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Superheated steam flow during multipoint steam injection technology has a good effect on improving the steam absorption profile
of heavy oil thermal recovery wells, enhancing the production degree of horizontal section of thermal recovery wells, and
enhancing oil recovery. Based on the structure of multipoint steam injection horizontal string, considering the characteristics
of variable mass flow, pressure drop of steam-liquid two-phase flow, and throttling pressure difference of steam injection valve
in the process of steam injection, this paper establishes the calculation model of various parameters of multipoint steam
injection horizontal wellbore and calculates the distribution of steam injection rate, temperature, pressure gradient, and dryness
along the section of multipoint steam injection in horizontal wellbore. The results show that the temperature and pressure
decrease gradually from heel to toe, and the steam dryness decreases gradually. Considering the influence of throttle pressure
difference of steam injection valve and pressure drop of gas-liquid two-phase flow in the wellbore, the traditional calculation
model of steam injection thermodynamic parameters is optimized, and the optimization of wellbore structure and steam
injection parameters is an effective method to achieve uniform steam injection in horizontal wells. The steam injection
uniformity of horizontal wells can be effectively improved by adjusting the steam injection valve spacing and steam injection
parameters. When the steam injection volume is 200 m*/d and the steam injection valve spacing is 20 m, a more stable steam
injection effect can be obtained. The findings of this study can help for better understanding of improving the uniformity of

steam injection and enhancing the recovery factor.

1. Introduction

In the process of heavy oil production, the horizontal well
has a large contact area with the reservoir, the range of steam
injection is wide, and the productivity is higher than that of
the vertical well [1, 2]. The multipoint steam injection tech-
nology in horizontal wells is widely used to improve the uni-
formity of steam injection, to optimize the steam chamber,
and to enhance oil recovery [3]. This technology is widely
used in Liaohe, Shengli, and Xinjiang oilfields, and the result
is that technology can improve reservoir productivity,
improve the steam injection uniformity, and enhance the
oil recovery [4, 5]. However, there are few theoretical studies
on this technology. A steady thermodynamic calculation

model of gas-liquid two-phase flow in a steam injection
column of multipoint steam injection was established [6],
and the vapor injection valve with uniform distribution
of the steam injection volume in horizontal wells was opti-
mized as the objective function. However, due to the het-
erogeneity of the heavy oil reservoir and the effect of the
vapor energy loss along the channel after the horizontal
well scale implementation, there is a general problem of
the heterogeneous production of horizontal tanks in the
process of general steam injection [7-9]. Taking into
account the above problem, scientists design a distributor
that limits multiple flows to horizontal wells, injecting
steam into multiple locations of horizontal reservoirs
simultaneously through distributors.
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FiGUrk 1: Wellbore structure and steam chamber expansion diagram of multipoint steam injection well.

In previous studies, the uniformity of multipoint
steam injection is affected by the steam injection param-
eters and the location of the steam injection point, and
the development of the steam cavity is not uniform, as
shown in Figure 1; there are few studies on the optimiza-
tion of the steam injection device and steam injection
parameters [10].

To make stability of superheated steam injected into for-
mation, get the uniform expansion of the steam chamber.
First, the mathematical model is presented. Then, three-
dimensional numerical simulation was carried out on the
multipoint steam injection string, and the variation of
parameters along the multipoint steam injection was ana-
lyzed to obtain the variable mass flow law of superheated
steam in the wellbore. Finally, the steam injection situation
under different steam injection volumes and steam injection
positions was compared to optimize the steam injection uni-
formity. However, this paper only optimizes the parameters
of steam injection volume and steam injection valve config-
uration, without considering other potential influencing fac-
tors, and will continue to explore and study related
influencing factors in the future.

2. Mathematical Model

Fluid flow process in multipoint steam injection horizontal
well is shown in Figure 2.

2.1. Basic Assumptions of the Model

(1) The oil reservoir in the horizontal portion is divided
equally in the horizontal direction, and the thermal
physical parameter of the reservoir does not vary
with the change in temperature

(2) When heat is transferred from the well to the outer
edge of cementation, steady heat transfer occurs,
and unsteady heat transfer occurs when the heat is

transferred from the outer edge of the cement ring
to the heat storage chamber

(3) The horizontal well is divided into n microsegments,
and the vapor injected into the same microsegment
is uniformly sucked into the reservoir

2.2. Calculation of Pressure Gradient along the Path. After
the saturated vapor is injected into the wellbore, it becomes
a gas-liquid two-phase flow, and the gas-liquid two-phase
flow is required to calculate the pressure change. According
to the pressure gradient equation, the pressure gradient
equation mainly includes friction loss pressure gradient,
potential energy pressure gradient, and kinetic energy pres-
sure gradient model [11-13].

The pressure gradient equation is expressed as Equation
(1) by the conservation of mass and momentum.

