
fire extinguishing system developed by the coal fire disaster
prevention innovation team at Xi’an University of Science and
Technology, supported by the portable fire prevention and
The
implemented in a targeted manner. The process flow of the

extinguishment devices for mine use. project was

colloid injection system is shown in Figure 9. The structure and
the portable fire and
extinguishment devices for mine use are presented in Figure 10.

function principle of prevention
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(A-E) represent concentration ratios of fly ash and water of 1:1, 1:1.5, 1:2, 1.
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FIGURE 9
Process flow of the colloid injection system.

6.2 Design and arrangement of glue
injection drilling

The colloid injection project used “polymer colloid” as the main
fire extinguishing medium. Based on the distance of 5 m between the
top of the two boreholes, it can be calculated that about 44 boreholes
should be drilled, and each borehole must be drilled into the goaf.
The total amount of colloid injected was calculated as follows: 9
(goaf) x 220 (inclination length of the working face) x 6 (overall
bottom length of the drilling holes) x 1.5 (fill factor) = 17,820 m?,

Frontiers in Earth Science 90

2.5 and 1:3, respectively.

and the colloid injection volume for each drilling hole was about
405 m®. Through 44 fire extinguishing boreholes, polymer colloid
fire extinguishing agent was poured from high to low to fill the loose
coal in the goaf to achieve cooling and oxygen barrier.

In order to achieve the desired effect of colloid injection, the
fire extinguishing holes must be arranged with the underground
goaf as the center. By reference to the detection results of the fire
zones, the drilling positions should be arranged above the goaf
and the tunnel if possible, and avoid coal pillars. The holes should
be finished at the bottom plate of the coal seam, which was to be
injected with colloid. In order to first control the fire sources deep
in the fire zones, the holes should be arranged on the ground from
east to west and south to north, with deep holes first and then
shallow ones.

6.3 Notes for injection process

(1) Before the colloid injection, the air volume of the affected
working face was adjusted first, and the air volume was
reduced from 230 m*/s to 180 m*/s to reduce the air leakage
to the roof of coal seam. Considering the fluidity of the colloid,
the direct injection into the float coal on the roof may cause the
polymer colloid to flow into the tunnel, leading to the fall of the
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1-belt speeder, 2-polymer fire extinguishing agent quantitative feeding assembly, 3-colloid material outlet, 4-material tank, 5-reducer, 6-explosion-
proof motor, 7-transmission chain, 8-screw pump, 9-screw pump inlet (mixture box), 10-ring water curtain tube, 11-water glass entrance, 12-seismic
pressure gauge, 13-screw pump outlet, 14-hand wheel water valve "a”, 15-water flowmeter, 16-water inlet, 17-hand wheel water valve "b".
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FIGURE 11

Schematic diagram of the inlet end injection (A) and (B) are the top view and main view of glue injection drilling construction, respectively).

top coal and creating larger voids, thereby affecting the fire
extinguishing effect. Therefore, it is necessary to spray cement
mortar on the two sides and roof of the tunnel within the fire
zone first, and then densely drill holes in the roof of the tunnel to
ensure the effectiveness of the colloid injection process.

The colloid injection equipment was placed in the tunnel near
the fire source, and through control of the valve, the colloid was
injected alternately, so as to ensure the continuity of colloid
injection. Then the two base solutions were pushed into the
mixer by two mud pumps to make the two solutions evenly
mixed, and then into the colloid injection holes through the
colloid output pipes. Injection can be carried out into two holes
at the same time.
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(4)

For a situation where the coal has spontaneously ignited and
there is an open flame, the polymer colloid is required to form a
gel quickly after being mixed at the sprayer outlet. Therefore, it
is necessary to use two feeding systems of the same model to
transport the two raw materials A and B to the ignition site, and
mix them with the sprayer to quickly form a gel to cover the
fire zone.

During colloid injection into the holes, in a large goaf, the
parameters of colloid injection should be adjusted in time to
minimize the consumption of colloid provided that the desired
effect can be achieved. During the colloid injection, there should
be technical construction personnel both above surface and
underground to make timely adjustments to any abnormal
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situations that occur and record the adjustments. For different
areas, the colloid filling process is slightly different, and
adjustments should be made according to the actual situation.

6.4 Application of polymer colloid fire
extinguishing materials during the
withdrawal period

By injecting polymer colloid material into the air inlet end of the
goaf, the cracks of the residual coal in the roof are blocked to form a
colloid isolation zone to prevent air leakage to the upper part of the
goaf. At the same time, the colloid isolation zone and the loess
isolation wall at the air inlet end form a plugging barrier together,
and the plugging effect is more obvious. Figure 11 is the schematic
diagram of the inlet end injection.

A grouting pipe with a diameter of 108 mm and a one-inch
injection pipe are embedded in the isolation wall, and polymer
colloids are poured into the wall to seal the inlet end of the inner side
of the isolation wall.

The polymer colloid material integrates the properties of plugging,
cooling, resistance and consolidation of water, and solves the problem of
slurry leakage and loss in traditional grouting. It is suitable for
underground sealing plugging and large-area glue injection fire
prevention and extinguishing such as final mining line and goaf. In
view of the field situation of the working face in Binchang mining area,
the polymer colloid fire prevention and extinguishing technology is
adopted. Practice has proved that the gel injection effect is good.

7 Conclusion

This paper selected two kinds of fire

materials—polymer colloid and fly ash colloid, and conducted

extinguishment

experimental research on the water precipitation and water loss of
the above two types of colloids after 24-h standing at different
concentrations, and the polymer colloid fire extinguishing material is
used in Binchang mining area. The following conclusions are drawn:

(1) After the polymer colloid powder is mixed with water, the
higher the concentration, the shorter the gelling time. After
the colloid is left standing for 24 h, the smaller the
concentration is, the more water is precipitated, and the
higher the water precipitation rate is. The water loss of the
polymer colloid is lower after gelation, and on the other
hand, the water precipitation is better. It is more fluid before
gelation, and precipitates water after gelation

After the fly ash is mixed with the gelling agent and water, when
the concentration ratio of fly ash and water remains the same,
the greater the concentration of the gelling agent, the shorter the
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gelling time. When the concentration of the gelling agent
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mixed with the fly ash, the longer the gelling time.
(3) Through comparison of the water precipitation and water loss
performance of the two materials and their respective
advantages and disadvantages, the polymer colloid fire
extinguishing agent was selected to effectively control the
spontaneous combustion of loose coal in the goafs of a mine
in Binchang mining area.
(4) The colloid injection process mainly consisting of ground
mobile grouting and colloid injection system was adopted for
fire prevention and extinguishment in a mine of Binchang
mining area, supported by portable colloid injection devices.
A total of 44 holes were arranged, with a colloid injection of
405 m® into each hole, to fill the loose coal bodies in the goafs,
which achieved cooling and oxygen barrier, and effectively
prevented and extinguished fires in the fire zones. In the
future, we can work hard on material ratio and optimization,
and continue to explore new fire extinguishing materials or
composite colloidal materials suitable for fire prevention and
extinguishing in Binchang mining area.
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This paper takes a groundwater source heat pump in the region as the research
object and based on field research, experimental tests combined with
comparative analysis, the data on its operation is monitored and analyzed in
terms of operation, energy saving, and environment. The results show that the
cooling temperatures of the test rooms were all below 26°C, the average
coefficient of performance of the units was 4.61-4.93 and the average
coefficient of performance of the system was 3.08-3.27. In addition,
compared to conventional water-cooled chillers, 466 tons of standard coal
could be saved in one cooling season, resulting in a reduction of 1,150.8 tons
of carbon dioxide emissions, 9.3 tons of sulfur dioxide emissions and 4.7 tons of
dust emissions The savings in operating costs are 793,000 RMB. This shows that
the groundwater source heat pump has good energy efficiency and economy. The
research results obtained in this paper provide a reference for improving energy
efficiency and optimizing the operation of the groundwater source heat pump
system. It is of great significance to the application of groundwater source heat
pump systems in areas with complex geological environments.

KEYWORDS

karst area, complex geological conditions, utilization of groundwater resources, heat
exchange, energy consumption analysis

1 Introduction

The richer the water content of the site in the complex geological distribution area, the
better the water conductivity, the greater the thermal conductivity of the rock mass, and the
more conducive to improving the heat transfer effect (Liu et al., 2020a). But at the same time,
there are more factors that affect development. According to DZ/T 225-2009 Code for
Exploration and Evaluation of Shallow Geothermal Energy, the suitability zoning of shallow
geothermal energy water source heat pump mainly considers the lithology, distribution,
burial depth, thickness, water abundance, permeability, water temperature, water quality,
water level dynamic changes, water source protection, and geological disasters of the aquifer
(Zhou et al., 2022c).

The groundwater source heat pump system is a heat pump technology that uses
groundwater as a low-level heat source or sinks to heat and cool buildings in winter and
summer respectively (Ma et al., 2010). As a branch of ground source heat pumps, it is known
as a 21st-century technology characterized by energy saving and environmental protection,
and it plays an indispensable role in achieving China’s “double carbon” target, reducing
energy consumption, and protecting the ecological environment.

94 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1162303/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1162303/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1162303/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1162303/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1162303&domain=pdf&date_stamp=2023-03-21
mailto:wangwanjiang@xju.edu.cn
mailto:wangwanjiang@xju.edu.cn
https://doi.org/10.3389/feart.2023.1162303
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1162303

Wang et al.

As early as the 1940s, the application of the groundwater
source heat pump system in public buildings in the
United States, whereas the development in China occurred
somewhat later. The associated technologies of groundwater
source heat pumps were not developed and deployed in China
until the 1950s, and in the 1980s, groundwater source heat
pump technology research progressed gradually (Peng, 2013).
Up till now, the ground source heat pump technology has been
quite developed, with a great number of engineering projects
domestically and internationally, the technology has been
widely adopted and promoted (Sanner et al., 2003; Liu
et al., 2020b; Li et al., 2021a; Biglia et al., 2021; Gao et al,,
2021; Sang et al., 2022). The impacts of various parameters on
the performance of the groundwater source heat pump system
were investigated in Kim and Nam, (2016). The results show
that the groundwater level and temperature have the greatest
impact on the performance of the groundwater source heat
pump system, followed by submersible pumps and heat
exchangers (Kim and Nam, 2016). Moreover, factors such as
water flow rate (Zhou et al., 2022a), performance parameters
(Sang et al., 2022), porous medium (Na and Xia, 2021), layout
of pumping and recharge wells (Wen et al., 2022; Yan et al,,
2023) and pipe corrosion (Luo et al., 2022) play significant
role. Obviously, a great number of researchers also offer
optimization strategies for groundwater source heat pump
systems (Nam and Ooka, 2010; Lu et al., 2015; Zhu et al,,
2015; Zhen et al., 2017; Liu et al., 2019; Li et al., 2021b; Zhang
et al., 2022). Park et al. (2020) developed an optimization
model of groundwater source heat pump, which can calculate
the optimal pumping and irrigation speed of groundwater
source heat pump system, maximize system efficiency, and
have excellent economic and environmental benefits. Zhou
et al. (2022b) proposed recycling groundwater, and the results
shown that the performance of groundwater source heat pump
systems could be greatly enhanced and water wasted
(2021) proposed a
optimization approach, a model that can determine the

minimized. Park et al. simulation
optimal well location and pump/injection rate to find the
best installation and operation strategy for the system.
Halilovic et al. (2022) proposed a strategy for optimizing
the hair of the well layout of groundwater source heat
pump systems to maximize the utilization of thermal
potential of groundwater. Zhou et al. (2022a) investigated
the economics of ground source heat pump systems with

and highlighted the
regulation methods for
enhancing thermal and economic performance. Luo and

various flow control methods

significance of variable flow
Ma, (2022) proposed an integrated management strategy for
that

efficiency and coefficient of performance in comparison to

system operation significantly improved thermal
the conventional model. Granryd, (2010) derived a relational
equation for the optimal flow rate, on the basis of which the
evaporator and condenser flow rates were optimized to
maximize the COP of the system. Zhao et al. (2003)
established with

economic cost as the objective function, according to which

an optimization mathematical model

the optimal matching is obtained between each component of
the system, resulting in a significant improvement in heat
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pump performance. Kang et al. (2017) investigated a new
groundwater source heat pump system optimization method
to make the system more energy efficient and demonstrated
that the compressor power was reduced, the system’s energy
efficiency was enhanced, and the total annual cost was reduced
compared to the conventional groundwater source heat pump
system. Wang et al. (2019) suggested a new groundwater
source heat pump with pre-conditioner, and the study
proved that the new groundwater source heat pump has
excellent energy saving performance. Ma and Xia, (2017)
which the
optimization variable is the heat exchanger discharge

proposed an optimization technique in
temperature and the overall goal of the optimization is to
minimize the system power consumption while meeting the
required heating and cooling demands of the building. The
results demonstrate that the optimization strategy is effective
in reducing energy consumption.

These articles combine theory with practice, analyze the
performance of the GWHP system, expound the influencing
and put
optimization model. However, there is a lack of research on

factors of system performance, forward the
the benefits of the corresponding groundwater source heat pump
system. In this paper, the operation of the groundwater source
heat pump system in four residential community was monitored
over a 3-day period during the cooling season and the data tested
to show that these systems met the design requirements. The data
is also analyzed to calculate the performance coefficients of the
heat pump system, to classify it according to national codes, and
to provide a brief analysis of the reasons for the decline in system
and unit performance. The energy-saving, environmental and
economic benefits of these systems are also analyzed based on the
data, revealing the energy-saving and environmental friendliness
of the groundwater source heat and heat pump system. It
provides a reference for improving energy efficiency and
optimizing the operation of the groundwater source heat
pump system. It is of great significance to the application of
groundwater source heat pump systems in complex geological
environment areas.

2 Project overview and testing scheme
2.1 Project overview

In this study, the GWHP system is located in the karst area of
south China. According to the literature content (Wang et al,,
2011), in the project area, the aquifer permeability coefficient is
10.42-18.17 m/d, the unit water inflow of a single well is
5.59-10.20 L/sm, the maximum recharge volume of a single
well is 70 m*/h, and the groundwater recharge volume is
12,539,500 m*/a. The underground water is buried 60-115 m
deep, and the temperature of the underground water is
maintained at about 18°C and is not affected by the outside
air temperature. The heat pump systems in the four residential
communities were put into use in 2012 with an air conditioning
area of approximately 116,500 m?, 135,600 m?, 187,500 m?, and
111,300 m* respectively. The building floors in the community
are five floors, with a height of 3 m and a utility room on the top
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FIGURE 1
System flow chart of the equipment room.
TABLE 1 Main equipment parameters of GWHP system.
Community Device name Model/Specification Performance parameters Number
A Ground source heat pump unit CVHG780 Rated cooling capacity:2981kW; input power:483 kW 3
Air conditioning circulating pump DEW/250-400A/4 V=500 m?/h; H=44m; N=90 kW 3
DEW/250-315A/4 V=550 m*/h; H=28m; N=55 kW 2
B Ground source heat pump unit CVHG780 Rated cooling capacity:2981kW; input power:483 kW 3
Air conditioning circulating pump DEW/250-400A/4 V=500 m*/h; H=44m; N=90 kW 3
DEW/250-315A/4 V=550 m*/h; H=32m; N=75 kW 2
C Ground source heat pump unit CVHG780 Rated cooling capacity:2532kW; input power:396 kW 3
Air conditioning circulating pump DEW/250-400A/4 V=500 m*/h; H=44m; N=90 kW 3
DEW/250-315A/4 V=500 m*/h; H=32m; N=75 kW 2
D Ground source heat pump unit CVHG1100 Rated cooling capacity:3436kW; input power:549 kW 3
Air conditioning circulating pump DEW/300-400A/4 V=500 m*/h; H=38m; N=90 kW 3
DEW/300-315A/4 V=637 m*/h; H=28m; N=75 kW 2
floor. The owner determines the form of the building’s final 2.2 Testing scheme
heating, which is typically fan coils or radiant floor systems. The
groundwater level is around —100m, and the groundwater is According to the requirements of the GB/T 50,801-

extracted from the ground by pumping wells, passing through
a cyclone desander for preliminary water treatment, and then
entering the heat pump unit for heat exchange before being
returned to the ground via a recharge well (Wang et al., 2011;
Hou et al.,, 2017; Liu et al., 2022). Figure 1 depicts the equipment
room’s system flow diagram. Table 1 displays the equipment
configuration and main equipment parameters.

Frontiers in Earth Science

96

2013 Evaluation Standards for Renewable Energy Building
Application Projects (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, 2013) and the
Guidelines for the Measurement and Evaluation of Renewable Energy
Building Application Demonstration Projects (Ministry of Housing
and Urban-Rural Development of the People’s Republic of China,
2008) (hereinafter referred to as the Evaluation Standards and
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TABLE 2 Test meter.

10.3389/feart.2023.1162303

Serial number Name and model Range Accuracy
1 Ultrasonic flowmeter (FLCS1012) D50~D400 0.02 m/s,£1.0%
2 Temperature and humidity recorder (RHLOG-T-H) —25~+55°C,0-100%RH +0.3°C,+5%RH
3 Thermometer (HM34) -20~+60°C,0-90%RH +0.3°C,+2%RH
4 Temperature measurement system (34970A) 0-100°C +0.2°C
5 Clamp electrometer (PROVA6600) 0-2000A,0-600V +2.0%
6 Three-phase power analyzer (HIOKI3469-20) 0-5000A,150-600V +0.1%,+0.2%
A B
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Test results for room temperature and relative humidity. (A) The temperature and humidity of the sampling room in Community A; (B) The
temperature and humidity of the sampling room in Community B; (C) The temperature and humidity of the sampling room in Community C; (D) The

temperature and humidity of the sampling room in Community D.

Guidelines) regarding the test contents of the heat pump system, the
operation of the groundwater source heat pump system in these
residential area was evaluated during the cooling season. The test
contents mainly include inlet and outlet water temperature and
water flow on the ground-source-side and the user-side, the input
power of the system and water pumps, and the air temperature
inside and outside of the test room. The main test instruments are
shown in Table 2.

The test methods are mainly for the instrument to automatically
record data and manually read real-time operational parameters at
regular intervals. Use the ultrasonic flowmeter to measure the inlet and
outlet flow of the ground source side and the inlet and outlet flow of the
user side, and the temperature measurement system to measure the inlet
and outlet water temperature of the ground source side and the inlet and
outlet water temperature of the user side. The analyzer measures the
power consumption of the heat pump unit and the water pump. The

Frontiers in Earth Science

97

indoor and outdoor air temperatures were measured by a thermometer.
When measuring the outdoor temperature, hang the autograph away
from the building to avoid the influence of heat dissipation of the
building, and avoid direct solar radiation, which will affect the accuracy
of the measurement. The indoor temperature test is carried out after the
heat pump system continues to operate normally, and the temperature
test points are positioned 1.5 m above the ground and far away from the
influence of the indoor heat source.

3 Analysis of test results
3.1 Temperature

The heat pump system provides cooling to four communities,
and 10 rooms in each community were sampled for temperature and
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Temperature variation curves of circulating medium at ground-source-side and air-conditioning-side of heat pump unit. (A) Temperature variation
curve for Community A; (B) Temperature variation curve for Community B; (C) Temperature variation curve for Community C; (D) Temperature variation

curve for Community D.

humidity testing. The sampling results show that the indoor
temperature and humidity test values in each room meet the
design requirements, and the cooling guarantee rate is 100%. The
specific test results are shown in Figure 2.

The temperature outside of the test rooms can reach a maximum
of 34.5°C, and the average temperature was 25.4°C during testing.
From Figure 2 it can be concluded that the average maximum indoor
temperature of the test rooms is 25.5°C, which is below the design
cooling requirement limit. Meanwhile, the average temperature
inside of the test rooms is 24.5°C, which has a good cooling effect.

3.2 Cooling capacity and coefficient of
performance

3.2.1 Heat pump unit performance test results

Test the water temperature and water flow of the supply and
return on the ground-source-side and air-conditioning-side of the
heat pump, as well as the electricity consumed by the heat pump unit
during testing. And then, the average cooling capacity of the heat
pump unit and the cooling performance coefficient of the heat pump
unit can be calculated according to the following formula.

The average cooling capacity of the groundwater source heat
pump unit during the test period is calculated as follows:

Q = VpcAt,, /3600 (1)

where Q is average heating (cooling) capacity of the unit during the
test, V is the average flow rate of air conditioning side of heat pump
unit, p is the average density of water, C is the average constant
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pressure specific heat of water, At,, is the temperature difference
between the inlet and outlet water on the air-conditioning-side.
During the test period, the heating/cooling performance
coefficient of the heat pump unit can be calculated according to
the test results as follows:
Q
COP = N, (2)
where COP is the heating (cooling) performance coefficient of the
heat pump unit, Q is average heating (cooling) capacity of the unit
during the test, N; is average input power of the unit during the test.
After measurement, the temperature changes of supply and
return water on the ground-source-side and the user-side of the
heat pump unit with time are derived. The specific results are shown
in Figure 3. As can be seen in Figure 3, the water supply and return
temperatures on the ground source and user sides of the four
communities remained constant during the test. The supply and
return water temperatures on the ground source side of the four
communities were stable and unchanged, thus the ground source
heat exchange effect was stable. The system uses a constant
frequency circulation pump and the water flow rate on the user
side is constant. While the temperature difference between the
supply and return water on the user side of the system is
constant, according to eq. 1, the cooling capacity of the unit
under test is constant during the test period and the unit
operates stably. In addition, the maximum temperature difference
between the supply and return water on the customer side of the four
systems is only 4°C, and the average temperature difference between
the supply and return water is 3.7°C. It can be seen that the system
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TABLE 3 Refrigeration performance test results under actual operating conditions.