Ap  ppgsinbd-—1s

AZ 4 _ (isq/Af,p) ’ W

where p is the pressure at the well point, Pa; Z is the depth,
m; p, is wet vapor density, kg/m®; g is the acceleration of
gravity, m/s% 0 is an angle between the well and the horizon-
tal direction, Ty is the friction loss slope, Pa/m; i_ is the
steam mass flow rate, kg/s; g is the volume flow of steam,
m’/s; A, is the cross-section of the tubing, m’,

2.3. A Computational Model of Temperature in the Well. The
temperature and pressure of saturated steam have a coupling
relationship, as shown in the following equation:

T, =210.2376p"*! - 30, (2)

where T is the temperature of steam, "C, and P, is the steam
pressure, MPa.
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FIGURE 2: Horizontal well steam injection simulation diagram.

2.4. A Model of Steam Dryness along Well. Based on the law
of energy conservation, at the same time and at the same
depth, the heat loss is equivalent to the energy loss of the
wet steam [14, 15], as shown in the following equation:

dQ _ .dh, . d /v\ )
Az~ Az “haz\z) s

where Q is heat loss, J; h,, is the specific heat enthalpy of wet
saturated steam, kJ/kg; v is the wet steam velocity, m/s.
After finishing Equation (3), we can get

dx
Cld—Z+C2x+C3:O. (4)
Among them, C, =i (h,— h,).

(5)

(G-5)3)

C_dQ+ dhdp+ ii d (1 .
3Tdz apdz " apdz\p) 7

where h is the specific heat enthalpy of dry saturated steam,
kJ/kg, and h,, is a specific enthalpy of saturated water, kJ/kg;
drying x,; of any depth Z is expressed as follows [16]:

g, = e (IO [_ G

e(cz/cl) +X, + % (6)
C2 C2

where x,, is the dryness of the initial injected steam, decimal.

2.5. Friction and Calculation of Work Done by Friction. The
calculation is as follows: the microelement segment is subdi-
vided into several smaller microelement segments according
to the number of slit rows, and the thermophysical parame-
ters of the fluid on each microelement segment are the same
[17, 18]. Firstly, the mass flow rate and flow rate of fluid on
each small microelement section are calculated, and then the
friction force and frictional work on the microelement seg-
ment are calculated [19]. Then, the total friction force and
frictional work on the microelement section are calculated
by superposition [20-22]. The method provides a more
detailed description of fluid flow in a slotted screen horizon-
tal wellbore.

The steam absorption capacity of the reservoir of each
row slit is

_ msfdl _ )
Mg = dl/lu = Mgp lu' (7)

The mass flow of the j row slit is
my (J ) =mg

The average flow velocity on the small and microelement
segments is

mg(j) _ 4mgy(j)
sl(]) Pm Pmn_lDizn . (9)

In unit time, the work done by the friction force on the
microelement segment is expressed as follows [23-25]:

AW(]) = Tcl(j)lu
Lva(j) =Ta(j)va (i) (j =12, ’ng)

where 7,(j) is the friction force between the steam and the
inside of the screen tube, N. The calculation method is

nD. [

Tal) =f P A (212 pg ). (1)

The expression of the work done by the friction force on
the segment of length dl in unit time is

Pyt Pyt
dw =) AW(j) Zrcl (12)

j=1

The expression of friction on the segment dl is [26, 27]

Dyt Dyt Dl Pyt
= Yral)= 3 b 2 o e R
j=1

(13)

where f is the dimensionless friction coefficient [28]. The
calculation method of friction coefficient between fluid and
pipe wall adopts the conventional calculation method of
pipe flow [29, 30], and the calculation process is as follows:
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Divide the whole horizontal part into N sections

v

Calculate the average pressure, average temperature, flow
parameters and property parameters of wet steam, and the friction
and friction work between the steam and screen.

v

v

v

No steam injection valve in
micro segment, calculate the
wellbore pressure and pressure
change AP, steam dryness and
dryness change Ax.

The micro segment contains steam
injection valve, calculate the wellbore
pressure, pressure change AP, steam
dryness and dryness change Ax, and then
calculate the pressure in the annulus.

v

if |[AP - AP’|< 8 and |Ax - Ax’|< 8, then the calculated
results are reasonable

Otherwise

FiGUrk 3: The flow diagram of the calculation model.

(1) Calculate Reynolds number [31-33]

The Reynolds number calculation formula of two-phase
flow is as follows:

V?l(.]) 'Din : [pwEl +ps(1 _El)]
tqul +AM5(1 _El)

R =

e

, (14)

where R, is Reynolds number; p, and p, are the density of
liquid water and dry saturated steam, kg/m’; y,, is the vis-
cosity of hot water in water vapor, MPa-s; y is the viscosity
of dry saturated steam in water vapor, MPa-s; E; is the vol-
ume liquid content of inlet, dimensionless.

(2) Determine the flow state and calculate the hydraulic
friction coefficient [34, 35]

R, <2000,

5
3000 <R, < g,

0.3164
L
RS.ZS

50.9 (665—-7651g ¢)
o <R, < Y

-2
€ 1.11 6.9

— + — .
3.7D,, R,

f={—1.81 Ig

3. Solution of the Model

(1) Vapor pressure, mass flow rate, temperature, and
dryness at the heel are known, the whole horizontal
part is divided into N sections, and each section is
d=LIN

(2) The pressure drop change AP and dryness change
Ax of d; length are estimated as the initial values of
iterative calculation, and the average pressure, aver-
age temperature, flow parameters and property
parameters of the wet steam mixture, and the fric-
tion and friction work between the steam and the
screen are calculated successively

(3) When there is no steam injection valve in the micro-
segment, the wellbore pressure and pressure change
AP as well as steam dryness and dryness change Ax
in the microsegment are calculated; when the micro-
segment contains steam injection valve, the wellbore
pressure and pressure change AP and steam dryness
and dryness change Ax in the microsegment are cal-
culated first, and then the pressure in the annulus is
calculated

(4) Compare the calculated Ax and AP with the esti-
mated Ax and AP in step 2; if |[AP— AP'| <8 and
|Ax — Ax'| <8, then the calculated results are rea-
sonable. Otherwise, AP = AP', Ax = Ax', and return
to step 2 to recalculate

(5) Steps 2 to 4 are repeated to calculate the vapor pres-
sure distribution, temperature, and degree of drying
on each microsegment until the cumulative length
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FIGURE 4: Multipoint steam injection pressure field t =3s; t=6s; t=9s; t =12s; t =15s; t = 18s; t =21 5.
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FIGURE 5: Steam injection velocity distribution curve.

of each microsegment is equal to or greater than the
total length of the horizontal well (Figure 3).

4. Case Verification and Analysis

The distribution of pressure field, velocity field, and tem-
perature field in multipoint steam injection wellbore is
shown in Figures 4-6. When the steam flows through
the steam injection valve, steam flow pressure is reduced,
overall speed increased, and temperature decreased, which
is close to the changes in the rate of steam injection; the
steam valve side first increases then decreases, and the
temperature rises after lower first. In order to explore the
main factors affecting uniform steam injection, the steam
injection velocity, the distance between the steam injection
valves, and the steam drying performance are numerically
simulated.

Based on the basic geological data of the Maccan River
oilfield, a multipoint steam injection horizontal well model
was established. The 3-dimensional model data are shown
in Tables 1-3.

4.1. Effect of Steam Injection Rate Change on Uniform Steam
Injection. In order to explore the influence of the change of
steam injection speed on multipoint steam injection, the
interval between the opening area of the steam injection
valve and the control valve is constant. The quantity of
steam injection was performed for 100 m*/d, 150 m*/d, and
200 m*/d (Figure 7); as the amount of steam injection
increases, more steam is injected into the reservoir near the
horizontal well, resulting in good steam injection uniformity
and an increase in cumulative oil production. When the
quantity of steam injection reaches 200 m°/d, the production
efficiency is the highest.

4.2. Influence of Changing Steam Injection Valve Spacing on
Uniform Steam Injection. The external screen structure
remains unchanged, and the steam injection valve spacing
was adjusted to 10m, 20 m, and 30 m, respectively, to rees-
tablish the mathematical model and conduct numerical sim-
ulation (Figure 8); with the decrease of steam injection valve
spacing, more steam is injected into the reservoir near the
heel of the horizontal well, while the steam reaching the
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TABLE 1: Heat transfer characteristic data.

Volumetric heat capacity of rock (J/ (m**Q)) 0.0000014
Thermal conductivity of rock (m*day*C) 220
Thermal conductivity of water (m*day*C) 0.000002
Thermal conductivity of steam (m*day*C) 2390000
TABLE 2: Steam injection data.
Horizontal well length (m) 850
Steam injection pressure (MPa) 2
Steam injection rate (kg/s) 1.73
Injection pressure (MPa) 2.12
Steam injection temperature (K) 500
Steam dryness (%) 95
TABLE 3: Screen structure basic data.
Gap density (slot/m) 446
Gap length (mm) 60
Screen outside diameter (mm) 219.1
Buried depth (m) 450-1400
Sieve tube cut seam wide (mm) 0.3048
Screen inner diameter (mm) 201.2
Slot axial spacing (mm) 7.112
Slot radial spacing (mm) 33.274

toe of the horizontal section gradually decreases; the heating
effect of the reservoir near the toe deteriorates, and it brings
about the good heating effect of the reservoir near the heel.
When the interval of the steam injection valve is 20 m, the
ground layer has a good heating effect. The heterogeneity
of the steam chamber is more serious if the distance between
the steam injection valves is 10 m compared with the steam
injection valve. In short, when the number of control valves
is 20m, the injection production profile and the steam
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FIGURE 8: Injection-production profiles with different valve spacing.

chamber are uniformly distributed, and the best steam injec-
tion effect can be obtained.