Test items Community A Community B Community C Community D

Air-conditioning side outlet water temperature of the unit ("C) 10.3 10.6 10.7 11.0
Air-conditioning side inlet water temperature of the unit (°C) 14.0 14.6 13.8 14.5

The outlet water temperature of the ground source side of the unit (°C) 23.4 25.7 23.1 26.0
Inlet water temperature on the ground source side of the unit (°C) 18.0 17.3 18 18.8
Air conditioner side flow of unit (m*/h) 410.0 430.0 560.1 510.0

Ground source side flow of the unit (m’/h) 350.1 245.5 394.1 298.0

Unit cooling capacity (kW) 1768.0 2013.2 2004.6 2,113.3

Unit average input power (kW) 358.3 425.1 415.5 458.1
Unit average performance coefficient (kW/kW) 4.93 4.74 4.82 4.61

Notes: The average performance coefficient of unit cooling = unit cooling capacity/unit input power.

TABLE 4 Performance test results of heat pump system under actual operating conditions.

Test items Community A Community B Community C Community D
Total cooling capacity of the system (kWh) 39,333.7 31,759.2 46,488.4 50,541.7
Total system power consumption (kWh) 12,789.8 9,936.0 14,215.3 16,425.1
Heat pump unit power consumption (kWh) 8,337.8 6,956.8 9,883.3 12,069.1
Circulating water pump power consumption (kWh) 4,452 2,979.2 4,332 4,356
System Cooling Average Coefficient of Performance (kWh/kWh) 3.08 3.20 3.27 3.08

Notes: 1) The total power consumption of the system = the power consumption of the heat pump unit + the power consumption of the circulating water pump.
2) System cooling average performance coefficient = total system cooling capacity/system total power consumption.

adopts the “large flow rate and small temperature difference”
operation mode. The corresponding “large temperature difference
and small flow rate” operation mode is more conducive to reducing
the system transmission and distribution energy consumption as
well as improving the system energy efficiency ratio.

According to the measured data combined with the calculation
formula, the average cooling performance coefficients of the four units
during the test period were 4.93, 4.74, 4.82, and 4.61 respectively, and
the specific test results are shown in Table 3. Based on the information
of the equipment parameters of the heat pump units in Table 1, it can be
calculated that the rated cooling performance coefficient of the heat
pump units can reach more than 6, while the actual operating effect is
only 70%-80% of the design working condition. This may be due to the
long-term operation of the equipment, the heat exchange equipment
and pipes of the heat pump unit have problems such as corrosion,
oxidation and scaling, resulting in the heat exchange efficiency of the
heat pump unit being reduced, thus making the cooling performance
coefficient of the unit not high.

3.2.2 Heat pump system performance test results

On the basis of the test results, the typical seasonal system
performance coefficient of the system is calculated by the following
formula:

COP; = %

YNi+3N; ®
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where Qg is the total heating (cooling) capacity of the system during
the test, XN is the total electricity consumed by the heat pump unit
during the system test, XN is the total power consumed by the pump
during system test.

The total heating (cooling) capacity of the system during the test
is calculated according to the following formula:

Qs = Z;q,AT,- and g; = V,pcAt; / 3600 (4)

where g; is the cooling capacity of the heat pump system in a certain
period of time, AT; is the duration of a period of time, V; is the average
water flow on the air-conditioning-side of the system in a certain period
of time, At; is the temperature difference between the inlet and outlet
water on the air-conditioning-side in a certain period of time.

Test the water temperature, flow rate, and power consumption
of the system on the air-conditioning-side of the system. From the
test data, the performance coefficient of the groundwater source heat
pump system is calculated. The average coefficient of performance
for each system during testing was 3.08, 3.20, 3.27, and 3.08. The
specific test results are presented in Table 4, and the proportion of
power consumption of the system is depicted in Figure 4.

The calculation concludes that the average coefficient of
performance of the GWHP system was 3.08, 3.20, 3.27 and
3.08 respectively, which meets the requirements of the limit value in
the “Evaluation Standard” (Table 5). Furthermore, given that the
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FIGURE 4

Power consumption composition proportion of heat pump system. (A) The proportion of power consumed by the heat pump system in Community
A; (B) The proportion of power consumed by the heat pump system in Community B; (C) The proportion of power consumed by the heat pump systemin
Community C; (D) The proportion of power consumed by the heat pump system in Community D.

TABLE 5 Limits of performance coefficient of GWHP.

System cooling energy efficiency ratio EERy

System heating performance coefficient COPy

Limit values >3.0

TABLE 6 Performance level division of GWHP system.

Working Level 1 Level 2 Level 3

condition

Cooling Energy
Efficiency Ratio

EER,;>3.9 3.9>EER>3.4 3.4>EER,>3.0

“Evaluation Standard” divides the performance of the GWHP system
into 3 grades (Table 6), with level 1 being the highest, the performance
coefficients of the GWHP systems in the test communities all belong to
Level 3. However, comparing Tables 5, 6, the performance of this
groundwater source heat pump system just meets the limit value
requirements and is among the lowest levels in the classification of
the code. Analysis of the reasons, the system after a long time of
heat exchanger performance decline, compressor
performance deterioration, pipeline scaling or corrosion, and other

operation,

reasons, leading to the energy efficiency of the system isn’t very ideal.
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Nevertheless, the specific reasons for the degradation of system
performance still need to be corroborated by subsequent studies.

Tested and calculated, the test of the underground water source heat
pump units revealed an average performance coefficient of 4.61-4.93,
the performance coefficient of 3.08-3.27 for the heat pump systems, and
a system average that is 32%-38% lower than the average crew. What
effect is formed by Figure 4 heat pump power consumption ratio is: the
power consumption of the water pump is relatively large, accounting for
about 27%-35% of the total power consumption, which leads to the
reduction of the system performance coefficient.

4 Benefit analysis
4.1 Energy saving benefit analysis

Calculate the coal saving of the GWHP system in comparison to
the conventional water-cooled chiller, and analyze the energy saving
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TABLE 7 Cumulative cooling load calculation table of air conditioning in summer.

Temperature band (°C) Hours (h) Outdoor temperature (°C) Cooling load (kW) Cumulative cooling load (kWh)
26-28 361 27 529.55 191,165.9
28-30 344 29 1,588.64 546,490.9
30-32 337 31 2,647.73 892,284.1
32-34 305 33 3,706.82 1,130,579.5
34-36 282 35 4,765.91 1,343,986.4
36-38 235 37 5,825.00 1,368,875.0
38-40 152 39 6,884.09 1,046,381.8
40-42 95 41 7,943.18 754,602.3
42-44 38 43 9,002.27 342,086.4
44-46 1 45 10,061.36 10,061.4
Total 7,626,513.6

TABLE 8 Cumulative cooling load statistics table.

Community A

Community B

Community C Community D

Cumulative cooling load (kWh) 7,626,513.6

8,876,869.1 12,274,431.8 7,286,102.7

TABLE 9 Conventional energy substitution calculation table.

Community Cooling method Cooling Annual power Converted total coal Coal
load (kWh) consumption (kWh) consumption (tce) saving (tce)
A Groundwater Source Heat 7,626,513.6 2,479,843.5 1,001.6 98.5
Pump
Conventional water- 7,626,513.6 2,723,754.9 1,100.4
cooled chillers
B Groundwater Source Heat 8,876,869.1 2,886,410.1 1,166.1 114.7
Pump
Conventional water- 8,876,869.1 3,170,310.4 1,280.8
cooled chillers
C Groundwater Source Heat 12,274,431.8 3,991,164.5 1,612.4 158.6
Pump
Conventional water- 12,274,431.8 4,383,725.7 1771.0
cooled chillers
D Groundwater Source Heat 7,286,102.7 2,369,155.2 957.1 94.1
Pump
Conventional water- 7,286,102.7 2,602,179.5 1,051.3
cooled chillers

benefit of the GWHP system. The energy consumption of the system
only includes the power consumption. The actual power
consumption can be measured by a clamp-type electric power
meter and a three-phase power analyzer. The conversion rate of
electric energy and primary energy is taken as 0.404 (Li et al., 2023).
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According to the Guidelines, the temperature-frequency
method is used to calculate the cumulative annual loads of a
building, based on the measured cooling loads of the system and
actual meteorological parameters during testing. The so-called
temperature-frequency method assumes a linear relationship
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TABLE 10 Calculation table of CO,, SO,, and dust emission reduction.
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Community Standard coal saving CO, emission reduction SO, emission reduction Dust emission reduction
(ton/year) (ton/year) (ton/year) (ton/year)
A 985 2433 1.97 0.99
B 114.7 2833 2.29 1.15
C 158.6 391.7 3.17 1.59
D 94.1 2324 1.88 0.94

between the envelope load (including solar and differential
temperature loads) and the outdoor temperature, calculates
the load at various temperatures based on this linear
relationship, and multiplies it by the number of hours at that
temperature to determine the cooling and heating loads at that
temperature (Long, 1992).

The BIN weather parameter is utilized for load calculation by
temperature and frequency method. The meteorological parameters
are sorted out according to hourly values given by the annual
outdoor dry bulb temperature or random weather model of a
certain place. Taking 2°C as a temperature interval, the number
of hours occurring in each temperature interval is calculated,
namely, the time and frequency table of temperature (Song and
Wang, 2015).

The summer building cooling load is calculated as follows:

Qour = fv = four Qg (5)
In —tg
where Qoyr is building cooling load at outdoor temperature toyr,
Qgyis building cooling load at outdoor temperature tg ty is building
summer interior design temperature, tz; is building summer design
outdoor temperature.

The procedure for calculating the cooling load of the research
area is outlined below. The detailed calculation process is
described using Community A as an example. The
meteorological parameters of the typical meteorological year
in the test area are selected as the BIN meteorological
parameters. The outdoor design temperature is 40.3°C, the
design cooling load is 7,572.5 kW, the outdoor temperature is
selected according to the typical annual data, and the design
temperature inside of the buildings is 26°C. Calculated according
to the above formula, the cumulative cooling load of the building
in the cooling season is 7,626,513.6 kWh. The specific summer
cumulative air-conditioning cooling load calculation table is
shown in Table 7 and the cumulative summer air conditioning
cooling loads for each community are shown in Table 8. The
formula for calculating the electricity consumption of the
GWHP, system in the whole cooling season is as follows:

_ SQu
COPgsy

Ey (6)

where Ey; is electricity consumption of heat pump system in cooling
season, XQy is the cumulative cooling load of the building
throughout the year.
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Comparing the GWHP system with a conventional water-
cooled chiller. The performance coefficient of the conventional
chilled water-cooled unit is 2.8. The comparison outcomes are
presented in Table 9.

From this calculation, it is concluded that the groundwater
source heat pump system saves 0.85kgce/m* in summer
compared with the conventional water-cooled chiller system, and
the energy saving effect is remarkable.

4.2 Environmental benefit analysis

Based on the results of the annual conventional energy substitution
amount for the project, the annual conventional energy substitution
amount for each system is 98.5 tons, 114.7 tons, 158.6 tons and
94.1 tons. According to the “Guidelines” and “Evaluation Standards”
on environmental benefits, the emission reductions of carbon dioxide,
sulfur dioxide, and dust are calculated respectively. The calculation
methods are as follows:

Carbon dioxide emission reduction is calculated according to
the following formula:

Qcoz = 2.47Qpm (7)

where Q¢o; is Carbon dioxide emission reduction, Q,, is standard
coal saving, 2.47 is Carbon dioxide emission factor.

Sulfur dioxide emissions are calculated according to the
following formula:

Qs02 = 0.02Qp, (8)

where Qs is Sulfur dioxide emission reduction, Qy,, is standard
coal saving, 0.02 is SO, emission factor for standard coal.

Dust emission reduction is calculated according to the following
formula:

Qrc = 0.01Qp, 9)

where Qpc is dust emission reduction, Qy,, is standard coal saving,
0.01 is dust emission factor.

From the calculations in Table 10, it can be concluded that the
CO,; reduction, SO, reduction, and dust reduction in a cooling
season in this test area are 2.09 kg/m?,002 kg/m* and 0.0.1 kg/m?
respectively. The implementation of the GWHP system has clear
control and environmental

implications for air pollution

conservation.
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4.3 Economic benefit analysis

In light of the energy consumption analysis results, the power
consumption of the heat pump system in the cooling season is
21.29 kWh/m?, and the power consumption of the traditional chilled
water system is 23.38 kWh/m?, representing a savings of 2.1 kWh/
m’. Combined with the paid electricity price standard of the project
(0.567 yuan/kWh for this project), the cost of utilizing the GWHP
system for cooling in the summer of the four communities is at least
793,000 yuan cheaper than that of using the traditional cold-water
system.

5 Conclusion

This paper tests the GWHP system in residential quarters and
analyzes the performance, energy saving, environmental protection
and economic benefits of the system. The result of the study are as
follows.

(1) On the basis of the test and evaluation of the groundwater
source heat pump heating and cooling project in the residential
communities, the groundwater source heat pump technology is
effectively applied, and the indoor effect of cooling meets the
design and specification requirements, and the heat pump unit
and system operate stably.

(2) The average cooling performance factor of the four heat pump

~

units is 4.61-4.93, while the average cooling performance factor
of the heat pump systems is 3.08-3.27. The average energy
efficiency ratio of the heat pump systems is 32%-38% lower
than that of the units. The main reason is that the electricity
consumption of the water pump accounts for a large proportion,
which leads to the reduction of the performance coefficient of
the system. Frequency conversion measures should be taken for
the circulating water pump to reduce the power consumption of
the water pump and improve the coefficient of performance of
the system.

€

~

Compared with traditional water-cooled chillers, the four
GWHP systems tested can save a total of 466 tons of
1,150.8 tons
emissions, 9.3 tons of sulfur dioxide emissions and 4.7 tons

standard coal, reduce of carbon dioxide
of dust emissions in one cooling season, showing obvious energy
and environmental benefits, while reducing operating costs by

RMB 793,000, which has certain economic benefits.

Through the analysis, it can be seen that the groundwater source
heat pump system offers significant energy-saving benefits,
Within the

environmental benefits, and economic benefits.
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For the island and reef project formed by filling calcareous sand, the problems of
wide particle size distribution (PSD) and complex mechanical properties have to be
faced. Therefore, in order to provide basic mechanical parameters for the
construction of the island and reef project, triaxial shear tests were carried out
on calcareous sands with five different typical PSDs. The results showed that as
particle gradation became narrower, the axial strain corresponding to the strain-
softening point all showed a decreasing trend and their differences gradually
decreased; the confining pressure has a significant impact on the volumetric
deformation modulus of calcareous sand with a wide PSD. The cohesion of
calcareous sand showed a positive correlation with non-uniformity and
curvature coefficients, while the variation of an internal friction angle showed a
parabolic law; the internal friction angle also changes in the parabola with the
change of fine particle contents. Furthermore, by establishing the PFC3D discrete
element model, it was found that the numerical simulation results were in good
agreement with the test results, which verifies the feasibility of the numerical
simulation and the rationality of the mesoscopic parameter calibration. It was
discovered that the wider the particle gradation range, the greater the axial strain
corresponding to the critical coordination number; the sample with a narrow
gradation interval was more likely to present a rotating displacement field to form
a penetrating shear band. This study can provide design parameters for stability
analysis of high and steep slopes in calcareous sand sites.

KEYWORDS

calcareous sand, particle size distribution, triaxial test, shear strength, discrete element

1 Introduction

Calcareous sand (Hongbing et al., 2006) is widely distributed in the Maldives and other
islands, which is a kind of carbonate sediment obtained after experiencing long-term
immersion in calcium carbonate solution; it has the characteristics of irregular shape
(Liu and Wang, 1998; Smith and Cheung, 2003), numerous pores (Xu et al., 2022), easy
cementation (Meng et al., 2014), and breakage (Hu, 2008; Donohue et al., 2009). In terms of
the particularity of calcareous sand, a series of studies have been carried out, including
physical and mechanical properties (Lade et al., 2010; Lv et al., 2017; Giretti et al., 2020; Xu
et al,, 2020), dynamic properties (Morsy et al., 2019; Zhou et al,, 2019; Liu et al., 2020),
engineering properties (Yue et al., 2017; Rui et al., 2021), calcareous sand concrete (Ma et al.,
2019; Wang et al., 2020), and microbial cementation (Liu et al., 2019; Xiao et al., 2019). The
research results showed that the engineering mechanical properties of calcareous sand are
very different from those of common continental sediments (Jiang et al., 2015; Wang et al.,
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2017a). Because of the “Belt and Road Initiative” policy, numerous
island and reef projects are being planned, where the construction
sites are often formed by blowing and filling calcareous sand (Wang
et al, 2011; Wang et al, 2021). When the island and reef
underground engineering is excavated, it will face the problem of
slope stability analysis, especially some high and steep slopes. At the
same time, due to the wide distribution of particles in the calcareous
sand site formed by hydraulic reclamation, the shear strength of
different graded calcareous sand slopes is different (Coop, 1990; Ma
et al,, 2022), which brings difficulties to the slope stability analysis.
Therefore, it is necessary to conduct an in-depth research on the
shear characteristics of calcareous sand (Ding et al., 2021).

The shear characteristics of calcareous sand have been
extensively studied; it has been observed that particle gradation
(Hassanlourad et al., 2014; Rezvani et al., 2021), confining pressure
(Fahey, 2021), and particle breakage (Jingping et al., 1997; Zhang
and Luo, 2020) have an impact on the shear strength of calcareous
sand. For particle gradation, significant attention has been paid to
the influence of particle size (Bagherzadeh-Khalkhali and
Mirghasemi, 2009; Cao et al, 2020; Kuang et al, 2021),
uniformity coefficient (Liang et al., 2022), average particle size
(Giang et al, 2017; Wang et al, 2017b), fine particle content
(Shen et al,, 2021), and particle group content (Ata et al., 2018;
Shen et al., 2018; Yang et al,, 2020; Fan et al,, 2021) on the shear
strength of calcareous sand. Chen et al. (2022) carried out triaxial
shear tests to study the effect of gradation on the particle breakage
and mechanical properties of coral sand. However, the grading range
of prepared coral sand samples is very narrow, which cannot fully
reflect the shear characteristics of hydraulic fill calcareous sand at the
project site. It can be observed that although there are some
achievements in the research on the influence of particle
gradation on the shear characteristics of calcareous sand, they are
partial and not comprehensive enough to reflect the shear
characteristics of fully classified calcareous sand (gravel sand,
coarse sand, medium sand, fine sand, and silt) under wide grading.

In this research, wide graded and fully classified calcareous sand was
taken as the research object, and five kinds of typically graded calcareous
sand, which can represent calcareous gravel sand, calcareous coarse
sand, calcareous medium sand, calcareous fine sand, and calcareous silt,
were selected to conduct the triaxial drainage shear test; thus, the change
rules of strength characteristics, volumetric deformation characteristics,
and the impact of grading on strength indexes were analyzed.
Furthermore, the 3D discrete element model was established to
conduct a mesoscopic study of the shear characteristics of calcareous
sand so as to clarify the basic mechanical characteristics of the
calcareous sand site, which also provides reasonable mechanical

TABLE 1 Classification of coral reef debris.

10.3389/feart.2023.1163930

parameters for stability analysis of high and steep slopes in island
and reef engineering.

2 Materials and methods
2.1 Test material

According to the Code for Geotechnical Investigation of Water
Transport Engineering (Partial Revision)—Geotechnical Investigation
of Coral Reef (Draft) (CCCC Second Harbor Engineering Survey and
Design Institute, 2022), the calcareous sandy soil is divided into
calcareous gravel sand, calcareous coarse sand, calcareous medium
sand, calcareous fine sand, and calcareous silty sand, as shown in
Table 1. This paper considered the coral sandy soil revealed by the
engineering geology of the coral reef area in the Maldives as the research
object, and five kinds of typically graded calcareous sand (respectively
representing calcareous gravel sand, calcareous coarse sand, calcareous
medium sand, calcareous fine sand, and calcareous silty sand) were
selected through field sampling, in order to avoid the particle size effect;
particles with the size of more than 5 mm were removed, but the reserved
particle groups are <0.075mm, 0.075-0.1 mm, 0.1-0.25mm,
025-0.5mm, 0.5~1 mm, 1~2mm, and 2~5mm, as shown in
Figure 1. The particle analysis test results are shown in Figure 2.
According to particle grading curves, the calculated controlled particle
size and grading index are shown in Table 2.