In the schematic diagram of the temperature field change
in the wellbore, the steam flow velocity in the steam injection
tube is closely related to the position of the steam injection
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valve (Figure 9). Whenever the steam flows into the wellbore
annulus through the steam injection valve, the steam speed
will drop sharply. In the process of flow in the injection tube,
the velocity remains relatively stable.

4.3. Effect of Changing Steam Dryness on Uniform Steam
Injection. With the increase in vapor dryness, the vapor den-
sity decreases, the steam velocity increases in the well, the
friction loss of the vapor in the flow process increases, and
the decrease of vapor pressure increases. To explore the
influence of steam dryness on the uniformity of steam injec-
tion, under the same conditions of other parameters, the

variation law of uniform distribution of steam injection pro-
file was compared when the steam dryness was 0.75, 0.85,
and 0.95, respectively (Figure 10). With the increase of steam
dryness, the average steam inlet flow and liquid inlet flow in
the horizontal section of the horizontal well gradually
decreased, but the distribution uniformity of the steam injec-
tion profile gradually increased.

5. Summary and Conclusions

Characteristics of variable mass flow rate in the steam
injection process are considered based on a multipoint
steam injection horizontal well. A calculation model of
various parameters of multipoint steam injection horizon-
tal well was established. Practical examples of multipoint
steam injection are introduced. In order to calculate the
vapor parameters along the well in the multipoint steam
injection process, the nodal point analysis method is
adopted. The effect of the steam injection parameter and
the interval of the steam injection valve were analyzed
on the vapor parameter along the well in the multipoint
steam injection process. The following conclusions can be
drawn from this study:

(1) When the steam flows into the steam injection valve,
the pressure decreases, the gas-liquid two-phase flow
rate accelerates, the temperature decreases remark-
ably, and the friction loss becomes large

(2) The well injection pressure hardly affects the heat
loss of steam injection, and the heat loss in the well
decreases with the increase of the distance between
steam injection valves. The higher the injection rate,
the higher the heat supplement is, the lower the heat
loss is, and the higher the dryness of bottomhole
steam is

(3) In the actual steam injection process in the mine, the
amount of steam injection can be increased appro-
priately to increase the dry steam at the bottom of
the well, and the distance between the steam injec-
tion valves cannot be reduced
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In this study, a combined anisotropic random field and GPU-accelerated Cholesky decomposition algorithm is proposed for
diversion tunnel excavation. With the MATLAB programming control be used to combine the advantages of GPU and CPU
computing, the efficient method of generating large numerical model random fields is realized. Based on the geological
structure characteristics of red-layered soft rocks in central Yunnan, the anisotropic rock random field and tunnel excavation
with different rotation angles are simulated. The results show that the variability of rotational anisotropy random fields and
mechanical parameters of the red-bedded soft rocks in central Yunnan has a large influence on the deformation and stress
state of the surrounding rocks at the excavation face of the tunnel. This study can provide theoretical and technical support for
the design and construction of relevant rock engineering in the red-layered soft rock area in central Yunnan.

1. Introduction

With the rapid improvement of engineering construction
level in China, the development and utilization of under-
ground space are becoming more and more extensive, and
the related engineering problems are gradually increasing
[1, 2]. The surrounding rock body of a tunnel or under-
ground chamber is a geological material with typical non-
homogeneous characteristics. However, in the traditional
geotechnical engineering analysis, the rock is mostly assumed
to be a continuous medium with homogeneous properties.
This simplified treatment cannot consider the randomness
and spatial variability of the actual engineering rock
mechanical parameters [3, 4]. In the engineering design
stage, due to the lack of profound understanding of the
spatial variability of rock geological materials, engineers
often cannot anticipate the potential hazards in under-
ground engineering well. Therefore, how to analyze and
evaluate the randomness of rock parameters reasonably is

of great significance to the stability analysis of under-
ground cavern engineering [4-7].

At this stage, there are three main methods for the sto-
chastic analysis of mechanical parameters of geological
materials. One is to consider the interval distribution of
parameters in the calculation process, such as interval finite
element [8, 9] and fuzzy finite element methods [10, 11].
These methods can input interval parameters directly and
obtain a simulation result in a certain interval range by
calculation. However, these methods are difficult to deal
with the intrinsic model of nonlinear materials [12]. The
second method is the mesoscale modeling of the heteroge-
neous media based on the statistical property of the micro-
structure [13-19]. However, the analysis scale of this
solution is not big enough for the large-scale geotechnic
engineering.

The other approach is to characterize the spatial variabil-
ity of the geological structural properties of the cavern
envelope using random field theory [20]. Beacher and Ingra
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F1Gure 1: Correlation structure diagram of anisotropic random fields.

chose the Taylor expansion of the stochastic finite element
method to analyze the reliability of ground settlement [21].
Vanmarcke and Grigoriu made pioneering work in the field
of soil property parameters [22]. Suchomel and Masin con-
sidered the spatial variable cohesion (c) and friction angle
() of soil mechanical parameters to compare probabilistic
methods for assessing slope stability and discussed the influ-
ence of parameters’ spatial variability on slope stability [23].
Li et al. proposed a new stochastic finite element method for
analyzing slope reliability based on the consideration of
spatial variability of slope soil coefficients, which improved
the computational efficiency of slope reliability analysis
[24]. The effect of spatial variability of infiltration parame-
ters on slope stability was analyzed by Griffiths and Lane
[25]. Cho [26] used random field theory to assess slope
stability. Jiang et al. [27] conducted random field simulation
of geological materials based on the Cholesky decomposition
and investigated the effect of different autocorrelation func-
tions on the reliability of slopes.

Based on the literature above, it is evident that the
random field method is capable of describing the spatial var-
iability of geotechnical material parameters more accurately.
The random field method can be easily implemented in
commercial or open-source programs. At present, the
random field method for geotechnical materials is mainly
applied to the stability analysis of slopes [28]. Less research
has been done in the stability analysis of excavation in
underground caverns or tunnels.

In this study, the modeling theory of anisotropic random
field is optimized and an eflicient generation algorithm for
random field of underground caverns is developed. Due to
a large number of model meshes, the covariance matrix
decomposition method may exist the problem of slow com-
putation. Based on the Cholesky decomposition theory and
GPU acceleration technology, an efficient random field
generation technique with GPU acceleration is proposed.
An automated control calculation program was written
using MATLAB. With the consideration of the geological
structure characteristics of red-layered soft rocks in central
Yunnan, an anisotropic rock random field model with
different rotation angles was established to analyze the
deformation and stress distribution state of the tunnel after
excavation in central Yunnan. The influence of the random-

ness of the surrounding rock parameters on the secondary
stress state of the surrounding rock was studied.

2. Methodology

2.1. Isotropic Random Field. There are methods to generate
random fields. Currently, two main types of random field
generation methods are commonly used [29]. In this study,
a generator of spatially correlated random variables is com-
bined with a discretization method to compute, for each
node in the random field grid, a random variable that is
correlated with other nodes in the random field. These spa-
tially correlated random variables are assigned to a cell or
integration point in the finite element model. The random
field is generated by a combination of the covariance matrix
decomposition method and the midpoint method. Using the
covariance matrix decomposition method, a set of correlated
random variables can be generated as follows:

2.(x) =Ly (1)

where z.(x) is a vector that contains spatially correlated
random variables, y is the independent zero-mean vector
representing the unit variance, normally distributed random
variables, and L is the Cholesky decomposition of the corre-
lation matrix.

Therefore, the calculation of the correlation matrix is the
key to this method. After loading the grid file to obtain the
node coordinates, the correlation coefficient matrix R;; for

a set of N random variables collected in the vector y is
defined as

Cov{yp
)
ij
Var(yi)Var(yj)
1 PU1>72) PO1> V) 2)
B 1 P2 In)
symmetric 1

where p(y;,y;) is the correlation coefficient of y; and y,.
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TaBLE 1: Comparison of computing time of different computing schemes.
Array size 100 500 1000 2000 5000 8000 10000
. . CPU 0.0021 0.0072 0.0258 0.1444 1.5374 10.7636 24.7266
Calculation time (s)
GPU 0.0138 0.0337 0.0565 0.1432 1.0668 2.5609 4.0514

(a) Field rock survey

(b) In-tunnel survey

FIGURE 3: No mudstone-type stratigraphic structure.

The correlation matrix is symmetric and positive defi-
nite, and the correlation coefficient matrix R;; is decomposed

into upper triangular matrix and lower triangular matrix by
the Cholesky decomposition:

R=LLT. (3)

Currently, there are two main types of correlation func-
tions, namely, exponential correlation functions (Exp) and
squared exponential (SExp) correlation functions, as follows:

Ax)\?  [Ax)\?
o= 0-s10 () ()
¢l 2

(4)

SExp : p(Ax;, Ax,y) =¢; + (1 —¢;) exp
() @))
Lc,l LC,Z ’
where ¢, is the threshold value of the correlation function
and L., and L_, are the correlation lengths.
The correlation coefficient matrix is a symmetric matrix
R;; that can be obtained by a two-dimensional correlation
function [30]. After obtaining the correlation matrix, it can
be decomposed using the Cholesky decomposition method.
When the SExp correlation function is chosen and the

number of nodes is larger than the correlation length, the
correlation matrix is nonpositive; i.e., all the eigenvalues of
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FIGURE 4: Intercalated mudstone-type stratigraphic structure.