2.2 Test scheme

2.2.1 Test apparatuses

The strain control triaxial tester was used in this test. The sample
diameter is 50 mm, and the height is 100 mm. The maximum axial force
is 100 kN, and the maximum axial displacement can reach 50 mm. The
confining pressure is provided by the air pump, where the confining
pressure range is 0-16 MPa, and the back pressure control is 0~4 MPa.
The pore water pressure, axial strain, axial displacement, and other
parameters are automatically recorded by the computer.

2.2.2 Sample preparation
The saturated sample is the key to this test. The main process of
the test is as follows:

(1) Pour the weighed calcareous sand into the rubber membrane
three times, and compact the sand sample with a slender rod to
achieve the required dry density of 1.45 g/cm’.

Coral reef detritus Particle size distribution

Calcareous sandy soil Calcareous gravel sand

Mass of particles with a particle size greater than 2 mm accounts for 25%-50% of the total mass

Calcareous coarse sand

Calcareous medium sand

Calcareous fine sand

Calcareous silt

Frontiers in Earth Science

Mass of particles with a particle size greater than 0.5 mm exceeds 50% of the total mass
Mass of particles with a particle size greater than 0.25 mm exceeds 50% of the total mass
Mass of particles with a particle size greater than 0.075 mm exceeds 85% of the total mass

Mass of particles with a particle size greater than 0.075 mm exceeds 50% of the total mass
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0.25~0.5mm 0.1~0.25mm

FIGURE 1

<<0.075mm

0.075~0.1mm

Calcareous sand of each grain group: 2~5 mm, 1~2 mm, 0.5~1 mm, 0.25~0.5 mm, 0.1~0.25 mm, 0.075~0.1 mm, and below 0.075 mm.

(2) Apply a confining pressure of 10-20 kPa through a computer, pass
CO, into the sample through the small hole in the center of the
sample base for about 1 h, and maintain the pressure at about 10 kPa.

(3) Open the water inlet valve to allow water to enter the sample from
the bottom of the sample, and the water head saturation is
completed until the water continuously flows out of the drain valve.

(4

~

Apply back pressure to saturate the sample and maintain the
confining pressure greater than the back pressure of 30 kPa to
prevent the rubber membrane from being damaged by excessive
back pressure until the water no longer flows into the sample.
(5) When the saturation degree B is detected to be more than 0.95,
saturation is completed; the next step is the shear test.

2.2.3 Sample shearing
Under the confining pressure values of 25 kPa, 50 kPa, 100 kPa,
and 200 kPa, a total of 20 groups of triaxial consolidation drainage

(=4
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—e— Coral gravel sand
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—v— Coral silt
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N
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FIGURE 2
PSD curves.
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shear tests were performed on five kinds of calcareous sand
mentioned previously. When the axial strain of the sample
reaches 15%, the test is terminated and the shear rate is 0.3 mm/min.

3 Experiment results
3.1 Strength characteristics

The deviatoric stress—strain curves of five calcareous sand
samples are shown in Figure 3. It can be observed that under
confining pressure (o3 = 25 ~ 200kPa), these curves all show
strain-softening characteristics (Huodong et al, 2018). As the
axial strain increased, the sustained deviator stress continuously
increased (Yamamuro and Lade, 1996) but decreased after reaching
the peak value. Under low confining pressure (o3 = 25 ~ 50kPa),
the curve slope did not significantly decrease after increasing, and
the strain-softening phenomenon was not evident. With confining
pressure increasing to (o3 = 100 ~ 200kPa), the strain-softening
phenomenon became more evident. This is because, under low
horizontal stress, the particle breakage phenomenon (Lade et al.,
1996) is not evident, but the particles were broken to different
degrees as the confining pressure increased (Desrosiers and Silva,
2002; Yu, 2018), during which as the content of fine particles
increased, the calcareous gravel sand changed into calcareous silt
(Figures 3A, B, C, D, E), making some fine particles play the role of
“ball” on the surface of the coarse particles; thus, the coarse particles
became easier to slip, forming a relatively evident shear band, and
make the stress-strain curve exhibit evident strain-softening
phenomena. Moreover, it can also be observed that with the
increase of the confining pressure, the axial strain corresponding
to the peak stress continuously increased, that is, the starting
position of strain-softening moved backwards; moreover, as the
calcareous sand particles gradually became finer, these axial strains
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TABLE 2 Physical property index of calcareous sand.

10.3389/feart.2023.1163930

Parameter Calcareous gravel Calcareous coarse Calcareous medium Calcareous fine Calcareous
sand sand sand sand silt
dso 0.45 0.28 0.16 0.14 0.09
dso 1.00 0.58 0.26 0.22 0.15
deo 1.50 0.80 0.36 0.30 0.20
Non-uniformity 16.67 8.70 4.80 4.00 2.67
coefficient C,
Curvature coefficient C. 1.50 1.07 0.95 0.87 0.54
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FIGURE 3

Deviatoric stress—axial strain curves. (A) Calcareous gravel sand. (B) Calcareous coarse sand. (C) Calcareous medium sand. (D) Calcareous fine sand.

(E) Calcareous silt.

under each confining pressure decreased and the difference between
them gradually became smaller. This is because as calcareous gravel
sand changed into calcareous silty sand, the particle size distribution
(PSD) gradually became worse and the interlocking effect between
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particles decreased, making particles more prone to shear. Figure 3E
shows that for calcareous silt, the difference in the axial strain
corresponding to the four peak stresses was very small; this is
because the increase of fine particles in calcareous silt makes the
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FIGURE 4

Volumetric strain—axial strain curve of calcareous sand. (A) Calcareous gravel sand. (B) Calcareous coarse sand. (C) Calcareous medium sand. (D)

Calcareous fine sand. (E) Calcareous silt.

particle not easy to break and slip, which results in the whole
decrease of the axial strain corresponding to the strain-softening
point and the decrease of deviation between them. Figure 3 shows
that when the axial strain of calcareous gravel sand, calcareous
coarse sand, and calcareous medium sand reached 15%, the
deviatoric stress still remained unstable, while that of the axial
strain of calcareous fine sand and calcareous silty sand reached
15%; the deviatoric stress of the axial strain gradually became stable,
especially for calcareous silty sand; this indicates that for the fine-
grained sample, the strain is small and it will maintain its stable
residual strength after strain-softening occurs.

3.2 Deformation characteristics

As the relationship between the volumetric strain and axial strain
of five kinds of calcareous sand shown in Figure 4, these calcareous
sand forms all showed volumetric deformation characteristics of the
first shear compression and then shear dilatancy, which means that
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with the increase of the axial strain, the shear compression became
more evident, the shear compression rate gradually decreased, and
then the shear dilatancy appeared, with first increase and then
decrease of shear dilatancy rates. With calcareous gravel sand
changing to calcareous silt, their gradation range became
narrower and the decreasing amplitude of the shear dilatancy rate
was large, indicating that the shear dilatancy rate decreased and the
volumetric deformation showed a stable trend. With the increase of
the confining pressure from 50 kPa to 200 kPa, the volumetric strain
curve changed significantly, especially for calcareous gravel sand and
calcareous coarse sand, suggesting that the confining pressure has a
significant impact on the volume change modulus of calcareous sand
with a wide PSD. This is because the coarse particles are irregular in
shape with many edges and corners, and porosity was compressed
and some coarse particles were crushed as the strain increased;
furthermore, the increase in the axial strain caused the particles to
slip as a whole, presenting the volumetric characteristics of shear
dilatancy. With the increase of confining pressure, the coarse
particles in calcareous sand were partially crushed, resulting in the
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sample being compressed to a greater extent. Therefore, the
volumetric strain curve was significantly different from that under
low confining pressure. It can also be observed that with the increase
in the confining pressure, the axial strain corresponding to the
change point from shear compression to shear dilatancy increased
continuously, which indicates that the increase in confining pressure
compressed pores and crushed particles, delaying the shear dilatancy.

3.3 The effect of PSD on the strength index

According to the Mohr-Coulomb strength criterion, the o-t
envelope is obtained, as shown in Figure 5, based on which the
shear strength parameters can be obtained. The peak internal
friction angle of calcareous sand was in the range of 41°-45.3", the
bite force was in the range of 19.8 kPa-25.6 kPa, the residual internal
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friction angle was in the range of 36.6’-38.5", and the residual bite force
was in the range of 10.9 kPa-15.9 kPa.

In order to further investigate the impact of the gradation index on
shear strength, the curves reflecting the relationship between the non-
uniformity coefficient Cu, curvature coefficient Cc and cohesion, and
the internal friction angle were drawn and are shown in Figures 6, 7.

According to the test results, it can be observed that cohesion
increased with the increase of Cu and Cc. Previous research shows that
the basic shape of particles is similar in calcareous soil with different
particle sizes, but the particle size will change with particle groups
varying, and the proportion of particles with different shapes in each
particle group is also different. In coarse calcareous sand, the particle
shape is mostly flaky and branched and the interlocking effect between
particles is easy to form. Table 1 shows that as Cu of calcareous silt
increased to Cu of calcareous gravel sand, Cc also increased, so the
sample gradually met the requirements of Cu > 5 and Cc=1-3,

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1163930

Zhang et al. 10.3389/feart.2023.1163930
A B
46
26
= o
25t _—— Tast
— 2 s
< | 2
%24 g | 3
. <
223} = A T
= o *S 43 }
2220 &
S =
21F gaf
2
2 D/u = 41
l() 1 1 1 1 1 1 1 1 L 1 1 ]
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Curvature cocfficient C, Curvature cocfficient C,
FIGURE 7

Relationship between Cc and cohesion and the internal friction angle. (A) Relationship between Cc and cohesion. (B) Relationship between Cc and

the internal friction angle.

46 -
—~ o
45t
=g
2
%"44 L
= D/J
2
S8
H
g42}
D
g

41

4 6 8 10 12 14 16
Finc particle content (%)
FIGURE 8

Relationship curve between the fine particle content and internal
friction angle.

suggesting a continuous good gradation, and the filling, extrusion, and
occlusion of particles were enhanced. With the particle size increasing,
the content of large-particle calcareous sand became higher and the
occluding effect between particles was continuously strengthened, while
the apparent cohesion was generated by the occluding effect of particles;
so, with the increase of non-uniformity and curvature coefficients,
calcareous sand showed a higher cohesion.

It can also be observed that with the decrease of Cu and Cc, the
internal friction angle first increased and then decreased. This is because
as calcareous gravel sand changed into calcareous silt, Cu and Cc
gradually decreased and particles gradually became uniform and poorly
graded, during which the content of coarse particles decreased, and the
content of fine particles gradually increased; thus, more fine particles fill
pores to intensify the contact between particles, making the friction
angle gradually increase. However, with further increase in the content
of fine particles, fine particles started to play a role in lubrication and the
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“ball” effect appeared in calcareous sand, reducing the internal friction
angle. Therefore, corresponding to the peak internal friction angle, there
is a limit value for the content of fine particles. In order to further
quantify the limit value of fine particle contents and clarify the effect of
fine particle contents on the internal friction angle of calcareous sand,
the relationship between fine particle contents and internal friction
angles is plotted and shown in Figure 8.

Figure 8 shows that there was a limit value of 10% for the fine
content, which means when the fine content was 10%, the internal friction
angle reached the maximum value; when the content of fine particles was
less than 10%, the internal friction angle gradually increased; when the fine
content was greater than 10%, the internal friction angle decreased.

Based on qualitative analysis, the test data were fitted to quantitatively
reflect the impact of the particle size of calcareous sand on the strength
index; the following formulas can be used to accurately calculate and
evaluate the strength characteristics of calcareous sand with different
PSDs. Figures 9-11 show the fitting relationships between Cu and
cohesion, Cc and cohesion, and fine particle content and internal
friction angle; the determination coefficients of the fitting formulas
are all above 0.95, indicating a high reliability.

y =-12.2% (59 4+ 26, (1)
R* = 0.95,
y =255+ 8 )
1+e(®
R? = 0.99,
y = 40.9 + 5.2%70 (), 3)
R? = 0.96.

4 Discrete element simulation (Wang
et al,, 2018)

Bardet and Proubet (1991) and Bardet and Proubet (1992)
simulated the evolution law of shear bands in granular materials

11 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1163930

Zhang et al.

10.3389/feart.2023.1163930

Cohesion ¢ (kPa)
[SS] [39] [S9] (3] o o
—_ o (%} NN w [

b
<
T

[

—
C

]

u

]
2 4 6 8 10 12 14 16 18
Non-uniformity coctticient C,

FIGURE 9
Fitted relationship curve between Cu and cohesion.

S

04 06 08 1.0 12 14 1.6
Curvature coefficient C,

Cohcsion ¢ (kPa)
(3] N N N N (%) o
< — o (58] -~ L] N

—
o

FIGURE 10
Fitted relationship curve between Cc and cohesion.

from a two-dimensional perspective. In order to overcome the
limitation of a two-dimensional plane, PFC3D (Cundall and
Strack, 1979; Cundall, 2001) was adopted to model calcareous
sands with different PSDs and explore the interaction between
particles from a three-dimensional perspective, which provides a
powerful tool for revealing the shear behavior of calcareous sand
from the mesoscopic level.

4.1 Numerical sample preparation

Referring to the existing numerical test results, the method of
expanding particle sizes has a small impact on the mechanical
behavior of the material (Belheine et al., 2009; Evans and Valdes,
2011); in this paper, the particle size was uniformly enlarged
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FIGURE 12

Numerical sample.

3.5 times; the numerical sample is shown in Figure 12, and the
numerical test process is as follows:

(1) According to the PSD in the laboratory test, a model of the
sample in a cylinder with a diameter of 50 mm and a height of
100 mm was established, which had the same PSD. In this
sample model, the generated particles are as follows:
28,013 particles for calcareous gravel sand, 39,715 particles
for calcareous coarse sand, 59,915 particles for calcareous
medium sand, 61,983 particles for calcareous fine sand, and
70,362 particles for calcareous silt.

(2) The particle sample was generated according to the initial
porosity, and the wall was preloaded with a certain pressure
to obtain a uniform and dense sample.
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TABLE 3 Mesoscopic parameters of a numerical sample.

10.3389/feart.2023.1163930

Sand type Friction Normal contact stiffness/ Stiffness Effective Cohesion/ Friction
force MN-m™’ ratio modulus/GPa MPa angle/()
Calcareous gravel 0.5 100 1.0 0.1 0.32 433
sand
Calcareous coarse 0.5 100 1.0 0.1 0.26 43.8
sand
Calcareous medium 0.5 100 1.0 0.1 0.3 453
sand
Calcareous fine sand 0.5 100 1.0 0.1 0.28 435
Calcareous silt 0.5 100 1.0 0.1 0.22 41.0
(3) The contact between particles was set as the parallel bonding
model “linearpbond,” and relevant parameters were assigned to 1000 —®— Test results

realize the bond between particles.

(4) The displacement of particles was reset, and then a relative
velocity was applied to the upper and lower walls to realize
triaxial shear numerical sample loading.

4.2 Calibration of mesoscopic parameters

In this paper, parallel bonding was used to simulate the bonding
force between calcareous sand particles. The parallel bond model
can describe the constitutive characteristics between the cemented
particles, where the spring group with constant normal and
tangential stiffness is distributed on the contact surface. When
the displacement or force between particles exceeds the critical
value, the parallel bonding model will fail to induce a fracture. In
the discrete element numerical simulation, mesoscopic parameters,
such as contact stiffness and friction coefficient, need to be
calibrated. Referring to previous numerical tests (Thompson
et al., 2009; Stratton and Wensrich, 2010), the normal stiffness in
this paper is 100 MN/m, and the particle stiffness ratio is 1.0, which
meets the range of 1.0-1.5 recommended by Goldenberg and
Goldhirsch (2005). According to the results of indoor tests, the
internal friction angle of calcareous sand was 45°, and the cohesion,
effective modulus, and other mesoscopic parameters were calibrated
according to the stress—strain curve in the laboratory test, as shown
in Table 3.

5 Numerical simulation results
5.1 Comparison with indoor tests

Figure 13 shows the comparison between the numerical
simulation results and the test results of calcareous silt; it can be
observed that they are in good agreement, and the feasibility of the
numerical simulation and the rationality of the calibration of
mesoscopic parameters are verified. On this basis, the numerical
simulation results can be further analyzed. Figure 14 shows the
failure pattern in the numerical calculation and the indoor test of
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FIGURE 13
Comparison of deviatoric stress—strain between simulation and
the indoor test.

calcareous silt; it can be observed that both were found in the
inclined shear failure zone, which was in good agreement.

5.2 Coordination number evolution

The coordination number reflects the average number of
contacts per ball and can be defined as follows:
DN 1
C, = 2N TG 10 Ny (4)
n bl > grain
Ngrai.n

Under the impact of load, the rearrangement of calcareous
sand particles is the fundamental reason for the shear
compression and dilatancy, and their sliding and rotation will
cause the change of the coordination number. Figure 15 shows
the change curve of the coordination number of five types of
calcareous sand during shearing. As a whole, with the increase of
the axial strain, the coordination number first increased and then
decreased, existing as a critical coordination number; this is
because, with the increase of the axial load, the volume of
calcareous sand is compressed, resulting in an increase in the
number of contact between particles and an increase in the
coordination number. With the further increase of the axial
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FIGURE 14

Comparison of the shear band between simulation and the indoor test. (A) Numerical simulation of the shear band. (B) Shear band for an indoor test.
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Relationship between the coordination number and axial strain.

strain, the sample exhibited a shear slip, the number of contact
between particles decreased, and the sample showed shear
dilatancy. It can be observed that with calcareous gravel sand
changing into calcareous silt, the coordination number increased
significantly and the axial strain corresponding to the critical
coordination number decreased gradually from 5% to 3%. This is
because as the PSD gradually became worse, embedding and
occluding between the particles were weakened, making the shear
slip more likely to occur. This is consistent with the shear law
obtained from the laboratory test. The change of the coordination
number also explains the volume change mechanism of the first
shear compression and then shear dilatancy of calcareous sand in
the mesoscale.
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5.3 Developmental law of the shear
displacement field

To further analyze the formation and characteristics of the shear
band in the sample, the development and change of a displacement
field were revealed by slicing the cylindrical sample. Figure 16 shows
the development process of the shear displacement field under a
confining pressure of 200 kPa. Figures 16A,B show the particle
displacement field with a small axial strain. With the increase of
the axial strain, the displacement of particles at the top and bottom
gradually increased and the particles in the middle of the sample
began to show a trend of horizontal outward shear dilatancy;
however, the displacement field corresponding to the peak
strength was not reached, and there was no shear band. As the
peak strength was reached with the increase of the axial strain.
Figure 16C showed a more evident shear band, and the shear
dilatancy of the sample was further enhanced. At the same time,
an evident and concentrated shear zone is shown in Figure 16D, and
the movement direction of particles in the shear zone was almost
distributed between 0° and 360°, indicating that the particles in the
shear zone have slipped and turned over, which explains the
formation mechanism of the macroscopic shear fracture zone
from a microscopic perspective.

In order to further compare the shear zone evolution of these
five types of calcareous sand, their shear displacement fields are
observed, as shown in Figure 17. It can be observed that as grain
gradation decreased (Figures 17A, B, C, D, E), the particles gradually
became finer and the rotating blue displacement field gradually
appeared in the sample; moreover, the displacement field in the
calcareous medium sand (calcareous fine sand) was significantly
larger than that of the calcareous coarse sand; this is the primary
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FIGURE 17

Shear displacement fields of five types of calcareous sand. (A) Shear displacement field of calcareous gravel sand. (B) Shear displacement field of
calcareous coarse sand. (C) Shear displacement field of calcareous medium sand. (D) Shear displacement field of calcareous fine sand. (E) Shear
displacement field of calcareous silt.
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FIGURE 18
Morphological slice of microcracks. (A) Section of calcareous gravel sand. (B) Section of calcareous coarse sand. (C) Section of calcareous medium
sand. (D) Section of calcareous fine sand. (E) Section of calcareous silt.
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condition of forming shear bands. With the further increase of the
rotational displacement field, a fully penetrating shear slip band was
formed as that of calcareous silt, as shown in Figure 17E. If the
rotational displacement field is not formed, the specimen may
exhibit local shear failure and form a local shear band, as shown
in Figure 17A. Due to small differences in sample gradation,
calcareous medium sand and calcareous fine sand showed similar
displacement fields.

5.4 Analysis of microcrack evolution

Figure 18 shows the morphological slice of microcracks in five
types of calcareous sand after triaxial shear, where blue represents
the microcrack formed by shear failure and green represents the
microcrack formed by tensile failure. It can be observed that the
obvious shear failure zone is accompanied by partial tension cracks
on the shear crack zone, which indicates that the bond failure
between particles is caused by both the shear and tension effects,
particularly by shear failure. At the same time, it can also be observed
that in the samples with wide PSDs, such as calcareous gravel sand,
the content of coarse particles is high and the distribution of shear
bands is relatively irregular and more scattered; this is because the
particles have strong impingement and occlusion, making the
penetrating shear bands difficult to form; moreover, the coarse
particles may limit the extension and penetration of the shear zone.

6 Conclusion

In this paper, the shear characteristics of calcareous sand with
five PSDs were studied using the triaxial drainage shear test and the
influence of PSD on the shear properties of calcareous sand is
discussed in detail. The following conclusions can be drawn.

(1) During triaxial drained shear tests, as the PSD became narrow, this
axial strain decreased and the difference between the five types of
calcareous sand decreased. As the PSD became narrow, the deviator
stress of the sample tended to be stable earlier and the residual
strength remained stable. The peak internal friction angle of
calcareous sand is in the range of 41-45.3°, and the bite force is
in the range of 19.8-25.6 kPa; the residual internal friction angle is in
the range of 36.6-38.5", and the residual bite force is in the range of
10.9-159 kPa. With the calcareous gravel sand changing into
calcareous silt, the particles gradually became finer and the
volumetric deformation exhibits a stable trend. With the increase
of confining pressure, the occurrence of shear dilatancy was delayed.

(2) After comparing the PSD of five types of calcareous sand, it was

~

found that the cohesion of the sample increases with the
increase of the non-uniformity coefficient Cu and curvature
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During the drilling process, high-strength rock can lead to various issues such as
drilling suppression, bit wear, and increased operational costs. To ensure safe and
efficient drilling operations, it is crucial to accurately predict the strength
parameters of the rock and recommend modifications to operational
procedures. This paper proposes a low-cost and fast measurement method for
predicting the strength parameters of rock in the field. To evaluate the
effectiveness of this method, a drilling process monitoring experiment was
conducted on sandstone, limestone, and granite. The experiment studied the
effect of confining pressure on the response of cutting with an impregnated
diamond bit. By analyzing the relationship between the thrust force, torque force,
and penetration depth under different confining pressures, the researchers
developed an analytical model for drilling that considers confining pressure,
compressed crushed zone, and bit geometry. The results show that the
confining pressure has a significant effect on the cutting response. As the
confining pressure increases, the thrust force, torque force, and penetration
depth at the cutting point also increase. Furthermore, a new measurement
method was proposed to determine the strength parameters, such as
cohesion, internal friction angle, and unconfined compressive strength. The
estimated strength parameters for the three rock types using the drilling
method were in good agreement with those of the standard laboratory test,
with an error range of 10%. This method of estimating rock strength parameters is

Abbreviations: a, rake angle of drill bit; A, cutting area of the drilling bit; C, cohesion of intact rock; F,,
tangential force; F,, thrust force; F°,, normal components of the cutting force; F%, tangential components
of the cutting force; F",,, normal components of the friction force; F',,, tangential components of the
friction force in the front end of diamond particle; F”, normal force in the back end of diamond particle; F",
sina frictional force between the diamond particle and rock sides; k, number of drill bits; P confining
pressure; P,,, fluid column pressure in the drilling hole; v, drilling speed; w, rotation speed; 7o, shear stress
of the crushed zone; oo, principal stress of the crushed zone; ¢', friction angle of the crushed zone; oy,
normal stress in the fracture surface; 7, shear stress in the fracture surface; ¢, internal friction angle of
intact rock; 6, rock-bit contact angle; y, propagating angle of the crushed zone; 7, total shear stress of rock
fragment; o, total normal stress of rock fragment; B, angle of shear plane in the back of the blade; o3,
normal stress caused by the ground stress; 7o, shear stress caused by the ground stress.
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a practical tool for engineers. It can continuously and quickly obtain the drilling
parameters of in-situ rocks.

KEYWORDS

advanced prediction, analytical model, rock strength parameters, drilling process
monitoring, confining pressure

1 Introduction

The projected economic growth is expected to drive global
energy demands to reach 20,679 million tons of oil equivalent by
2040, with 28% coming from oil and 23% from natural gas (Chong
etal, 2016; Yangetal,, 2019). The supply of the global energy market
and the
enabled deeper

is heavily influenced by hydrocarbon

resources,
development of drilling technology has
hydrocarbon resources to be explored to meet the growing
energy demand worldwide (Li et al, 2016; Vedachalam et al,
2016). However, as boreholes become deeper, drilling efficiency
tends to decrease, posing significant challenges that need to be
addressed to promote drilling efficiency. The mechanical properties
of the rock, such as strength parameters, significantly affect drilling
efficiency, and high-strength rock during the drilling process can
lead to drilling suppression, drilling bit wear, and high operational
costs. To avoid such adverse effects, accurately predicting the
strength parameters of rock during the drilling process and
recommending effective modifications to operational procedures
are essential for maintaining safer and more efficient drilling
operations.

The unconfined compressive strength (UCS) test, which
requires well-prepared samples, is time-consuming, costly, and a
destructive procedure, making it challenging to determine the
strength parameters of rock in the field (Kalantari et al.,, 2018).
To overcome these limitations, indirect methods such as the point
load test, scratch test, Schmidt hammer test, and block punch test
have been developed for UCS determination (Palassi and Emami,
2014; Naeimipour et al., 2018). However, these methods have some
limitations when it comes to evaluating the complex field conditions
and related effects on field rock (Palassi and Emami, 2014). They
provide only limited information about rock and may not accurately
reflect the properties of field rock (Richard et al., 2012). In recent
years, drilling has emerged as a promising technique for measuring
rock strength parameters in the field. This method allows for fast
and continuous measurement of field rock strength during the
drilling process. Moreover, it is applied as a quasi-nondestructive
field method and easily facilitated because of non-sampling and
simple movement (Kalantari et al, 2018). Researchers have
developed several methods for estimating rock strength based on
forces limit equilibrium and energy equilibrium (Merchant, 1945;
Evans, 1962; Nishimatsu, 1972; Roxborough and Philips, 1975;
Nakajima and Kinoshita, 1979; Hoover and Middleton, 1981;
Detournay and Defourny, 1992; Wojtanowicz and Kuru, 1993;
Gerbaud et al., 2006; Franca, 2010; Hareland, 2010; Chiaia et al.,
2013). However, except for Nakajima and Kinoshita’s model and
Gerbaud’ model, the crushed zone has not been considered in the
proposed relations between the drilling data and rock strength. To
address this issue, Kalantari et al. (2018) developed an analytical
model to estimate rock strength parameters using a T-shaped drag
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bit. Several other researchers (Karasawa et al., 2002a; b; Ohno et al.,
2004; Bingham, 1964; Wolcott and Bordelon, 1993; Hoberock and
Bratcher, 1996; Burgess and Less, 1985; Pessier and Fear, 1992;
Warren, 1987; Lia and Itakura, 2012) have used various approaches
to determine the UCS of rock during the drilling process based on
the specific energy by Teale (1965). Analytical models based on
energy equilibrium can easily resolve the problem of the crushed
zone during the drilling process. However, the explicit relationship
between the confining pressure and the response of drilling in the
field has not been well-established, particularly in the deep
rock mass.

In this study, an experiment was conducted to monitor the
drilling process of sandstone, limestone, and granite, in order to
investigate how the confining pressure affects the response of
cutting with an impregnated diamond bit. The relationships
between thrust force, torque force, and penetration depth were
analyzed for different confining pressures. An analytical model
was developed to take into account the effects of gravity, the
compressed crushed zone, and the bit geometry on drilling.
Furthermore, an advanced method was proposed to predict
the cohesion, internal friction angle, and unconfined
compressive strength of sandstone, limestone, and granite. The
resulting unconfined compressive strength values obtained from
the proposed method were compared with test results obtained in

the laboratory.

2 Model

During the drilling process monitoring, the bottom of drilling
hole is affected by the confining pressure and fluid column pressure
in the drilling hole as well as the applied force of the bit. In the
drilling process, due to the continuous downward and forward
movements of diamond particle in impregnated diamond bit, the
crushed zone in front of the diamond particle is formed as shown in
Figure 1A. For a diamond particle, assume that the diamond particle
is a pentahedron as shown in Figure 1B. When the rock on both sides
of the diamond particle occurs shear failure, the geometry and
mechanism of the acting force of bit is shown in Figure 1. In the
failure surface, the shear stress and normal stress caused by the
ground stress, pore pressure and fluid column pressure can be
expressed as

1 .
T, =E(Pf—Pm)sm2/3 (1)
1 1
o =E(Pf+Pm)—E(Pf—Pm)c052[3 (2)
Where f3 is the angle of shear plane in the back of the blade, Pyis

the confining pressure, P, is the fluid column pressure in the
drilling hole.
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FIGURE 1

The bottom of drilling hole stress analysis (A) and geometry and mechanism of the acting forces in the proposed analytical model (B).

Generally, the drilling rotary process of rock is performed
through two stages: penetration and cutting (Kalantari et al,
2018). The penetration and cutting stages are required to
perform and occur simultaneously in the continuous process. In
Figure 1B, each of the tangential forces F, and normal force F,, has
some components including the cutting force, the frictional force,
and the normal force in the back end of diamond particle:

F,=F +F"~F'"cosa+2F"tan0

F,=F +F"+3F'sina

3)
(4)

Where F, is the normal components of the cutting force, F; is
tangential components of the cutting force, F", is the normal
F, the tangential
components of the friction force in the front end of diamond

components of the friction force, is
particle, respectively, F* is a normal force in the back end of
diamond particle, " sina is the frictional force between the
diamond particle and rock sides. The relationships among these

parameters can be expressed as

F=Ftan(a+6") (5
F =F;tan0 (6)

7, = 0, tan ¢’ (7)
W = kF, (8)

T= an¥ )
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2.1 No.1 crushed zone

Now, for the normal force in the back end of diamond particle
ignoring the friction force between the back end of diamond particle
and compressed crushed zone (No.1 crushed zone, see Figure 1B, the
normal stress and shear stress in the fracture surface can be
calculated as

h

T, = %cos(u+[3) (10)

Fh
0, = —sin(a + B) (11)

A

Where A refers to the vertical cross-sectional area of the cut, o,

and 7, are normal stress and shear stress, respectively. Considering
the real stress characteristics of rock at the bottom of drilling core,
the total normal stress and total shear stress in the fracture surface
can be calculated as

(12)
(13)

0=01+0;

T=T+1T,

The Mohr-Coulomb failure criterion of rock can be given as
T=ctang +C (14)

where Cis the cohesion of intact rock, ¢ is the internal friction angle
of intact rock. According to Eqs 1, 2, 10-14 then we have
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F 1 F
T-otang = Xcos(a +B)+ E(Pf - Pm) sin2B — Xsin(a +B)tang
1 1
,E(Pf+Pm)tan<p+E(Pf7Pm)c052ﬁtan(p (15)
If 7-otang is replaced with the cohesion C in Eq. 14, and after

some algebraic manipulation in Eq. 15, the normal force F" in the
back end of diamond particle can be calculated as

P [C - %(Pf - Pm)sin2ﬁ+ %(Pf + Pm)tan(p— %(Pf —Pm) cosZﬁtan(p]Acos(p
cos(a+ ¢ + ) cos B

(16)

To obtain the minimum value of F", the value of S can be
calculated as

OF"
_T (ate¢
ﬂ_4 ( 2 ) (18)

The minimum value of F" can be calculated as

[ZC - (Pf - Pm) cos(a+ @)+ (Pf + Pm) tang — (Pf - P,,,) sin(a + ¢) tan (p]A cos ¢

b
cos(a + )

(19)

2.2 No. 2 crushed zone

Now, considering the No. 2 crushed zone (see Figure 1B), the
tangential and normal components of the cutting force can be
calculated as

F; = Ao, + A1, tana (20)
F, = Ao, tana + Ar, (21)
After some algebraic manipulation, the shear strength 7, and

hydrostatic pressure gy in the No. 2 crushed zone can be obtained
from Egs 20, 21:

_ F; —tanF;, 22)
°" A-Atan2a
F, — F{tana

T, = 22—+t — 23

A-Atan?a 23)

Shear tractions, 7', and normal tractions, ¢’, can be calculated as
r_ .2 .
o' =0,8in°y—1,cosysiny (24)
7' = g, cosysiny + 1, sin’ ¥ (25)
v is the angle of the cutting plane in front of the blade.
Considering the real stress characteristics of rock at the bottom

of drilling core, the total normal stress and total shear stress in the
fracture surface can be calculated as

o=0,+0' (26)

T=7+7 27)

The values of 7 and o from Egs 26, 27 are assigned in the Mohr-
Coulomb criterion of rock (Eq. 14), then we have

1
0, cosysiny + 1, Sin2W+E(Pf —Pm) sin 2y
=0, sin® ¥ — 1, cos ¥ sin ¥
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% (Ps+P,)- %(Pf -P,)cos2y—P,+C (28)

According to Eqs 7, 28, the cohesion can be obtained as

C =o0,[cosysiny +tan¢'sin > y — sin* y tan ¢ + tan ¢’ cos ¥ sin y tan ¢]
1 . 1
+5 (Pf - Pm)sm21// - E(Pf + Pm)tan<p

1 (29)
+5(Pf - Pm)c0321//tan(p

Equation 29 is derived in respect to y to obtain the minimum
value of ¢,. Then the value of ¥ can be calculated as

do, _

W_O (30)
(¢ -9
V=, ( 5 ) (31)

The minimum values of ¢, and 7, are obtained as

[ZC - (Pf - Pm) sin(¢' — @) + (Pf + Pm) tang — (Pf - Pm) cos (¢’ - ¢) tan (p] cos(¢' - ¢)

%= (1+tangtang)[cos(¢’ — @) —sin? (¢’ — @) +sin (¢ - ¢)]

(32)

[ZC - (P/ - Pm) sin(g’ - ¢) + (PJ + Pm) tan¢g — (P/ - P,,,) cos (¢’ - ¢) tan(p] cos (¢’ - ¢) tan ¢’
o= (1+tangtan ') [cos (¢’ — @) —sin? (¢’ — ) +sin (¢’ - ¢)]

(33)

2.3 Relationship of F; and F,

Now, considering the normal and tangential acting forces in
diamond particle as well as Eqs 3-6, 20, 21, the tangential forces F,
and normal forces F, can be obtained as

F, = Ao, + Ao, tan ¢ tana + F¥ tan 6 — F'"cosa+2F"tan@ (34)

F, = Ag,tana + Ao, tan ¢’ + F* + 3F"sina (35)

After some algebraic manipulation from Eqs 34, 35, the
relationship between the tangential forces F, and normal forces
F,, can be obtained as

F, =F,tan6 + Ao, [1 + tan¢' tana — (tana + tan¢') tan ]
+2F"tan 0 - 3F" sina tan 0 (36)

Where A=Bh/2, B is the shape parameters of the drill bit. F"
and o, can be calculated using Eqs 19, 32, respectively. For an
impregnated diamond bit, when penetration rate and rotation
speed are v and w, respectively, the depth of penetration per
rotation & can be calculated as (Kalantari et al., 2019)

B 2v
"~ 60kw

(37)

Where k is the number of drill bits.

Equation 36 shows that the normal force F, and tangential
force F, are affected by cutting and friction during drilling
process that occurs simultaneously, and they are dependent on
each other. The slope of this equation (Eq. 36) is dependent on
the contact friction angle between the diamond particle end
results from

wearing face. Many drilling experimental

researchers also show a linear relationship between the normal
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FIGURE 2

Synthetic model for drilling (modified from Dagrain, 2001). Note:

the x-coordinate S is the special energy, and the y-coordinate E is the
drilling intensity. S is obtained by dividing the torque force by the
force-bearing area, and the ratio of the thrust to the force-

bearing area is E.

and tangential acting forces during the rock penetration process
(Teale, 1965; Detournay and Defourny, 1992; Kalantari et al.,
2018;2019). The intersection of the two paths was mostly located
in the cutting point, including cutting and friction (Dagrain,
2001) (see Figure 2). When the friction and cutting is performed
simultaneously including the pure cutting and the friction
between the diamond particle and rock sides, the linear of F;-
F, in the impregnated diamond bit represents the theoretically
pure cutting for F,=0 (see Eq. 36).

For low thrust force (below the cutting point), the value of the
friction force F}’ between the diamond particle and rock bottom
sides is negligible. The normal force of the impregnated diamond bit
is transferred to the compressed zone. In this case, Eqs 34, 35 can be
rewritten as

(38)
(39)

F, = Ao, + Ao, tan q)’ tana — F" cosa + 2F" tan 6

F, = Ad,tana + Ao, tan ¢’ + 3F"sina

By substituting Eqs 32, 33 into Eqs 38, 39, the axial force F,, and
tangential force F; can be calculated as

. A[ZC - (P - Py)sin(¢’ - ¢) + (Py + P,) tang — (Py - P,,) cos (¢ - (p)tanw] (1+tang' tana) cos (9’ - ¢)
‘e (1+tangtang’)[cos(¢' — ¢) —sin* (¢’ — ¢) +sin(9’ — )]
A[2C - (P; - P,)cos(a+g) + (Ps +Py)tang— (P; = P,,)sin(a + ¢) tan g] cos p(2 tan 6 - cos a)
' cos(a+¢)

(40)

Fo - A[ZC —(Pf - P,,,)sin(w' -9)+ (Pf + Pm)ﬁanqp - (P/ —Pm)cos(w' -9) (amp] (tana + tan ¢") cos (¢’ — @)

(1+tangtang')[cos (¢’ - ¢) —sin* (¢’ — ¢) +sin (¢’ — ¢)]
SA[ZC —(Pf - P,,,)cos(a +9) +(Pf + P,,,)tanq) - (Pf - P,,,)sin(u+ W)tanq)tan(p] cos psina
cos(a+¢)

(41)

The linear of F,-A and F,-A are dependent on the contact
friction (0) in the side of diamond particle, frictional angle (¢’)
between the intact rock and compressed crushed zone, the rake angle
(a) of the diamond particle, and internal friction angle of intact rock
(¢). The value of F,/F,, is a constant as follows (Kalantari et al., 2018;
2019)
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F, 1
—_ ——— = constant

F, tan(a+0) (42)

For high thrust force (beyond the cutting point), the relationship
between the normal force F,, and tangential force F, is dependent of
the contact friction (0) in the side of diamond particle, frictional
angle (¢), internal friction angle of intact rock (¢), and the rake
angle (a) of the diamond particle. The normal force of diamond
particle from the impregnated diamond bit is transferred to rock due
to the created cross-sectional area. Hence, using Eq. 42, the friction
appears in drilling with the impregnated diamond bit. In the
diamond particle, the friction between the diamond particle end
and side wearing face and rock, acting as a resistant force, plays an
important part in the cutting process.

According to Eqs 41, 42, for high thrust force (beyond the
cutting point) the contact friction (6) in the side of diamond particle,
frictional angle (¢’), and the rake angle of the diamond particle (a)
are dominant factors. For the diamond core bit, the shape of each
diamond particle impregnated in the bit is irregular, resulting in the
difficulty and limitation of the measurement of the rake angle of
each diamond particle. For a diamond core bit (see Figure 1A), due
to the irregular shape of diamond grains in bit, we cannot accurately
measure the rake angle (a) of the diamond particle, and assume that
it is an unknown parameter. We can use the following five steps to
predict the strength parameters of rock:

(1) According to Eq. 42, we can calculate the value of a + & using
the experimental results of the linear F, - F, relation for low
thrust force (below the cutting point). According to Eq. 36, the
value of the contact friction (6) using the experimental results of
the linear F,—F, relation for low thrust force. The contact
friction angle & of the diamond particle side wearing face
and the contact friction angle 6 are almost the same in
cutting and friction process (Kalantari et al., 2018). Then, the
rake angle (a) can be obtained according to Eqs 36, 42.

(2) The slope of linear Eqs 39, 41, 42 in low thrust force are an
important factor. Using the obtained rake angle (a) and the
contact friction (6’) from the slope of F, -F,, curve in high thrust
force, after some algebraic manipulation from Eqs 24, 25, the
value of ¢’ can be calculated as

tan(a+0') - tana

4
1-tanatan(a+0") (43)

¢’ = arctan

(3) Using the estimated friction angle (¢') from Eq. 43, the internal
friction angle (¢) of rock can be calculates as (Kerisel, 1975;
Gerbaud et al., 2006)

2
¢ = tan‘1<;tan (p') (44)

(4) These slopes in Eq. 41 can obtained from the plotted drilling data (F,
-h) in low thrust force (below the cutting point) in the impregnated
diamond bit. Using the parameters (6, ¢, ¢, and a) obtained from the
steps (1)~(3) and the slope of F,, -h, the cohesion C can be calculated
according to Eq. 41. By utilizing the slope values from Eqs 36, 41, 42,
along with Eqs 43, 44, we can accurately determine the values of five
parameters (6, ¢', ¢, a, and C)
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FIGURE 3

Limestone
Sandstone

An overview of the drilling process monitoring apparatus (DPM) and part of drilled rock sample.