(a) Interbedded calcareous mudstone and calcareous siltstone (b) Interbedded siltstone and calcareous siltstone

FIGURE 5: Interstratification type stratigraphic structure.

(a) Field rock survey (b) In-tunnel survey

FIGURE 6: All-mudstone-type stratigraphic structure.

the matrix are no longer positive. In this case, it needs to be  position of the correlation matrix, the eigenvalues and eigen-
corrected. In the modified Cholesky decomposition algo-  vectors are obtained. The decomposition of the correlation
rithm, the parameters less than the tolerance value are set matrix is obtained according to

to zero to obtain stable results. This algorithm gives an

“approximate” Cholesky decomposition. After the decom- L=AxV}, (6)
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FIGURE 7: Meshed model and local enlarged figure of water diversion tunnel excavation simulation.

TABLE 2: Suggested values of random field parameters for red layer excavation tunnels in central Yunnan.

. . Cohesion Friction angle Young’s modulus Poisson’s Density Geostress
Threshold of correlation function ¢ (MPa) 0 () (GPa) ratio (kg /m?) (MPa)
0.5 0.1-0.4 25-35 20 0.25 2500 14.5
where A is the matrix containing the eigenvectors and A is
the diagonal matrix containing the eigenvalues. | Mesh the model |
Based on the derivation above, the calculation of random ¥
field CRV (correlated random variables) can be finally estab- | Get mesh center coordinates |
lished as shown in v
| Set random field parameters |
¥
CRV =pu+L xRV xo, (7) | Calculate mesh spacing |
¥
where p is the standard normal distribution mean, o is | Calculate Corrflation matrix |

the standard deviation of the standard normal distribu-
tion, and RV is the standard normal distribution random
quantity.

2.2. Anisotropic Random Field. In order to study the model-
ing theory of anisotropic random fields in geotechnical
bodies, it is necessary to recall the definition of correlation
length. According to Equations (4) and (5), the value of cor-
relation length is equal to the integration of the correlation
function over the full domain. The phase correlation length
is the key to measure the spatial variability of geological
materials. The difference of its length in different orienta-
tions determines the anisotropic characteristics of the
random field. The structural characteristics of the random
field can be characterized by the correlation length contour.
The points in space with the same coeflicients associated
with the center of the circle are connected to form the corre-
lation length contour, as shown in Figure 1.

L., and L, denote the correlation lengths along the
main directions of the two coordinate axes. L. is the correla-
tion length in a direction in coordinate space. 8 is the
rotation angle of the coordinate axes with respect to the
horizontal datum. It follows that when the correlation
lengths along the principal directions of the two coordinate
axes are different, the contour changes from an isotropic
circle to an ellipse. This describes the random field with

|GPU accelerates eigenvalue decomposition|<—
¥

| Random field generation |
¥

| Cavern parameter assignment

| | Update calculation times

| Cavern excavation simulation |

Reach calculation times
Yes

| Output calculation results |

Ficure 8: Flow chart of the excavation analysis of the water
diversion tunnel in central Yunnan based on the random field
theory.

horizontal anisotropy characteristics. When the axes are
rotated by an angle 0 based on the horizontal line, the length
of the projection on the axes also changes. This situation
characterizes the random field with rotational anisotropy.
If the anisotropy of rocks is going to be characterized by
random fields, suitable modifications according to the
definition of random field generation have to be made. In
combination with the random field theory described above,
this study proposes a method for generating random fields
applicable to the anisotropy of rock materials. Along a
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FIGURE 9: Analysis of cavern excavation results with 0° anisotropic field.

certain principal axis direction where anisotropic character-
istics need to be reflected, the correlation length of that
direction is appropriately increased. For example, for the
horizontal anisotropy shown in Figure 1(b), the desired
anisotropic random field can be obtained by increasing the
correlation length of the axial direction. In contrast, the
rotational anisotropy shown in Figure 1(c) is not along the
principal axis direction. Based on Equations (8) and (9),
the new modification Ax; and Ax, of the correlation length
projection along the X-direction and Y-direction can be
obtained by changing the angle 0 of the reference coordinate,
instead of taking the standard coordinate axis as reference.
Taking the exponential correlation function as an example,
the random field of rotational anisotropy can be obtained
by rotating counterclockwise.