(5) Now using the obtained C and ¢ from the proposed method, the
unconfined compressive strength of rock (R,) is calculated as
(Kalantari et al., 2018)

R =259 (45)
1-sing

Where R, is the unconfined compressive strength of intact rock.

3 Drilling equipment

A drilling process monitoring apparatus, known as the DPM
(Drilling Monitoring Process) (see Figure 3), has been developed to
predict the strength of the rock in the field (He et al., 2019). With an
inner diameter of 60 mm, outer diameter of 70 mm, and drilling
depth of 50 m, the DPM is capable of continuous measurement and
recording of drilling operational data, including thrust force, torque,
penetration rate, rotation speed, drilling depth, and penetration
depth per rotation. As drilling depth increases, the DPM
automatically saves the drilling operational data in an Excel file.
The DPM has a maximum collection ability of 500 data points per
second, enabling accurate storage of several hundred sets of drilling
data. The digital drilling experimental equipment can provide the
maximum power of 1050 W and the maximum rotation speed of
800 r/min. In this experiment, the control parameters are the
rotation speed (w) and the penetration rate (v), while the thrust
force and torque are obtained as the drilling response. An
impregnated diamond bit is used as the drill bit in the DPM,
which allows for drilling in the field with high accuracy and
precision.

4 Discussion

After conducting a study, it is essential for authors to discuss the
results and their interpretation based on previous studies and
working hypotheses. The should include the
implications of the findings in the broader context and explore

discussion

their significance.

Frontiers in Earth Science

In this study, a drilling test using an impregnated diamond bit
with an outer diameter of 70 mm and an inner diameter of 60 mm is
performed, as depicted in Figure 1A. The drilling parameters,
including the penetration rate and rotation speed, are varied for
each rock type. The penetration rates for limestone, granite, marble,
and sandstone are set in the range of 0.1-1.2 mm/min, and the
rotation speeds are set in the range of 200-600 rpm for each rock
type. The experiments are carried out on hard, medium, and weak
rocks, such as granite, limestone, and sandstone. The cohesion and
internal friction angle of each rock type are measured in the
laboratory, following the ISRM standard.

Figure 4 displays the plots of the relationship between thrust
force and penetration depth per rotation for sandstone, limestone,
and granite under different confining pressures. Similarly, Figure 5
illustrates the relationship between torque force and penetration
depth per rotation for each rock type under varying confining
pressures. In the cutting process and the cutting and friction
process, the thrust and torque forces linearly increase with the
penetration depth per rotation. When low thrust and torque
forces are applied on three rock types, the thrust and torque
forces gradually increase with the depth of penetration per
rotation. At a critical value defined as the cutting point by
Lhomme (1999), the forces reach a maximum limit and cease to
increase with further penetration depth per rotation. At shallow
penetration depths, the friction force between the diamond particle
and rock bottom sides is negligible and any increase in cutting force
is due to the increase of penetration depth per rotation before it
reaches the critical penetration depth (Detournay et al., 2008; Zhou
and Detournay, 2014). Beyond the critical value of the penetration
depth, the normal component of frictional force reaches a stable
value and a limited value of the effective contact stress has also
occurred (Rostamsowlat, 2018). In this stage, the incremental
cutting response is governed by the pure cutting of the diamond
particle. These findings from the impregnated diamond bit are
consistent with those of other types of bits (Adachi, 1996;
Dagrain, 2006; Detournay et al., 2008; Rostamsowlat et al., 2018).

In addition, the relationship between the thrust force, torque
force, and critical penetration depth at the cutting point is affected
by the confining pressure (Py), as shown in Table 1. The confining
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FIGURE 4

Plot of thrust force as a function of penetration depth per rotation at four different confining stresses. (A) Sandstone, (B) Limestone, and (C) Granite.

pressure was varied between 0.8 MPa and 22 MPa, resulting in
critical penetration depth ranges of 0.123-0.228 mm for
sandstone, 0.233-0.255 mm for limestone, and 0.181-0.215 mm
for granite. The cutting point for each rock type is influenced by
the confining pressure during the drilling process, which can be seen
in the slope variation of the F,, ~h and F; ~h relationships in the
cutting process and the cutting and friction process. The study’s
findings indicate that the confining pressure (Py) has a significant
impact on the cutting response of the impregnated diamond bit in
both cutting and cutting and friction regimes, as illustrated in
Figures 4, 5. The confining pressure can affect the elastic and
elastoplastic regimes of frictional contact, depending on the two
regimes of frictional contact (Rostamsowlat et al., 2018).

Figure 6 depicts the torque force versus thrust force plots for
sandstone, limestone, and granite. The cutting point, which depends
on the predominance of the cutting process, varies with different
confining pressures in the F,/F, relation of the impregnated
diamond bit. The data points of the F,/F, relation follow a linear
path with a low slope in the friction process, while points on another
path follow the same path as the F,/F,, linear relation if the drilling is
dominated by the cutting process (Dagrain, 2001). For the
impregnated diamond bit, the data obtained between these two
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paths of the F,/F,, linear relation represent a combination of friction
and cutting processes, as shown in Table 1. Most of the data points
from the two paths were located in the cutting point under different
confining pressures. It is evident that the role of the cutting process
and friction process depends on the confining pressure. In other
words, the slope of the F,~F,, linear relation varies with the confining
pressure in the drilling process. As the confining pressure increases,
the penetration depth increases with high thrust force and cutting
force, which are provided simultaneously.

During the drilling process using an impregnated diamond bit,
the diamond particles on the bit penetrate into the rock and create a
penetration depth. As the bit rotates, it cuts through the rock, while
the slope of the F,~F, linear equation is determined by the contact
friction and the intercept value is dependent on the penetration
depth. This relationship is affected by various factors such as the
crushed zone, rock properties, bit geometric parameters, and
confining pressure, as demonstrated in Eq. 36. Through a least-
squares regression, the correlation between the thrust force and
torque force in the cutting and friction process can be plotted as a
linear curve, as illustrated in Figure 6; Table 1. The correlation
coefficients of the curves are almost always greater than 0.95.
Consequently, the slopes of the trend lines can be determined,
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FIGURE 5

Plot of torque force as a function of penetration depth per rotation at four different confining stresses. (A) Sandstone, (B) Limestone, and (C) Granite.

TABLE 1 Rocks parameters obtained from drilling tests.

Rock types Ps(MPa) Tanf 1/tan(a+8') a () Slope of Eq. Cutting point
I& F, h

sandstone 0.8 0.810 0.980 5.79 8.7 1.16 1.06 0.123 33.1 6.2 22.7
59 0.578 0.702 5.04 14.5 2.51 1.68 0.184 442 8.6 40.8

13.8 0.529 0.560 1.38 16.7 295 1.71 0.192 49.5 9.9 54.0

21 0.530 0.550 0.86 18.3 3.95 2.28 0.228 49.8 11.4 62.2

Limestone 0.98 0.530 0.560 1.32 21.7 512 2.84 0.233 49.5 114 61.9
3.89 0.512 0.551 1.72 22.6 5.56 2.95 0.241 50.3 11.8 65.2

11 0.486 0.540 246 24.6 6.47 3.94 0.248 514 12.8 73.2

18.9 0.460 0.510 229 31.0 8.05 4.18 0.255 53.0 15.8 94.8

Granite 1.3 0.386 0.422 1.78 48.9 9.85 3.98 0.181 58.1 18.9 132.6
12.2 0.377 0.394 0.86 54.5 10.69 421 0.193 59.1 21.0 151.9

20.1 0.373 0.383 0.52 55.1 11.22 4.42 0.206 59.5 214 156.6
22 0.371 0.380 0.46 59.8 12.51 4.61 0.215 59.6 23.1 169.9

Frontiers in Earth Science frontiersin.org

126


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1169712

Zhang et al. 10.3389/feart.2023.1169712
4 4 3.0 3
Cutting Cutting and friction Cutting Cutting and friction Cutting Cutting and friction Cutting Cutting and frigtion
3 | 3 25 Cutting point
[ Cutting point s i i \
- -~ g _20 Cutting point 2 y=0.5507x °
Z | Z ¥=0.7016x Z y=0.5608x g K 53x+0.0414
=T Lo, y=0.561x+0.4556 | 2,5 e g R-0.991
P RS | ¥=0.9505x+0.0873 < R™=0.9819 R=0.9866 < R’=0.9954 ; 5 0.9846
2 - ¥=0.3387x-0.0188
R*=0.9648 1.0 , 1
1 1+ R*=0.9914
| . 0.5 |
andstone, confining pressure: 0.8 MPa % Sandstone, confining pressure: 5.9 MPa andstone, confining pressure: 13.8 MPa ure: 21 MPa
0 0 ' ' L ' L 0.0 L ' L 0 < i £
Y 1 2 3 4 0 1 2 3 4 5 6 0 1 2 3 4 0 2 4 6
Fu 6N Fy (N) F, (29 F, ()
Sandstone
6 - 8 8 8
Cutting Cautting and friction 7 | Cutting Cutting and friction ;| Cutting Cutting and friction ; Cutting Cutting and friction
5t | r
o 6 f 6 6 | Cutting point
4 F Cutting point . | s 0.5136 i
5 y=0-3608 Z Cutting point 2° [yosaax -l
3 [ R%=09952 <Al g4 ol 0.4328x+08129 &4 | R=098%9 =0.4579x+
& y=0.53x+0.6186 £, | yoss o [R=0sp e c P
2 b S eias R2=0.953 y=0.4104x+0.244 3 R=09774 3 r R"=0.9898
. < 2T R=09774 2 2t
& H H <
imestone, confining pressure: 0.98 MPa L flestone, confining pressure: 3.89 MPa 1 imestone. confining pressure: 11 MPa 1 ‘imestone, confining pressure: 18.9 MPa
0 . . . . 0 \ . L L g o 1
0 2 4 6 8 10 0 3 6 9 12 15 0 5 10 15 20 0 5 10 15 20
F, (N) Fy () . Fa (kN) Fy kN)
& Limestone
8 f T3 8 B3 7 8
i Cutting iction g Cutting Cutting ion B Cutting Cutting and fp€tion
L ! ” A |
6 Cutting p i 6 Cutting pomt g 6 b Cutting p:Dinl
5 =5 Fy=0.3836x Cl = L y=0.38x i
5 y=0.4222x z yz = Se | Y02l Z : 2
4 | aliooa Y-03BIGRHOISH6 | =g L R=0.91 y=037475+0.06%3 | & R*=0.981 0.3768x+0.0662 | 24 | R=0993 y=0.371x-0.032
3 - R*=0.9909 = 2 o i 3 - R
=, P R’=0.9861 %3 | R*-0.9689 53 | R3*=0.99
2 2 r 2 r 2t
1 Granite, confining pressure: 1.3 MPa 1 Granite, confinmg pressure: 12.2 MPa 1 ranite, confmﬁz pressure: 20.1 MPa 1 Granite, confining stress: 22 MPa
0 L L L L n 0 L L L L L ) i ) P A A i g
0
0 4 8 12 16 20 24 0 a 8§ 12 16 20 24 0 5 10 15 2 0 5 10 15 20 25
Fy (kN) Fy (kN . F, (kN) Fp (&N)
Granite
FIGURE 6

Plot of torque force as a function of thrust force at four different confining stresses. (A) Sandstone, (B) Limestone,

with one slope attributed to the cutting process and the other slope
representing the cutting and friction process. Furthermore, the
slopes of the trend lines from the cutting and friction process
exhibit higher values at relatively low confining pressure. The
obtained slopes of the F,~F, linear curves for both cutting and
cutting with friction processes, as shown in Figure 6, can be used to
determine the rock parameters through the established model. This
model yields the frictional angle, the dilation angle, and the internal
friction angle of the rocks. Figures 4, 5 depict significant variations in
torque and thrust forces concerning the depth of penetration during
the cutting process. Through a least-squares regression of the torque
and thrust forces versus the depth of penetration per rotation for
both cutting and friction processes, a linear curve is obtained for the
diamond core bit, as shown in Figures 4, 5, with correlation
coefficients (R”) greater than 0.95, satisfying Eqs 36, 41.
Moreover, the obtained slopes of the linear F,, ~h curves during
the drilling process can be used to calculate the cohesion of the rock,
as presented in Table 1. The unconfined compressive strength of the
rock (R.) can then be obtained from Eq. 45, also shown in Table 1.
The drilling tests under different confining pressures have yielded
results for the strength of sandstone, limestone, and granite, which
agree well with those from standard tests, with an error within 10%,
as illustrated in Figure 7.
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and (C) Granite.

The irregular shape of diamond particles in impregnated diamond
bits makes it challenging to determine the rake angle of the particles.
However, the slope of the F,/F, linear curves for cutting and friction
processes can be used to calculate the rake angle a for the three types of
rock using Eqs 36, 42. Table 1 shows the slopes of trend lines for
cutting and friction processes in sandstone, limestone, and granite.
The side wearing face of the diamond particles has nearly the same
values of and during cutting and friction processes (Li et al., 2016). By
replacing with in Eqs 36, 42, the rake angle a can be estimated, which
is considered negligible for the estimated results (Bingham, 1964;
Roxborough and Philips, 1975; Hibb and Flom, 1978; Karasawa and
Misawa, 1992; Li et al., 1993; Richard et al., 1998; Sinor et al., 1998).
Using Eqgs 36, 41-45, the rock strength can be estimated. The
parameters and confining pressure are related to the rock strength.
The effect of parameter on the estimated cohesion is negligible at low
confining pressure when the range of is 30°~70°, which is close to the
internal friction angles of all natural rocks, as shown in Figure 8.
However, for high confining pressure (P¢>30 MPa) and low range, the
effect of parameter on the estimated cohesion must be considered. The
proposed method can practically estimate the strength parameters of
although there might be slight
underestimation of the strength for the three rock types, making

rock, overestimation or

the method reliable for estimating strength parameters.
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5 Conclusion

This study conducted a drilling process monitoring experiment
to investigate the effect of confining pressure on cutting response
with an impregnated diamond bit on sandstone, limestone, and
granite.

(1) The relationship between thrust force, torque force, and
penetration depth was analyzed for both cutting and
friction regimes under varying confining pressures.

(2

~

An analytical model, which accounted for gravity effects,
compressed crushed zones, and bit geometry, was developed.
Results for high, medium, and weak strength rock suggest that
drilling with an impregnated diamond bit involves two
simultaneous processes of rock cutting and frictional contact,
with the dominant role depending on the cutting point.
Confining pressure was found to significantly affect the
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cutting response in both regimes, with increased thrust force,
torque force, and penetration depth at the cutting point under
higher confining pressure.

Furthermore, a new field measurement method was proposed
to determine cohesion, internal friction angle, and
unconfined compressive strength of sandstone, limestone,
and granite. The estimated strength values for the three rock
types using this drilling technique are in good agreement
with those of standard laboratory tests. The results
demonstrate that the estimated strength of rocks is within
an accepted error range of 10% compared to the results from
standard tests. The drilling method provides a number of
advantages over conventional tests, including high-
resolution and continuous field measurement of rock
strength parameters. With minimum requirements for test
preparation, this practical method shows great potential for
field applications in rock engineering.
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In deep rock engineering, evaluating the likelihood of rock burst is imperative to
ensure safety. This study proposes a new metric, the post-peak dissipated energy
index, which accounts for strain rate and size effects in assessment of the rock
burst proneness of a rock mass. To investigate rock burst proneness, conventional
compression tests were conducted on limestone and slate samples with different
length to diameter (L/D) ratios (ranging from 0.3 to 1.5) at four different strain rates
(0.005, 0.01, 0.5, and 1.0 s™). Based on the testing observations, the actual rock
burst proneness was classified into three categories (no risk, low risk, and high risk).
A new criterion was also established using the post-peak dissipated energy index,
which is the ratio of elastic energy to total dissipated energy. The impact of the
strain rate and L/D ratio on rock burst proneness was analyzed. The results
indicated that increased strain rates cause a strong hardening effect, leading to
staged growth of rock burst proneness. However, the rock burst proneness
decreases non-linearly with the increasing L/D ratio. The accuracy of the
proposed criterion was validated by comparison with existing criteria,
demonstrating that the energy-based index ensures a reliable evaluation of the
rock burst proneness of a rock mass. The proposed method has excellent
potential for practical application in deep rock engineering.

KEYWORDS

rock burst proneness, post-peak dissipated energy index, strain rate, size effect, failure
characteristics

1 Introduction

Rock burst is a potential disaster that poses a significant threat to deep rock excavation
and mining operations (Cook, 1976; Wang and Park, 2001; Sousa et al., 2017; Keneti and
Sainsbury, 2018; Wojtecki et al., 2021; Wang et al., 2022a; Yang et al., 2022a; Wang et al.,
2022b; Yang et al., 2022b). This dangerous occurrence is characterized by the high-speed
ejection of rock fragments accompanied by loud cracking sounds (Kaiser and Cai, 2012; Li
etal, 2021a; Li et al., 2021b; Liu et al., 2022). As ground stress increases and environmental
complexity intensifies, the likelihood and impact of rock bursts also rise (Li et al., 2012; Gale,
2018). To ensure mining efficiency and safety, it is necessary to study the prediction of rock
burst (Singh, 1989; Cai et al,, 2022; Liu et al., 2023). Typically, rock burst proneness is
regarded as a prerequisite for determining the likelihood of rock burst (Feng et al., 2015; Liu S
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FIGURE 1
Partial group of rock samples.

M et al., 2020). Various criteria have been proposed to assess rock
burst proneness, based on factors such as strength, deformation
modulus, energy, acoustic emission, and failure characteristics
(Kidybinski, 1981; Singh, 1988; Zhang et al., 2009; He et al,
2015; Khosravi and Simon, 2018; Malan and Napier, 2018; Dai
et al,, 2019; Gong et al.,, 2019; Yang et al., 2020a; Gong et al., 2020;
Liu S M et al., 2020; Gong et al., 2021; Liu et al., 2022). However, the
essence of rock burst is the rapid release of stored elastic strain
energy (Kidybinski, 1981; Singh, 1988; Konicek and Waclawik, 2018;
Dai et al., 2019), making criteria based on energy parameters
particularly meaningful for determining rock burst proneness.
Examples of such criteria include the stored energy index W,
(Kidybinski, 1981) and the modified bursting energy index K%
(Liu X L et al, 2020). W, reflects the energy evolution process
and is expressed as the ratio of elastic energy to dissipated energy
(Kidybinski, 1981). In fact, rock burst phenomena can still occur
during the post-peak stage until it enters the residual stage (Gong
etal., 2018¢). Although K% considers the entire deformation process,
this criterion typically underestimates the rock burst proneness of
brittle rock (Liu X L et al., 2020; Zhou et al., 2022). To evaluate the
risk of rock burst accurately, a new criterion for rock burst proneness
is proposed based on the post-peak dissipated energy characteristic
of rock deformation.

Considerable progress has been made in investigating the
process and mechanism of rock burst from the perspective of
stress path and unloading effect (He et al., 2023). However, the
size of the rock has a significant impact on rock burst
proneness, due to the mechanical properties and spatial
structural characteristics of rock (Ai et al., 2016). The
laboratory method considers the structural characteristics of
a rock mass as the size of the rock sample, and the results of
several experiments have shown that the size of the sample
negatively affects rock strength due to the end effect (Wang and
He, 2023a). However, the size effect of a rock sample on rock
burst proneness has received little attention (Wang et al,
2023b). The size effect leads to stress concentration at the
rock boundary and subsequently affects the stress adjustment
rate of a rock mass (Kahraman, 2002). Thus, the dependence of
rock burst proneness on stress adjustment rate is controlled by
the size effect (Dai et al., 2022). Furthermore, the combined
effect of high ground stress and external force disturbance is
closely related to rock burst occurrence (Du et al., 2016). By
enhancing the strain hardening effect, increasing the strain rate
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leads to a strong brittleness deformation of rock, making it an
essential factor in energy release-induced rock burst (Liu et al.,
2023).

To effectively predict rock burst, it is crucial to establish a
dependable criterion for rock burst proneness. For this study,
conventional compression tests were conducted on samples of
limestone and slate with various length-to-diameter (L/D) ratios,
under four different strain rates, to investigate proneness to rock
burst. A revised index, the post-peak dissipated energy index, was
introduced to assess the rock burst proneness of a rock mass,
effects.
Correspondingly, a new criterion has been developed, which

taking into account the strain rate and size
can be used to calculate the ratio of elastic energy to total
dissipated energy. The practical utility and accuracy of the

new criterion were validated through testing.

2 Test method

The uniaxial compressive test is widely used to assess rock burst
proneness (Singh, 1988). Strain rate and size effect both influence
rock burst proneness (Masoumi et al.,, 2016; Rybacki et al., 2016;
Tang et al,, 2002; Tarasov and Potvin, 2013; Yumlu and Ozbay,
1995). According to the principle of thermodynamics, it is assumed
that there is no heat exchange between the external environment and
the sample during the loading process. Thus, input energy is
converted into elastic energy and dissipated energy. The
conventional compression test was carried out on two rock types
to obtain the energy parameters.

2.1 Rock material

Two types of rock, limestone (sedimentary rock) and slate
(metamorphic rock), were obtained from a tunnel construction
site in Qinling Mountain, Shaanxi Province, China. During the
sampling process, a strong rock burst and a series of residual rock
bursts were observed in the field with a burial depth of 1 km. Due to
the effects of mineral distribution and composition on the
mechanical properties of rock, it was necessary to conduct SEM
to investigate differences in mineral composition. The SEM results
indicated that the majority of mineral particles in the limestone were
lime mud (accounting for 68% of mineral content) and volcanic
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Top pressure head
with sensor

FIGURE 2
WDT- 1500 test machine.

chips (accounting for 24% of mineral content), with accompanying
small amounts of pyrite (accounting for 6% of mineral content).
These particles were crystallized in a manner that caused a small
number of pores in the framework. The slate was composed of flake
potash feldspar. In addition, the strong heterogeneity of slate was
manifested in the distribution of layered structure. Since the typical
layered structure has a strong effect on the mechanical properties of
slate, the direction of each sample coring was perpendicular to the
slate layer.

According to ISRM recommendations for compression tests
(ISRM, 2007), the rock samples were processed into cylindrical
shapes with different L/D ratios as follows. The rock specimens had a
constant diameter of 50 mm and were of four different lengths (18,
42, 66, and 90 mm for limestone and 18, 24, 48, and 84 mm for
slate), as shown in Figure 1.

2.2 Loading method

A series of unconfined compression tests were conducted on the
WDT-1500 testing machine (shown in Figure 2). The maximum
achieved load of 1800 kN can be applied by the bottom pressure
head on the sample. The load and displacement sensors were
installed in the top head, which detected a maximum axial
displacement of 100 mm and lateral displacement of 5 mm. The
error range of axial load and displacement was controlled within
0.1%. Moreover, the loading equipment was installed with three
additional systems: a digital control system, a detection system, and
a hydraulic loading system. The specific test steps satisfied the
recommendations of the ISRM (2007). There was a pressure
column upon the sample to concentrate the load on the center
axis of the sample. In order to minimize the friction caused by the
increased load, a spherical seat was located between the upper
surface of the pressure column and the top pressure head.
Similarly, two thermally hardened plates were placed on the
upper and lower surfaces of the sample to eliminate friction. The
conventional compression test was conducted at different loading
rates to obtain the uniaxial compressive strength and elastic
modulus of the rock. To ensure the consistency of the loading
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effect on samples of different sizes (ISRM, 2007), the strain rate &,
was introduced as

CTarT T r

_de _ (dl/dt) _u )

where ¢, represents the strain rate, u is the loading rate, and [ is the
length of the rock sample.

To study the variation of rock burst proneness according to
different strain rates, four strain rates (0.005, 0.01, 0.5, and 1.0 s™!)
were considered based on the typical range of strain rate e,
associated with rock burst (Wasantha et al, 2015). The specific
test plan is listed in Table 1. Moreover, to avoid the heterogeneity of
the rock material (especially the layered structure of slate), the
average mechanical parameter from more than three samples
under the same conditions was used in subsequent investigation.

3 Revised criteria for rock burst
proneness

Several criteria indicating rock burst proneness (Kidybinski,
1981; Singh, 1988; Zhang et al., 2009; He et al., 2015; Khosravi
and Simon, 2018; Malan and Napier, 2018; Yang et al.,, 2018; Dai
etal, 2019; Gong et al., 2019; Gong et al., 2020; Gong et al., 2021; Liu
X L etal, 2020) have been reported. Although these criteria analyze
the actual conditions of rock burst from different perspectives, the
rapid release of stored energy is the essence of rock burst (Cook,
1976; Khosravi and Simon, 2018). During rock burst, the stored
elastic energy is consumed by the ejection of rock fragments and
dissipated through crack deformation of the rock mass. In
particular, the ratio of elastic energy the dissipated energy,
namely, W,, is widely used to evaluate rock brittleness (Gong
et al, 2019) and rock burst proneness (Kidybinski, 1981). The
W,, index is determined when rock undergoes yield deformation
until failure (the corresponding stress level progresses from 80% to
90%). According to Figure 3, W,, can be obtained by

134
U= j ode, @)
0
2
U= ‘;—E 3)
€1 o 2
Ud=U—Ue=J ada—é, (4)
0
Ue
Wet = W, (5)

where o, and ¢; are the UCS and corresponding failure strain,
respectively, E is the elastic modulus, and W, is the stored
energy index. There are three categories of rock burst proneness
quantified by W,, (Kidybinski, 1981):

W >5, high risk,
2<W, <4.99,lowrisk, (6)
We< 2, no risk.

The W,, index reveals the essence of rock burst occurrence from a
theoretical perspective. Nevertheless, the determination of the W,,
index is only dependent on the pre-peak energy storage
characteristic corresponding to the most violent rock burst.
During the excavation process, rock failure induced by stress
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TABLE 1 Test method and sample serial number.

10.3389/feart.2023.1169750

Rock type L/D ratio Strain rate ¢ (s™) Rock type L/D ratio Strain rate ¢ (s™)
Limestone L-1-1 0.3 0.005 Slate S-1-1 0.3 0.005
L-1-2 0.01 §-1-2 0.01
L-1-3 0.5 $-1-3 05
L-1-4 1 S-1-4 1
L-2-1 04 0.005 $-2-1 0.7 0.005
L-2-2 0.01 $-2-2 0.01
L-23 0.5 $-2-3 0.5
L-24 1 S-2-4 1
L-3-1 0.8 0.005 $-3-1 L1 0.005
L-3-2 0.01 §-3-2 0.01
L33 05 $-3-3 05
L-3-4 1 $-3-4 1
L-4-1 14 0.005 $-4-1 15 0.005
L-4-2 0.01 S-4-2 0.01
L-4-3 0.5 $-4-3 0.5
L-4-4 1 S-4-4 1
considered the post-peak dissipated energy U}d, and used to
o improve the criteria for rock burst proneness. According to
. ~ - d
Figure 3, the post-peak dissipated energy U, consumed from the
6 bocooo . post-peak stage to residual stage, can be calculated as
C N U’
/ .
famy\ p -
U d '/ U, . ode, (7)
O Fbeceaaao-2 - /_ == _:k d &
" ! | U,=U,-U, = J ode — 0, (&, — €1), (8)
e / i ' e
U / - DU
/ ' / ’ where o, is the residual strength and ¢, is the strain when first
N : ! entering the residual stage. The post-peak dissipated energy index
// ! ! WP is calculated as
/| X ! U®
0 Wh = ———. 9
£, €, e “ =Gy U )
FIGURE 3

Energy evolution and calculation method of the post-peak
dissipated energy index.

disturbance is manifested in two modes, spalling and rock burst
(Diederichs et al., 2004). Spalling (the progressive failure of a rock
mass) is identified as a precursor to rock burst (Martin and Maybee,
20005 Diederichs, 2007). As ground stress increases, spalling evolves
into rock burst (Mazaira and Konicek, 2015). Owing to the
instability of the stress adjustment during the excavation process,
it is believed that spalling and rock burst occur at the same time until
the stress state is stabilized (Gong et al., 2018a; b). This judgment of
rock burst should involve the rock deformation before entering the
residual stage. The dissipated energy consumed after peak is

Frontiers in Earth Science

4 Analysis and results

4.1 Mechanical properties and energy
storage characteristics

To obtain the energy characteristics during rock deformation to
failure, the stress—strain curve under different strain rates and L/D
ratios is shown in Figure 4. Several deformation stages can be
identified in the stress—strain curve: the compaction stage, elastic
stage, yield stage, and residual stage. For limestone, the curve of the
initial compaction stage is longer than that for slate. This indicates
that the mineral composition and structure of limestone are
relatively loose. Limestone specimens have been shown to
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undergo greater deformation until they are at maximum density
(Konsztowicz, 2010). The elastic modulus of rock was calculated as
the slope of the second stage of the curve in investigation of the
influence of scale effect and strain rate. An obvious yield stage was
observed in the stress-strain curve of limestone. This phenomenon
indicated a strong plastic deformation in this stage. Due to strong
brittleness, slate demonstrated a rapid stress drop after the elastic
deformation stage. The energy parameters U, UF, U¢, and Ug are
calculated in Egs. (2), (3), (4) and (8), as shown in Table 2.
The expression of these energy parameters is in the form of
energy density (kJ/m’) to eliminate the effect of rock column
volume differences.

The relationship between the UCS and L/D ratio is shown in
Figure 5. As the L/D ratio increased, the UCS showed a non-linear
decreasing trend. The L/D ratio-dependent variation of UCS
gradually stabilized when the L/D ratio reached 1.5. The elastic
modulus presented a decreasing trend with increasing L/D, similar
to that of UCS, as shown in Figure 6. This indicates that the L/D ratio
has a negative effect on the mechanical performance of limestone
and slate. It is worth noting that the elastic modulus of limestone
decreased linearly. To explain this result, the typical failure
characteristics of samples with different L/D ratios are presented
in Table 3. For slate and limestone, the failure characteristic changed
from complex to single with the increasing L/D ratio. Due to the
relatively short stress path of the specimen with a low L/D ratio, the
stress concentration phenomenon at the end of the specimen
generated a large amount of friction between the pressure head
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and the end face of the sample (Tekalur and Sen, 2011). This end
friction effect reflects a heterogeneous stress distribution at the end
face. In order to maintain the integrity of the rock under mechanical
compression, the stress distribution is frequently adjusted.
Therefore, there are various failure characteristics observed in
rock samples (Walton et al, 2019). When the L/D ratio reaches
1.5, limestone and slate undergo split failure and shear failure,
respectively. The typical failure characteristic can be explained in
terms of mineral composition and structure. For slate, its typical
clastic structure contains a lot of pores at the clastic junction. When
the sample enters the critical state of elastoplastic deformation, the
stress path passes the weak area of the clastic structure and forms a
plastic deformation zone (Quinones et al., 2017). As the axial load
increased constantly to exceed the yield limit of the rock, the stress
path penetrated the specimen to form a shear sliding surface. The
microstructural properties of the limestone skeleton suggested a
muddy supporting texture. When a compressive load was applied,
cracks expanded along the cemented boundary of lime mud
particles. Therefore, the limestone exhibited splitting failure
under compressive load.

The energy indices U, U%, U%, and UZ of limestone and slate were
calculated using Eqs 2-4 to obtain the data distribution of energy
storage, as shown in Table 3 and Figure 7. As the input energy U
increased, both the elastic energy U° and dissipated energy U’
showed a linear growth trend. This typical trend is based on the
linear energy storage law (Gong et al., 2020). There is an intercept in
the fitting formula with a value of approximately 5% of U*. The
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TABLE 2 Mechanical properties and two indices, W, and W?%,, of rock burst proneness for limestone and slate.

Rock type L/D ratio ucs Ue v Upost-peak
(MPa) (kJ/m?3) (kJ/m?3) (kJ/m?3)
Slate 03 0.005 8.70 126 687 266 389 2.58 255 236
0.01 9.75 179 883 212 308 417 257 371
05 17.8 233 1261 165 233 7.64 265 6.59
1.0 215 259 1803 195 283 9.25 39.4 7.69
04 0.005 8.08 82.8 353 137 196 2.58 56.5 1.82
0.01 9.18 101 442 142 203 311 46.1 235
05 143 122 838 158 227 5.30 329 439
1.0 18.6 144 1092 169 243 6.46 245 5.64
0.8 0.005 7.77 477 138 86.7 120 1.59 8.55 145
0.01 8.45 637 251 105.9 148 237 262 1.90
05 13.1 763 345 89.9 124 384 475 251
10 155 952 439 942 1313 466 39.8 3.8
14 0.005 7.56 39.6 95.4 535 703 1.78 9.80 151
0.01 8.25 540 1116 65.6 88.4 1.70 103 147
05 10.2 62.1 135.3 62.8 842 2.15 103 1.85
10 124 755 172 56.7 75.1 3.03 134 245
Limestone 03 0.005 111 164 718 212 308 3.39 129 3.19
0.01 195 193 1103 223 324 4.95 11.1 471
05 212 226 1523 232 338 6.56 23.0 5.97
1.0 29.2 268 1978 261 381 7.58 267 6.88
0.7 0.005 8.39 116 530 229 333 231 9.11 223
0.01 133 152 649 189 273 343 10.1 326
05 16.8 183 685 173 249 3.96 8.95 3.76
1.0 245 241 841 135 192 6.23 7.09 5.92
L1 0.005 44 62.1 301 151 216 1.99 118 1.85
0.01 7.58 723 355 144 206 247 9.14 232
05 13.0 98.2 400 138 197 2.90 137 2.64
1.0 18.0 133 475 102 143 466 12.7 414
15 0.005 3.90 343 153 97 135 158 10.8 142
0.01 6.11 416 196 112 158 1.75 8.00 1.63
05 135 617 227 112 158 203 6.07 1.92
1.0 15.1 79.5 305 100 140 3.05 3.33 2.95

fitting coefficient R* ranged from 0.94 to 0.99, indicating an accurate
linear correlation between the energy storage and dissipation. For
slate and limestone, the slope value of U° versus U represents the
storage ability of elastic energy. The figure demonstrates that the
energy storage ability of slate was stronger than that of limestone
(slope values were 0.93 and 0.71 for slate and limestone,
respectively). The difference in slope value is related to the
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deformation characteristics of slate. The stress—strain curves in
Figure 4 indicate that slate samples usually underwent brittle
failure, which hardly contained a yield stage. The typical failure
characteristic indicated that the input energy transformed into
elastic energy stored in the sample, instead of being dissipated by
crack propagation (Wang et al, 2021). Moreover, a linear
correlation between the post-peak dissipated energy UZ and pre-
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peak dissipated energy U” is presented in Figure 7B. The linear
correlation between UZ and U? can be explained by the failure
process. The failure process of limestone and slate followed a similar
principle in that the failure path extended along the weakest part. As
for the post-peak stage, energy was dissipated through the friction of
the pre-existing crack surfaces when the applied loading on the
sample was increased.

To obtain the effects of L/D and strain rate on these linear energy
characteristics, the correlation between the ratio of elastic energy to
input energy and two influence factors are presented in Figure 8.
Due to the large range of strain rates, the variation of strain rate is
usually described as a semi-log equation. The error bar represents
the range of the U*/U values under the same condition to emphasize
the influence of individual factors. The effects of L/D and strain rate
on the linear energy characteristics were observed in limestone and
slate. As the strain rate ¢, increased, U?/U increased in segments.
When ¢, had a range from 0.01 to 0.5 s, the increased value of U/U
averaged 8% for slate and limestone. The elastic deformation
capacity of rock can be characterized by U?/U. With increasing
& the strain rate-hardening effect becomes more significant,
resulting in a reinforcement of elastic deformation under
compressive load. The size effect of rock on the linear energy
characteristic is demonstrated as a linear trend. The difference in
slope values between slate and limestone (33.3%) revealed the effect
of slate brittleness on the failure characteristics induced by the size of
the sample. There was an apparent stress concentration at end face
caused by size effect. Stress concentrations not only created cracks
but also caused friction to dissipate energy. The detrital distribution
of slate was beneficial for crack propagation and energy dissipation.
Therefore, the decreased U¢/U of slate was more obvious than that of
limestone.

4.2 Proposed criteria for rock burst
proneness

Failure of rock specimens is accompanied by the rapid
propagation of cracks and ejection of rock chips (Matkowski
and Niedbalski, 2020). The failure characteristics are affected by
the energy storage property of a rock mass. Pre-stored energy
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releases rapidly and transforms into the kinetic energy
consumed by the ejection of rock chips (Feng et al., 2021).
The rapid energy conversion is similar to the mechanism of
rock burst in a mine (Cai et al., 2021). Nevertheless, it is difficult
to capture rock fragments and calculate the total kinetic energy
to determine rock burst proneness (Gong et al., 2021). In the
actual rock burst, failure sound, observed size distribution of
rock fragments, and failure characteristics are considered the
standard. To establish criteria for rock burst proneness based on
the W%, index, the actual failure situation of slate and limestone
was recorded. Table 4 shows the typical failure modes of
limestone and slate under the maximum and minimum strain
rates. According to the failure characteristics under different
conditions, the rock burst proneness was characterized into
three categories (high risk, low risk, and no risk). The specific
descriptions of the three categories for actual rock burst
proneness are included as follows.

No risk of rock burst: At a low strain rate, the slate specimens
with an L/D ratio of 1.5 and 1.8 had only one oblique shear crack,
accompanied by a few scattered slate particles, as shown in Table 4.
There was no obvious sound upon specimen failure. Moreover, the
rock fragments slid down along the failure surface under the action
of gravitational potential energy instead of being ejected.

Low risk of rock burst: For most slate and limestone
specimens, large fragments could be observed to fall off, but
the specimens retained their main shape. The limestone with low-
risk rock burst proneness showed typical split failure. Only a
small amount of rock particles had been observed to eject at low
velocity. Taking the limestone specimen with an L/D ratio of
1.1 at low strain rate, a majority of limestone flakes were
distributed on the pressure head, and only a few small pieces
were ejected on the pressure platform.

High risk of rock burst: The failure modes of slate specimens
and limestone specimens with the L/D ratio of 1.1 under high
strain rate presented typical failure characteristics of rock burst.
The specimens were broken into many rock chunks and particles
that were no more than 3.0 cm in size, which were ejected on the
platform at high velocity. Therefore, the failure characteristics of
high risk of rock burst can be described as a large amount of rock
debris and particles ejected at a high speed, accompanied by a
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TABLE 3 Failure characteristics of slate and limestone with different L/D ratios under different strain rates.

L/D ratio

Rock type

Strain rate of 0.005 s

Strain rate of 1.0 s™

Failure characteristics

Description

X-shape shear failure

0.4 X-shape shear failure
0.8 u Oblique shear failure
1.4 Oblique shear failure
Limestone 0.3 Oblique shear failure and split failure
|

®e

i
“

Split failure and X-shape shear failure

T %l

fop

Split failure and shear failure

15 ‘.

Sap
Gon

Split failure at a low rate and X-shape shear failure at a high rate

strong crackling sound and fall on the platform when the
specimen disintegrated.

According to the actual rock burst proneness determined by
the failure characteristics, the post-peak dissipated energy index
W¥, of limestone and slate were classified into three categories, no
risk, low risk, and high risk, as shown in Figure 9A. The risk level
of rock burst proneness improved with increasing W2, values.
The W, data points indicate a quantitative correlation between
the W7, value and the actual rock burst proneness. In summary,
the W, index is a feasible method for evaluation of rock burst
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proneness, and the specific criterion for rock burst proneness is
confirmed as

Wft >5.5, high risk,
2.5<W¥, <5.5,low risk, (10)
Wf, <2.5, no risk.

The occurrence of rock burst is closely associated with stored
energy release. By considering post-peak energy dissipation, the rock
burst proneness can be modified to adapt to the actual situation.
Compared with the criterion for rock burst proneness using W,,, the
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three criterion categories of the revised rock burst proneness,
determined using the W%, index, increased by 0.5. Comparison
between the actual rock proneness and the rock burst criterion (Eq.
6) proposed by Kidybinski (1981) is shown in Figure 9B. Obviously,
the data point distribution of W, is more dispersed than that of W¥,.
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Taking slate as an example, when L/D ratio is 0.8 and strain rate is
0.5s7, the W, value is calculated as 5.30 and identified as at high
risk of rock burst. The revised index W?, calculated under the same
conditions identified the sample as low risk, with a value of 4.39. The
failure characteristic presented only a small amount of debris falling
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TABLE 4 Fitting formula of W?, versus L/D ratio.
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Rock type Fitting function Rock type Fitting function

Limestone 0.005 WPh=426 (1+ L/D)'?, R>=0.98 Slate 0.005 W£=297 (1+ L/D)"'2, R*=0.86
0.01 Wk =724 (1+ L/D)™"¢, R*=0.99 0.01 Wh=4.89 (1+ L/D)"'%, R*=0.85
0.5 W¥=9.39 (1+ L/D)2, R*=0.99 0.5 WE=11.6 (1+ L/D)>? R*=0.90
1.0 W£=9.67 (1+ L/D)™7, R*=0.88 1.0 WE =127 (1+ L/D) %, R*=0.92

TABLE 5 Summary of rock burst proneness based on three indices from Liu S M et al. (2020), Matkowski and Niedbalski (2020), and Bukowska (2005).