Ax; = Ax cos 0 + Ay sin 6, (8)

Ax, = Ay cos 0 — Ax sin 6. 9)

2.3. Anisotropic Random Field Simulation Based on GPU
Acceleration. Hardware acceleration refers to that in the
process of scientific computing; due to the excessive amount
of data to be computed, the computer assigns computational
tasks exclusively to a specific piece of hardware to process,

reducing the load on the core processor and thus improving
computational efficiency. Hardware acceleration technology,
widely used in image processing, is commonly known as the
graphics processing unit (GPU). Before the advent of the
GPU, the CPU had been responsible for a large amount of
data processing tasks in the computer. In terms of design
thinking, CPUs are suited to complete a single task as fast
as possible, usually a line of computation from start to finish.
Multimedia data processing is a task that computers are
often faced with and usually requires computer hardware
that can provide great computational density and efficient
parallel computing. In fact, CPUs have difficulty in meeting
their huge multimedia data processing requirements in their
hardware itself. Software optimization alone could not deal
with this problem, until the advent of GPUs.

GPUs are tasked with composing and displaying images
of millions of pixels on the screen, requiring parallel process-
ing of millions of tasks. CPUs and GPUs differ greatly in
architecture, as illustrated in Figure 2. It can be seen that
the GPU has more logical algorithm units (ALUs) and is also
multithreaded and parallel, without excessive control and
storage functions. Therefore, GPUs have super high compu-
tational efficiency and good processing power for dense and
large amount of data and complex algorithms. However, the
CPU needs to control the whole computation process and
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FiGure 10: Analysis of cavern excavation results with 15° anisotropic field.

store the data at the same time, and it has a small number of
logical operation units and can only process one data line in
one time period, which is inefficient for large and complex
array computation.

CUDA is a general-purpose parallel computing architec-
ture introduced by NVIDIA that contains calling instruc-
tions and a GPU computing engine that enables the GPU
to solve complex computational problems. Program code
developed based on CUDA separates out the complex array
processing part of the entire computational processing flow
and calls the GPU to accelerate it. Each discrete block of
computational requirements is further subdivided into a
new set of instructions. Finally, all of the subdivided compu-
tational tasks are executed simultaneously on the GPU pro-
cessor. This is the principle of efficient parallel computing
GPU hardware acceleration.

The traditional method of improving Cholesky decom-
position to generate random fields is good, but the computa-
tional efficiency is very low and there are few practical
applications. In order to put the random field generated by
this method into practical application, the random field gen-
eration efficiency needs to be improved significantly. In the
random field generation method proposed in this study,
the decomposition of the correlation matrix is calculated
using MATLAB programming. Among them, the modified
Cholesky decomposition can be found in MATLAB with

the corresponding eigenvalue decomposition operation,
while in the case of larger and more complex models with
more coordinate data. The correlation matrix array gener-
ated by the length of the coordinate data is huge. The
decomposition process of the correlation matrix array is
extremely time-consuming. The cycle efficiency of simula-
tion calculation is seriously affected. To address this
difficulty, this study uses GPU acceleration technology to
improve the simulation efficiency.

In the key step of correlation matrix decomposition, the
efficiency of GPU parallel computation increases signifi-
cantly when the matrix size gradually increases, and the effi-
ciency of cyclic simulation increases dramatically. However,
the entire process of correlation matrix decomposition
remains in the hands of the CPU. In the 2D random field
simulations carried out in this study, MATLAB was used
for the conversion of the simple code. When proceeding
the modified Cholesky decomposition, the gpuArray com-
mand is called to load the relevant matrix into the GPU.
After completing the decomposition of the correlation
matrix with efficient parallel operations in the GPU, the
required eigenvector matrix and eigenvalue matrix are called
back to the CPU for the next computation by the gather
command. Table 1 compares the decomposition of the
correlation matrix with different sizes when computers with
CPU and GPU computation schemes are used, respectively.
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FIGURE 11: Analysis of cavern excavation results with 30" anisotropic field.

As can be seen, the advantage of GPU acceleration gradually
emerges as the array of operational matrices becomes larger,
and its computational speed is much faster than that of the
CPU, which saves a lot of time when doing multiple
round-robin operations to compute probability problems.

3. Simulation of the Red Layer in
Central Yunnan

3.1. Geological Background. The tectonics of rock stratum in
soft rock body refers to the spatial distribution and arrange-
ment among the sedimentary layers in the rock stratum. For
example, the thick-layered block-thin laminated structure
rock body refers to the sandwich-like and interlayer-like
structures of the spatial combination arrangement of each
stratigraphic rock unit (which can be divided according to
lithology, layer thickness, etc.). It can be seen that the origi-
nal rock stratigraphic structure of the weak geotechnical
body is closely related to the engineering rock structure type.