Rock type L/D (W/) Wre PES (9))

g (s

Rock type

Slate 0.3 0.005 13.8 0.63 36.9 1.77 Limestone 0.3 0.005 26.5 0.42 46.1 2.33
0.01 21.0 0.47 90.0 2.87 0.01 17.0 1.15 87.9 3.40
0.5 16.3 1.10 278 5.41 0.5 8.50 249 131 4.51
1.0 13.5 1.59 385 6.37 1.0 12.8 228 324 5.19
0.4 0.005 12.2 0.66 18.4 1.80 0.7 0.005 17.1 0.49 275 1.59
0.01 20.9 0.44 35.7 2.18 0.01 26.8 0.50 68.8 2.38
0.5 22.1 0.65 81.1 3.69 0.5 237 0.71 126 2.75
1.0 18.4 1.01 12.8 4.49 1.0 24.1 1.02 346 4.38
0.8 0.005 25.7 0.30 7.34 1.15 1.1 0.005 21.1 0.21 10.7 1.39
0.01 22.0 0.38 15.5 1.70 0.01 22.0 0.34 20.1 1.72
0.5 16.9 0.78 345 2.78 0.5 11.3 1.16 63.6 2.03
1.0 13.4 1.16 58.3 3.34 1.0 13.6 1.33 201 3.32
1.4 0.005 36.9 0.20 6.32 1.36 1.5 0.005 34.1 0.11 3.90 1.13
0.01 21.8 0.38 14.3 1.26 0.01 24.5 0.25 6.41 1.24
0.5 36.8 0.28 234 1.61 0.5 212 0.64 31.2 1.44
1.0 283 0.44 37.7 2.29 1.0 39.6 0.38 81.0 2.18
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symbols of slate and limestone corresponds to the increasing L/D ratio.
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on the pressure head, accompanied by a small sound, which suggests
that the revised index W?, provides a more accurate judgment of
rock burst proneness.

4.3 Effect of the L/D ratio and strain rate on
rock burst

Based on the relationship between the post-peak energy dissipation
and failure characteristics, the criterion for rock burst proneness has
three categories: no risk, low risk, and high risk. The Wft value
corresponding to the same category of rock burst proneness had a
significantly different distribution. This suggests a strong quantitative
correlation between W7, index and rock burst proneness. Thus, the
effect of L/D ratio and strain rate on the W, index was investigated to
clarify the correlation between the post-peak dissipated energy index
and actual rock burst proneness, as shown in Figures 10, 11. The
influence of L/D ratio on the Wft index was fitted as a function, as
evident in Table 4 and shown in Figure 10. In addition, the dashed line
was added in the figure to emphasize the risk categories of actual rock
burst. The fitting coefficient R* exceeded 0.85, but the R* value of slate
was relatively smaller than that of limestone. According to Table 3, the
rock failure characteristic becomes more typical with the increasing L/D
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the semi-log equation for (A) Limestone and (B) Slate.

ratio. This indicates that crack propagation is concentrated around the
failure path. The concentration of crack behavior enhances the
2010). Thus,
deformation behavior became more frequent to dissipate energy,
resulting in a decline of W%. Moreover, the reduction of W% was
affected by strain rate. Especially for slate, the function parameters of
strain rate at 0.5 and 1.0 s™' were 200% of that of strain rate at 0.05 and
0.1 s7". There was a phenomenon of strain hardness in the stage of yield

interaction among cracks (Konsztowicz, crack

deformation. The acceleration of the strain rate enhanced the strain
hardening effect, which extended the yield deformation stage
(Lundborg, 1967). As the stored energy increased, the risk of rock
burst increased correspondingly. Moreover, the fitting trend was similar
to that of UCS, suggesting that the occurrence of rock burst was related
to the compressive performance of rock.

For most conditions of limestone and slate, the increase in W%, with
increasing €, can be characterized as having three stages, as shown in
Figure 11. There was a steady platform stage for W%, with an increase of
no more than 20% within a strain rate range from 0.01 to 0.5 s™'. As the
L/D ratio increased, the plateau stage became more obvious. This
suggests that the rate-dependent growth in W%, has a critical value
with variation of L/D ratio. For slate samples with L/D ratios of 0.3 and
0.4, Wft had a nearly linear increasing trend, and the most violent rock
bursts were also observed in these samples. Evolution of energy
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Variation of W%, with different L/D ratios and strain rates for (A) Limestone and (B) Slate.

dissipation and release was closely related to the process of rock
deformation until failure (Wang et al, 2019). The variation of the
failure characteristics was dependent on the inertial effect of rock
material under the condition of high-rate compression load. It has
been shown that, when the strain rate reaches 0.5 s (Luo et al.,, 2014),
the period from crack initiation to rupture of a rock sample becomes
shorter (Li et al., 2014). Similar results were obtained from the difference
of failure characteristics, as listed in Table 3.

Comparing the curves in Figures 10, 11, it can be observed that
the effects of strain rate and scale effect on W, are opposite. There is
a non-linear relationship between the L/D ratio and W%, index. This
correlation is similar to the effect of L/D ratio on the UCS. This
different trend induced different failure characteristics. Following
the least energy consumption law, the failure of rock tends to be
typical with variation of L/D ratio. However, the strain hardening
effect (Wei et al., 2021) was enhanced by the increasing strain rate
and generated the platform stage for the rate-dependent variation of
WP, Taking into account variation of W, based on the combined
effects of scale effect and strain rate, W, can be obtained as follows:

Wk =c+a-e—-b- (L/D), (11)

where g, b, and c are the fitting parameters with values of 3.05,
3.67, and 2.62 for limestone and 3.12, 4.27, and 2.21 for slate,
respectively. The fitting result is shown in Figure 12, which is
marked with a dashed line representing the risk grades of rock
burst. The fitting coefficients R* of the two rocks were 0.91 and 0.93,
indicating an accurate determination of W¥,. It should be noted that,
for the test, the boundary of the fitting equation was set as an L/D
ratio in the range of 0.3-1.5 and ¢, in the range of 0.005-1s7".

5 Discussion

5.1 Effect of strain rate and L/D ratio on linear
energy characteristics

The process of rock failure is closely related to energy dissipation

and storage during energy evolution. Previous studies have indicated
that the characteristics of energy dissipation and storage are essential
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in determining rock burst proneness (Kidybinski, 1981; Li et al.,
2014; Wasantha et al., 2015; Gale, 2018; Liu X L, et al., 2020; Gong
etal, 2021). To investigate the critical state of rock burst occurrence,
this study proposed the post-peak dissipated energy index W%, to
evaluate rock burst proneness and considers the effect of strain rate
and size. Linear energy characteristics were obtained, which were
influenced by variations in the L/D ratio and strain rate ¢, as
demonstrated by segmented growth of UY/U for slate and
limestone in Figure 8. This finding is similar to that reported by
Lietal. (2014), who noted that the strain rate has a threshold value of
1 x 107% 57" for the sudden release of elastic energy to induce splitting
and even rock burst. The rate-dependent effect on rock energy
characteristics was also investigated by Wasantha et al. (2015),from
the perspective of mineral grain size distribution. The results
revealed that the linear energy characteristic presents an
increasing trend, resulting in U?/U not maintaining a constant
increasing trend with strain rate. Furthermore, the effect of strain
rate on rock burst can be demonstrated through its stress adjustment
response (Li et al., 2012). The size effect on rock burst is different
from that of strain rate. Su (2004) analyzed size-dependent rock
burst tendency from the perspective of changing brittleness and
concluded that, at the same diameter, elastic energy is proportional
to the L/D ratio. This result is also evident in Figure 8B. As a result,
the weakening process of the sample is intensified, leading to
increased brittleness (Darbor et al, 2019). From a failure
perspective, stress concentration becomes more obvious at the
end face of the sample as the L/D ratio decreases (Lundborg N,
1967), and the energy storage process is accelerated, leading to the
ejection of rock fragments at a faster speed. These two results
illustrate the significant influence of rock size on the energy
storage process (Li et al., 2023). To provide a reliable reference
for predicting rock burst, these findings emphasize the importance
of considering the strain rate and size effects when evaluating rock
burst proneness.

To examine the validity of the linear energy principle, data from
various types of rocks and rock-like materials (such as coal and
concrete) from other literature sources have been introduced. The
materials considered in this analysis include gas coal (Gong et al.,
2020), TJH coal (Liu S M et al, 2020), ordinary concrete, EPS
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concrete, and AHB concrete (Lu et al., 2017), as well as shale (Iman
et al., 2018), as shown in Figure 13. The results indicate a strong
linear correlation between U® and U, with a fitting coefficient R* over
0.95. The difference in the slope values for different materials reflects
their unique energy storage characteristics.

Although gas coal and TJH coal are obtained from different
regions (Shaanxi and Shandong provinces, respectively), their
energy storage trends are fitted to the same function (marked in
black). This suggests that the energy distribution of coal is relatively
stable compared to shale and concrete. However, due to the different
properties of additive materials in concrete, the energy storage
characteristics differ significantly. Under compressive load, the
addition of AHB material causes the concrete to undergo crushed
failure earlier, thus dissipating a portion of the input energy instead
of storing it in the sample. Furthermore, the addition of AHB matrix
generates pores at the contact surface, leading to further crack
deformation and energy dissipation (Luo et al, 2014).
Conversely, the addition of EPS material in concrete plays a key
role in buffering the compressive loading to enhance elastic
deformation, thereby improving the energy storage ability of the
concrete sample (Kirane et al, 2015). The comparative analysis
indicates that shale has a stronger ability to store energy than coal or
concrete. This is related to the strong brittleness of shale and its
elastic energy storage performance.

5.2 Comparative analysis of W%, on rock
burst proneness

Rock burst is characterized by the sudden release of stored
elastic strain energy, which results in the high-speed ejection of
rock fragments. The intensity of a rock burst depends on the rate
of release of elastic energy. After stress adjustment in the rock
mass, the stress concentration occurs at the rock mass to generate
a rock burst (Feng et al., 2015). To better estimate rock burst
proneness, we propose the post-peak dissipated energy index,
which is based on the linear energy storage characteristics of
rocks. This index accounts for the strain energy dissipation after
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failure, resulting in improved accuracy in estimating rock burst
proneness.

To assess the effectiveness of the proposed W% index in
predicting rock burst susceptibility, this study compared it to
other indices for analyzing limestone and slate, such as the
modified bursting energy index Kb (Liu S M et al, 2020), the
potential elastic energy index Pgg (Malkowski and Niedbalski,
2020), and the rock burst index for rock mass Wyg (Bukowska
M, 2005). The modified bursting energy index K%, proposed by Liu
X L et al. (2020), evaluates the energy release capability of rock by
considering its post-failure energy behavior.

UE

P _
Kg = i ,
post—peak

(12)
where KP < 2 indicates no proneness to rock burst, KE =
2-5 indicates low proneness to rock burst, and K% > 5 indicates
strong proneness to rock burst.

Matkowski and Niedbalski (2020) found that the tendency for
rock burst under pressure load can be evaluated by the storage of
potential elastic energy. On this basis, the potential elastic energy index
Pps was derived using the UCS and elastic modulus as

o
Py = SOOE, (13)
where Pgg (kJ) classifies the rock burst tendency into four grades:
Prs < 40 indicates no proneness, 40 < Pgs < 100 indicates weak
proneness, 100 < Pgg < 200 indicates high proneness, and Pgg >
200 indicates extreme proneness.

The characteristics of the geo-mechanical system (coal seam-
surrounding rock) were analyzed to develop the criterion for rock
burst tendency. In accordance with the stress—strain curves of rock
mass, post-failure deformation modulus M and Young’s modulus E
were introduced to assess the rock burst tendency (Bukowska M,
2005):

M

Wre = —

z (14)

where Wrg < 1 indicates no proneness to rock burst, 1 < Wrg <
2 indicates little proneness to rock burst, and Wy > 2 indicates
strong proneness to rock burst.

The modified bursting energy index K% (Liu S M etal., 2020), the
potential elastic energy index PES (Malkowski and Niedbalski,
2020), and the rock burst index for rock mass Wyg (Bukowska
M, 2005) were compared to estimate the burst proneness of
limestone and slate, as shown in Figure 14 and Table 5. Pgg
exhibited a relatively accurate prediction of rock burst compared
to K¥ and W. However, one limestone sample with an L/D ratio of
0.7 and a strain rate of 0.5 s™" was overestimated as having high risk
of actual rock burst. Wrs misjudged numerous cases, particularly
those with little and strong risk of rock burst. As rock burst
proneness increased, the presented brittleness in rock failure
became more apparent. This indicated that an obvious stress
drop occurred after the peak, leading to a large value of failure
modulus M. However, the brittleness-dependent strain hardening
effect led to an enhancement of the elastic deformation capacity of
rock, which manifested in an increase in the elastic modulus E. W
is expressed as the ratio of E to M; therefore, the variation of Wyg
does not reflect the difference between E and M values in
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Relationship between the three indices, (A) KE, (B) Pgs, and (C) W+, and actual rock burst proneness.

representation of rock burst proneness. Moreover, a small number
of K% data points were distributed outside the corresponding
category area of rock burst proneness. The K% values of
limestone and slate underestimated the low risk of actual rock
burst, whereas the proposed index W, accurately predicted rock
burst proneness. The difference between the U and Upst. pear used in
Kg did not reflect the essence of rock burst, which is the release of
stored elastic strain energy.

6 Conclusion

Conventional compression tests were carried out on

limestone and slate samples under different conditions
(including variations in strain rate and sample size). By
considering the energy dissipated in the post-peak stage, the
WP, index was proposed to evaluate rock burst proneness. The
effects of sample size and strain rate on the W%, index were

investigated. Our conclusions are as follows.

(1) Under different L/D ratios and strain rates, the typical failure
characteristics of limestone and slate were obtained to analyze the
effect of L/D ratios and strain rates on rock mechanical
parameters. As the L/D ratio increases, UCS and elastic
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modulus show a non-linear decreasing trend, which is caused
by the end effect of the rock sample. Variation of the strain rate
changed the failure path, leading to the complexity of the rock
failure type.
(2) Alinear correlation between U* and U, namely, the linear energy
storage law, was found, along with a relationship between U’
and UP. The linear energy characteristic has different
correlations with strain rate and L/D as it is positively
correlated with strain rate and negatively correlated with
L/D. The W,, index was modified to the Wft index to allow
assessment of rock burst proneness by considering energy
dissipation in the post-peak stage of rock deformation.
Combined with the failure characteristics of rock samples
associated with the different conditions, the actual rock burst
proneness can be classified into three grades: no risk (W%, below
2.5), low risk (W% between 2.5 and 5.5), and high risk wek
exceeding 5.5) to establish the criterion for rock burst.
L/D ratio-dependent variation of the W, index is similar to that
of UCS. There is a platform stage in the relationship between
WP, and strain rate, indicating that the rate-dependent growth
in W7 has a critical value (0.1 to 1s™). The accuracy of rock
burst proneness based on the W%, index was verified through
comparison with existing criteria. The results suggest that W2,
provides an effective description of rock burst proneness.
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Blasting lumpiness prediction is one of the most important research contents in
engineering blasting. Although the traditional KUZ-RAM model is widely used, it
often overestimates the size of blasting. Therefore, the KUZ-RAM model was
updated or corrected in this paper by simplifying the difficult problem of statistical
burst fragmentation in LS-DYNA. Based on the theory of area measurement
method, the fitting mechanism of machine learning is used to study the
lumpiness of simulation results. The updated KUZ-RAM model adds a
coefficient of 0.623 to the original equation of average lumpiness X,,. The
linear coefficient R? between the predicted results and the field blasting results
increases from -1.99 to 0.97, which significantly improves the prediction of
blasting lumpiness.

KEYWORDS

step blasting, average lumpiness, KUZ-RAM model, area measurement method,
numerical simulation calculation

1 Introduction

The karst area in the world accounts for 7%-12% of the total land area. As a drinking
water source, karst water supplies 20%-25% of the world’s population. China is the country
with the widest karst distribution area in the world, accounting for about 1/3 of the land area.
With the development of engineering construction in China, a large number of projects need
to pass through karst areas. Due to the complex geological conditions, large differences in
water-rich characteristics and strong heterogeneity of karst areas, various disasters and
accidents are very likely to occur during the construction process.

The fragmentation of rocks is an important factor that affects the efficiency and economy
of mining (Shim et al., 2009). Blasting is one of the most commonly used methods for
mining, and the size of rock fragmentation and the blasting distribution function after
blasting are often used as a basis for scientific judgment and description to evaluate the
mining benefits of blasting. Blast fragmentation is a complex issue that has been studied by
many scholars in the past few decades. Based on theories such as energy theory and stress
wave theory, many models have been established and widely recognized and applied, such as
the Hanukayev model (Favreau, 1983), the Harries model (Harries, 1977), the Lilly blasting
capability index model (Lilly, 1986), the BLASPA blasting mathematical model (FavreauR.,
1983), the NAG-FRAG model (McHugh, 1983), and the KUZ-RAM block distribution
calculation formula (Cunningham, 1987) proposed by Cunningham (1987) base on the
Kuznetsov equation (Kuznetsov, 1973) and R-R formula (Just, 1974). However, the
prediction results are still less accurate and have great application limitations due to
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rock classification problems. In recent years, many scholars are still
paying attention to the stability of the mining site and the influence
of the collapse mechanism on block size Li et al. (2021a), and trying
to revise and optimize existing models in a more scientific way, such
as Gheibie et al. (2009) has corrected KUZ-RAM; Lawal (2021) also
used image processing technology to optimize the KUZ-RAM
model; Liu et al. (2020) established its relationship with pore
parameters based on the comprehensive study of fractal
dimension by Turcotte (1986) and Harries (1973); L.G.Margolin,
etc. Margolin et al. (1985) proposed the BCM layered crack model,
etc., also some important empirical formulas summarized from field
experience da Gama (1971). However, there are still problems of
narrow application scope and poor practical use effect.

The fragmentation of rocks is an important factor that affects the
efficiency and economy of mining (Shim et al., 2009). Blasting is one
of the most commonly used methods for mining, and the size of rock
fragmentation and the blasting distribution function after blasting
are often used as a basis for scientific judgment and description to
evaluate the mining benefits of blasting.

Blast fragmentation is a complex issue that has been studied by
many scholars in the past few decades. Based on theories such as energy
theory and stress wave theory, many models have been established and
widely recognized and applied, such as the Hanukayev model (Favreau,
1983), the Harries model (Harries, 1977), the Lilly blasting capability
index model (Lilly, 1986), the BLASPA blasting mathematical model
FavreauR. (1983), the NAG-FRAG model (McHugh, 1983), and the
KUZ-RAM block distribution calculation formula (Cunningham, 1987)
proposed by Cunningham (1987) base on the Kuznetsov equation
(Kuznetsov, 1973) and R-R formula (Just, 1974). However, the
prediction results are still less accurate and have great application
limitations due to rock classification problems. In recent years, many
scholars are still paying attention to the stability of the mining site and
the influence of the collapse mechanism on block size Li et al. (2021a),
and trying to revise and optimize existing models in a more scientific
way, such as Gheibie et al. (2009) has corrected KUZ-RAM; Lawal
(2021) also used image processing technology to optimize the KUZ-
RAM model; Liu et al. (2020) established its relationship with pore
parameters based on the comprehensive study of fractal dimension by
Turcotte (1986) and Harries (1973); L.G.Margolin, etc. (Margolin et al,,
1985) proposed the BCM layered crack model, etc., also some important
empirical formulas summarized from field experience da Gama (1971).
However, there are still problems of narrow application scope and poor
practical use effect.

In recent years, computer science and image processing methods
have gradually been applied to the field of blast fragmentation
research. Trivedi (TRIVEDIR and GUPTAN, 2015) was the first to
apply neural networks (ANN) and adaptive neural networks (ANFIS)
to open pit blasting research. Shim et al. (2009) combined the KUZ-
RAM block prediction model and SIS three-dimensional data
prediction technology to optimize blast parameters in their
research. A. Bahrami et al. (2010) established a BP neural network
using 220 data to optimize blasting. Asl PF (Asl et al., 2018) used the
firefly algorithm to predict flying rocks and fragmentation; and
Mehrdanesh A (Mehrdanesh et al, 2018) introduced robotic
technology into the evaluation of rock fracture. Xie et al. (2021)
found the stability and applicability of the FFA-GBM algorithm after
comparing various machine learning algorithms. Zhou et al. (2022)
studied the stability of floor through numerical simulation. These
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studies provide the basis for computer study of blasting block size, but
there is still a lack of detailed determination of blasting block size.

In addition, image processing methods were introduced to study
the impact of blasting on mine stability and block size as early as
1960 by the line segment measurement method proposed by Bapon
(Sanchidridn et al.,, 2006). In recent years, there have been new
developments in the image method, with the use of photography
technology to determine the actual size of the blast block having
taken off (Ozkahraman, 2006; Kabwe, 2018). Kruttschnitt et al.
(Sanchidridn et al., 2009) have achieved the extraction of ore particle
size information from multiple parallel belt conveyors using laser
sensors; Lange and Crida (Cao et al, 2015) have respectively
developed an ore particle size detection system and ore
separation software. The commercial software such as Wipfrag,
FragScan, SplitDesktop, and WIEP, which are used to analyze
rock fragment size distributions, also indicate the continuous
improvement and maturity of image processing.

In conclusion, a variety of methods have been applied in the
research of blasting, but there are still some defects in the
determination of blasting block size. Considering the KUZ-RAM
prediction model overestimates the size of the blasting block, this
paper, combining computer science and image processing
technology, optimizes the empirical prediction formula for x,, in
the original model based on the results of actual blasting and
simulated calculation. Taking the results of area measurement as
the standard and adding the necessary correction factors, the
accuracy of the modified model in the actual mine application is
further verified. This is of great significance for improving the
evaluation of the blasting effect of open-air step blasting.

2 Computational theory and method

2.1 R-R distribution and KUZ-RAM model

In this paper, R-R distribution model is used to describe the
block size distribution. The R-R distribution model can be

expressed as:
x n
Y=1- - = 1
o {2)] “

where, Yis the accumulation rate (%) under the screen if the particle
size is less than x; x is the rock block size or screen size (mm); x, is
the characteristic size of the rock block, that is, the block size (mm)
when the accumulation rate under the screen is (1-1/e)%,
Xp = ,ﬂ‘ﬁ, X, is the average block size (mm); n is the rock
block particle size distribution parameter (SpathisAlex, 2004).

The relationship between explosive consumption per unit and
blasting average block size x,, in open-pit mines is as follows,
according to the relationship between average block size x,, and
blasting parameters established by Kuznetsov (1973) and Thomas
Busuyi (2009):

19

115\ ™

X = Ak_0'8€1/6<s ) (2)
anfo

Where, x,, is the average diameter of block size (mm); A is the rock
coefficient; k is the single consumption of explosive; e is the single
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TABLE 1 Parameter values in various rock mass conditions.

Symbol Quantity Rating
A Rock factor
RMD Rock Mass Description
-powdery/friable 10
-vertically jointed JF
-massive 50
JE JPS + JPA
JPS Vertical Joint Spacing
-<0.lm 10
—0.1 to MS 20
-MS to DP 50
MS Oversize(m)
DP Drilling pattern size(m) assuming
DP > MS
JPA Joint plane angle
-dip out of face 20
-strike perpendicular to face 30
-dip into face 40
RDI Density influence 25 x RD - 50
RD Density (t/m?)
HF Hardness factor
-If Y<50 GPa HF=Y/3
-If Y > 50 GPa HF=UCS/5
Y Youngs modulus (GPa)
ucs Unconfined compressive strength (MPa)

hole charge (kg); Sa,f is the weight power of explosive relative to
ANFO explosive (115-TNT).

Rock coefficient (A) can be calculated from Eq. 4 according to
the related studies of Cunningham (1987) and Lilly (1986). Specific
parameters are shown in Table 1.

A = 0.06(RMD + JF + RDI + HF) 3)

2.2 Area measurement method

Rock screening can be regarded as the process of standard
ellipsoid passing through the sieve, and its size can be calculated
according to the best matching ellipsoid and area measurement
method (Zhao, 2015):

Py p_ P s
a:ﬂ T K,b:ﬂ T R (4)
2 2
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where, a is the maximum radius of the best matching ellipsoid (mm);
and b is the minimum radius of the best matching ellipsoid (mm); p
is the perimeter of the exposed part of the rock (mm), s is the area of
the exposed part of the rock (mm?).

There is a functional relationship between the sifting diameter
(d) of rock blocks and the maximum and minimum radius of the
best matching ellipse of rock blocks:

1.35a

d=1.16b b

(5)

Thus, the sieving size of the rock block can be calculated by areal
measurement. The measurement accuracy of area measurement
method can reach 50 mm, and too small rock has no reference value.

In order to verify the accuracy of the area measurement method,
this paper compares the image processing results with the field
measurement results, as shown in Table 2.

As can be seen from the comparison in the table, the error
between the image processing result and the measured result is about
5%. Considering the possible errors in the application, it can be
considered that the image processing result is consistent with the
real value.

A scientific extended application of the area measurement was
adopted in this paper. Specifically, assuming that the density (p) of the
rock block is same, the mass () of the rock block was replaced by the
volume (V). Then, the volume accumulation rate of the best matching
ellipsoid is used to approximate the mass accumulation rate of the rock
block under the sieve. The sieving diameter (d) of the rock and the
volume (V) of the corresponding best matching ellipsoid are taken as a
set of data, and arranged by the size d. According to the superposition
principle, if the volume corresponding to a certain screen size d’is V;/,
then the ratio of the sum of all volumes (Zqu;) corresponding to
ZV’ under the screen size to the sum of the total volume is the
accumulation rate under the screen Y. Then, x,, x, and the
accumulation rate of each screen size can be obtained. Finally, the
R-R distribution model can be obtained.

2.3 Comparison between traditional KUZ-
RAM model and area measurement method

The actual engineering data of Shenghua Quarry in Hebei
Province and Yuanjiacun Iron Mine in Shanxi Province (in
China) were used to verify the accuracy of the proposed model.
In order to ensure the scientificity and accuracy of the field measured
data, 15 groups of blasting measurement data under different
blasting conditions at the two sites are selected for analysis and
comparison. It is worth mentioning that stratified sampling is used
to collect the size of the burst pile rock after rock blasting. The
average diameter x,,, and characteristic diameter x, of rock block
obtained by area measurement method and traditional KUZ-RAM
model are shown in Table 3.

The comparison of the calculation results of the two blasting
rocks is shown in Figure 1. The results predicted by the traditional
KUZ-RAM model are all larger than those obtained by the area
measurement method. It can be seen that it is necessary for KUZ-
RAM to add a correction coefficient term to the prediction model of
X,, to correct the above errors.
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TABLE 2 Comparison between image analysis results and measured results.

10.3389/feart.2023.1177459

Conditions Actual perimeter L; (mm) Calculated perimeter L, (mm) Error ('LlL—‘lL')
1 342 336 1.8%
2 106 102 3.8%
3 191 187 2.1%
4 168 175 42%
5 109 102 6.4%

TABLE 3 Rock size characteristics predicted by acreage measurement and initial model.

Data source

Area measurement method (x,,/mm)

Traditional KUZ-RAM model (x,,/mm)

Shenghua Quarry 314.7 512.4
266.4 423.5

269.9 438.1

377.4 625.7

387.6 652.4

Yuanjiacun Iron Mine 364.7 588.3
277.2 435.2

410.2 643.6

422.9 668.2

358.2 593.6

261.1 406.6

397.4 627.4

383.1 624.2

413.3 637.7

382.8 628.9

3 Simulation calculation Ae
D=} — ()

3.1 Model construction

The three-hole model is constructed by simplifying the blasting
situation in the field mining to simulate the field experiment. Its
geometric structure and size are shown in Figures 2, 3. In the figures,
H is the step height (9 m); T is the plugging length (2 m); L is the charge
length (8 m); B is the minimum resistance line (2 m, roughly equal to the
row spacing); S is the hole distance (3 m); D is the hole distance (150 mm).

The whole model is modeled by Euler element, and the side, bottom
and back of the model are set as non-reflective boundary surface. The
top surface and the front face of the model are modeled in the way of
free surface. The initiation point is located in the center of the top
surface and the bottom surface of the charge cylinder, and is set for
simultaneous initiation at both ends of the explosive column, delay
detonation between different column (Qi et al., 2022) (see Figure 4).

Riedel-Hiermaier-Thoma material model was adopted for rocks
(Riedel et al., 1999), and the damage level was determined by Eq. 7.

Frontiers in Earth Science

where, A¢” is the cumulative plastic deformation of the model; elis
the failure strain.

As a brittle material, rock mass has the characteristics of pressure
correlation of compressive strength, strain hardening, damage softening
and different strain rate effects of tension and pressure, etc. RHT
constitutive model can be simplified according to the above basic
assumptions of rock mass, and the rock mass blasting crushing
model is used to study. The RHT material parameters used in the
model have been calibrated by tests (Schill, 2012). The material used for
the in-cavity blockage in the model was soil and foam (MAT_SOIL_
AND_FOAM, generally used when the soil is not confined to a
structure or when geometric boundaries do not exist) considering
the RHT material does not support the Euler algorithm. The RHT
material parameters are shown in Table 4.

The air in the model is assumed to be an ideal gas, and its
equation of state is Rogers and Mayhew (1995):
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FIGURE 1

The results of x,, calculation by the traditional KUZ-RAM model
and the area measurement method.

FIGURE 2
Front view of the model.

P= (y—l)P%eo (7)

where, P is gas pressure; p is the air density, 1.225 kg/m? ¢, is the
initial internal energy density of air, 254.3 kJ/m? y is the adiabatic
index, 1.4; the specific heat capacity of air is 717.6 J/kg-K; and the
reference temperature is 288.2 K.
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FIGURE 3
Top view of the model.

Free Boundary

No Reflecting
No Reflecting Boundary
Boundary
Free Boundary

No Reflecting

Boundary

FIGURE 4
Boundary case of the model.

The explosive is TNT, and its explosion equation can be
described by standard JWL equation of state (Lee et al., 1973):

b= A1<1 - RL>e'R1“ + A2<1 - %)e'&” it (8)

1v 2 v

where, p is detonation pressure; v is the relative volume of
detonation products; e is the initial specific internal energy; A;,
Aj, Ry, Ry, and y are equation of state parameter constants (Qi et al.,
2023). Related parameters are shown in Table 5.

3.2 Working condition design

According to the field test conditions, simulation conditions are
designed in the simulation calculation (Table 6). The parameters of
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TABLE 4 RHT model parameters for rock mass in Lagrangian elements.

10.3389/feart.2023.1177459

Density 2627 kg/m? Ref. compressive stain rate 3.0e8
Shear Modulus 18.6 Gpa Ref. tensile strain rate 3.0e9
Pore crush BO 1.22 Failure tensile strain rate 3.0e22
Pore crush Bl 122 Failure compressive strain rate 3.0e22
Bulk Modulus T1 40 Gpa Compressive strain rate dependence exponent 0.032
Bulk Modulus T2 0 Tensile strain rate dependence exponent 0.036
Bulk Modulus A1 40 Gpa Volumetric plastic strain 0.001
Bulk Modulus A2 0 Compressive yield strength 200 Mpa
Bulk Modulus A3 0 Tensile yield strength 7 Mpa
Failure surface A 2,618 Damage parameter D1 0.04
Failure surface N 0.7985 Damage parameter D2 1.0
Shear strength 36 Mpa Minimum damaged residual strain 0.01
Uniaxial tensile strength 10 Mpa Residual surface parameter AF 0.873
Lode Angle Q0 0.567 Residual surface parameter AN 0.559
Lode Angle B 0.0105 Grunnisen Gamma 0
Compaction pressure 6 Gpa Crush pressure 133 Mpa
Initial porosity 1.0 Porosity exponent 3

TABLE 5 Explosive parameters of TNT.

1.63 373.7 3.747

4.15 0.9 6.0 x 10° 0.35

the first five groups of conditions correspond to the mine field
production conditions, and the remaining conditions are used to
study the relationship between blasting design parameters and
blasting average block size.

3.3 Blasting assessment of rock

The rock mass will have the maximum damage at the instantaneous
energy peak (Li et al, 2021b). Taking the first group of working
conditions in Table 3 as an example, the overall pressure distribution
is shown in Figure 5. After removing elements with damage degree
greater than 0.1, cracks will be formed in the rock mass, and detailed
structural characteristics related to damage at different loading stages will
be obtained (Li et al., 2023). The damage situation is shown in Figure 6.

Similar to the area measurement method, 3D was converted into
2D pictures by slicing considering the difficulty of estimating the size
of debris directly on a 3D model. The multiple incisions were
selected for fragment evaluation, as shown in Figure 7. Slices
were sliced between each hole to obtain the fragmentation
conditions between different cross sections.

The circumference and area of the rock fragments are calculated
by operations in LS-DYNA and then combined with the area
measurement method to determine the sifting size of the rock

Frontiers in Earth Science

blocks. Section conditions of the first group of working
conditions in Table 3 are shown in Figures 8, 9.

3.4 Comparison of simulation results with
field tests

In order to verify the accuracy of model calculation, the
calculation results of the first five groups of working conditions
are compared with the field mining data, as shown in Table 7.

It can be seen from Table 5 that under the same working conditions
as mine field production, the error of numerical calculation is within
10%. Considering the deviation of actual sampling accuracy, it is
reasonable to think that the model can simulate the blasting mining
process. After obtaining a large number of data, the original average
block size prediction model is optimized.

4 Updating and discussion of the model

4.1 Model updating

The original KUZ-RAM formula is optimized and improved
because the original formula overestimates the average block size x,,,.
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TABLE 6 Model simulation conditions.

Conditions Rock coefficient i Conditions Rock Specific Single-hole
coefficient explosive charge
consumption e (kg)
k (kg/m?)

1 14.0 0.82 699.4 21 10.8 0.66 477.6
2 14.0 0.70 746.8 2 10.8 0.60 376.1
3 14.0 0.65 699.4 23 114 0.60 406.9
4 102 0.72 447.6 24 114 0.76 477.6
5 102 0.57 406.9 25 114 0.75 406.9
6 8.1 0.63 282.6 26 117 0.66 477.6
7 8.1 0.57 3109 27 117 0.76 477.6
8 8.1 0.69 3109 28 117 0.75 406.9
9 8.7 0.69 3109 29 12 0.74 533.9
10 8.7 0.63 3419 30 12 0.75 406.9
11 8.7 0.54 341.9 31 12 0.66 477.6
12 9 0.54 3419 32 126 0.66 477.6
13 9 0.60 406.9 33 126 0.73 525.4
14 9 0.75 406.9 34 126 0.74 533.9
15 9.6 0.75 406.9 35 132 0.81 587.3
16 9.6 0.76 4776 36 132 0.89 533.9
17 9.6 0.66 477.6 37 132 0.76 553.9
18 102 0.66 477.6 38 135 0.89 533.9
19 102 0.67 366.2 39 135 0.88 635.9
20 10.8 0.75 406.9 40 135 0.87 635.9
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FIGURE 5
The distribution of blasting pressure.

The prediction formula for the average block size shown in Eq. 3 is
divided into two parts, which are the part representing the
characteristics of rock mass (rock coefficient) and the parameter
of blasting design. That is:

Xn, =A-R 9)
19
115\ ®
R= k—0.861/6<s_> (10)
anfo

Lawal (2021) believes that coefficient 0.06 in Eq. 4 is the root
cause of error when revising the KUZ-RAM model. However,
this redefinition of rock coefficient not only reduces the
application range of the original rock coefficient, but also fails
to consider the influence of blasting design parameters on the
prediction results. Therefore, the paper maintains the original
rock coefficient in the optimization process of the model, and
focuses on the optimization of blasting design parameters. The
revised model is:

xm=A-K-R (11)

where, x',,, is the corrected average blasting block size.
Equation 12 can also be rewritten as:

_L
30
- KAk’O'seW(ﬁ) (12)

anfo

50 groups of blasting results and simulation data from two mines
are selected, and Levenberg-Marquardt algorithm (L-M algorithm)
is applied to fit the coefficient K of Eq. 13. The result of this
coefficient is 0.623, which is more reasonable.

Therefore, Eq. 12 can be updated as:

19/30
Xp= 0.623Ak'%Q‘/6(£> (13)

ANFO
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FIGURE 6
Damage distribution and crack morphology of rock mass.

FIGURE 7
Vertical cutting position.

The symbol in the formula has the same meaning as in the
previous text.

4.2 Comparison between the updated and
original model

Data sampling is conducted on the blasting results of another

15 groups under different working conditions in field blasting,
and after sorting, x,, and x, are compared between the prediction
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FIGURE 8
The blasting pressure distribution.

results of the original, updated KUZ-RAM model, and obtained
by the area measurement method (field measurement). The
in Table 8.
comparison results of the three, it can be seen that the
prediction results of the updated KUZ-RAM model are very
close to that of the area measurement method. The prediction
errors of x,, were all below 6%, and the linear correlation
coefficient R*> reached 0.97. This is significantly higher than
the prediction accuracy of the original KUZ-RAM model with
an average error of more than 60% (R* = —1.99). In addition, the
prediction error of the original model in x, is further amplified
due to the inaccuracy of the x,, prediction results. The prediction

comparison results are shown From the

error of x, in the original model is more than 50% (R*> = —2.61),
but the updated model is less than 8% (R*> = 0.96). It can be seen
that the prediction accuracy of the updated thickness model in
both x,, and x, has been greatly improved, which is very close to
the actual measured results.

The comparison results of Figures 10, 11 show that the
optimized model in this paper can predict the size of blasting
block size more accurately, and has a good effect on the
prediction and description of the blasting distribution model.
Moreover, the combination of

image processing,

measurement and numerical simulation is easier to realize and

area

cheaper than traditional statistical methods.

Frontiers in Earth Science

FIGURE 9
Crack distribution on one of cross sections.

4.3 Evaluation of the updated model

The regularity of calculation block size and field explosion and
error before and after model updating is also further studied. The
calculation results of the updated KUZ-RAM model were compared
with those of the original KUZ-RAM model through the field
blasting results. All the data are from the field test results under
different blasting conditions, including large and small blasting
conditions. The blasting results under different lithology and
blasting parameters are analyzed and compared.

As discussed above, the prediction result of the original KUZ-
RAM model for x,, is generally larger than that of the updated
model. As shown in Figure 12, the horizontal axis is the image
analysis result of x,, (measured I); vertical axis is the original KUZ-
RAM model prediction error (|x,, — I|), linear fitting results for both:
|x, = I = 0.531 + 24.12, linear coefficient R> = 0.86. It can be
considered that the error has a linear relationship with the actual
average block size, which also proves the feasibility of using a single
correction coefficient to correct the model. Another obvious
phenomenon is that the error is further amplified with the
increase of x,,. In open-pit mines, large-scale blasting is the main
mining method, and its average block size is usually greater than
500 mm, which indicates that the original KUZ-RAM model has
great limitations in application.
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TABLE 7 Comparison between model calculation and field test.

Conditions
1 14 0.82 699.4 33238 3582 7.1
2 14 0.70 746.8 381.8 382.8 0.3
3 14 0.65 699.4 400.7 410.2 23
4 10 0.72 4476 244.8 266.4 8.1
5 10 057 406.9 290.5 3147 7.7

Note: A is rock coefficient; k is the single cost of explosive; e is single-hole charge; R is the result of numerical calculation; I is field test results; o is relative error sigma, ¢ = @ x 100%.

TABLE 8 Comparison of original KUZ-RAM model, updated model and field measured results.

Data Original model Updated model  Field measurement  Original model Updated model Field measurement
) )
groups X, (Mm) x,, (mm) I,, (mm) xo (mm) X (mm) Iy (mm)
1 355.4 2214 2323 459.1 274.4 296.9
2 366.1 228.1 220.6 472.9 281.8 302.1
3 406.2 253.1 2415 524.7 3129 3105
4 4133 257.5 246.6 533.8 3355 344.6
5 4182 260.5 2712 548.2 326.8 311.6
6 456.4 2843 2775 589.5 3703 3522
7 491.1 305.8 3185 635.1 3835 392.4
8 522.1 3253 3185 675.1 402.1 406.3
9 5782 378.4 366.8 747.6 455.7 435.6
10 584.2 364.1 377.7 755.4 455.7 439.9
11 611.4 380.1 386.4 790.6 4759 490.5
12 621.4 387.2 3853 803.5 485.1 510.4
13 652.6 406.6 392.4 8235 495.4 4722
14 674.5 420.2 4413 851.1 511.7 493.8
15 7334 456.9 460.0 928.4 559.6 570.7
800 1000
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The prediction error trend of the original KUZ-RAM model with
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Calculation comparison of R-R distribution models.

In order to further verify the accuracy of the updated model, image
analysis and updated model prediction are used to calculate and
optimize different blasting results. The calculation comparison of
R-R distribution models is shown in Figure 13. The linear
relationship between the updated model and the results of image
analysis (R* = 0.99) is higher than that of the original model (R* =
0.72). It can be seen that the R-R distribution model obtained by KUZ-
RAM model is basically consistent with the results of image analysis,
which can provide a more accurate description of the block distribution
of field mines.
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5 Conclusion

In this paper, we use the fitting method in image processing and
machine learning to propose a correction to the prediction formula of
the average block size x;, by using the original formula and combining
the field blasting images and data, adding a coefficient of 0.623 to the
empirical formula, increasing the R? between the original model
prediction results and the real blasting results from -2.0176 to
0.9912, and improving the accuracy of the prediction for large-
scale blasting results without changing the accuracy of the fine
grain prediction The accuracy of the prediction of large-scale
blasting results is improved without changing the accuracy of the
prediction of fine grains, and a higher prediction accuracy is achieved.
In addition, the related ideas and theories of slice sampling calculation
for the simulated rock mass model simplify the difficult problem of
statistical blasting fragmentation in the three-dimensional LS-DYNA
model. A more simple and convenient method is used to obtain the
internal block size of rock mass.

At the same time, for karst areas with complex geological
conditions, modified blasting block parameters realized
according to the comparison results of different rock damage

are
integrity, which can better evaluate the rock integrity after project

crushing, which is of great significance for practical engineering
applications.
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