In this study, the stratigraphic structure characteristics of
the red-layered weak rock body in the Chuxiong section of
the Yunnan Central Water Diversion Project are analyzed
as an example. Through on-site engineering geological
investigation and geological data analysis, the spatial varia-
tion law of the geological structure of the red-layered soft
rock is analyzed. In this study, the mudstone content and

the spatial distribution and arrangement of other rock layers
were selected as the analysis index. Based on this, the red-
bedded soft rock stratigraphy was classified as mudstone-
free type, interbedded mudstone type, interbedded type,
mudstone-dominated type, and all-mudstone type. Obvi-
ously, the mud content of the rock strata of different tectonic
types in the above order is gradually increasing. In a sense,
the engineering geological properties of the red-bedded soft
rocks will gradually diminish.

Figure 3 shows the mud-free type of chondrites, which is
characterized by a rather heterogeneous spatial distribution
of strata. The distribution of different rocks is random and
loose, and there is no prominent anisotropy in a certain
spatial direction. The main rocks are gravels, and the corre-
sponding random field model can be considered an isotropic
random field.

Figure 4 shows the structure of the intercalated
mudstone-type stratigraphy, which shows the intercalation
of soft mudstone layers between hard sandstone layers.
There is obvious anisotropy in specific spatial directions
and spatial variability along the strike of the interbedded
layers. The anisotropic random field model can be used to
simulate this type of interbedded mudstone formation.

Figure 5 shows the anisotropic characteristics of the
spatial structure of interstratified strata. In the red layer
region of central Yunnan, the interstratified strata are mainly
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FIGURE 12: Analysis of cavern excavation results with 45° anisotropic field.

quartz sandstone, calcareous siltstone, and calcareous mud-
stone and siltstone layered with each other, forming a spatial
structure of one layer of different rock-soil bodies. In the
spatial direction, the variation of interstratified strata is
obvious, and the anisotropic random field is applicable to
describe their geological and structural characteristics.
Figure 6 shows the geological and tectonic features of the
all-mudstone-type red layer. The rock types of the all-
mudstone red layer are mainly calcareous and siltstone
mudstone. In terms of geological structure, there is no
obvious anisotropic feature in the all-mudstone red layer.
However, because of the large content of soft rocks, the
deformation of the all-mudstone red layer is larger under
the excavation and unloading conditions. Therefore, its
engineering risk should be considered as a key issue.

3.2. Modeling and Analysis Process for Red-Layered Soft Rock
Tunnels in Central Yunnan. In the water diversion project in
central Yunnan, a section of horseshoe-shaped hydraulic
tunnel was selected for the study. The burial depth of this
section of hydraulic tunnel is about 600 m, and the surface
topography is gently sloping. The numerical model is shown
in Figure 7. The model has a length of 80 m, a height of 80 m,
a bottom wall of 8.72m, and a height of 9.43 m. The rock
and tunnel areas are divided in the model, and a hexahedral
structured mesh is used to divide the model mesh. The num-

ber of meshes in this numerical model is 7225, and the
number of nodes is 14594.

This section of hydraulic tunnel is in the softly interbed-
ded cavern section of the Lion Rock tuff. The initial ground
stress in this section of the hydraulic tunnel can be found by
the depth of burial and the weight of the rock mass. The
fluctuation value of the cohesion ¢ of the rock strength
parameter is suggested to be between 0.1 and 0.4 MPa, and
the fluctuation value of the internal friction angle ¢ is sug-
gested to be between 25 and 35 degrees. The site engineering
geological survey report provides suggested values for other
rock mechanics parameters, as shown in Table 2.

Based on the random field theory, the hydraulic tunnel
excavation simulation requires a preassigned model. Accord-
ing to the working conditions, a numerical model of the
tunnel excavation area as well as the surrounding rock is
established with the grid be divided. The preprocessing of
the dissected mesh is done by a written program. The coordi-
nates of the grid centroids are exported, and the coordinate
matrix is generated in MATLAB. Then, the correlation
matrix is generated from the coordinate matrix, and the
random field matrix is generated using the covariance matrix
decomposition method. Based on the Mohr-Coulomb princi-
pal structure model, the attributes to be assigned are selected
and the coeflicient-based equations are obtained using qua-
dratic curve fitting. The random field matrix is substituted
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F1GURE 13: Analysis of cavern excavation results with 60° anisotropic field.

through code programming control to generate an initial
random assigned model of the cavity based on random field
theory. Numerical simulation analysis is performed on the
produced numerical model. The maximum displacement of
the surrounding rock in the excavation area of the hydraulic
tunnel and the corresponding coordinate positions are
recorded for a variety of random field conditions. The whole
process can be accomplished by executing operating system
commands with MATLAB. The specific flow chart is shown
in Figure 8.

4. Study on the Influence Law of
Anisotropy with Field

4.1. Computing Conditions. To simplify the analysis, this
study assumes that the tunnel excavation is completed in
one go. When the numerical simulation of cavern excavation
is implemented in FLAC software, if the material properties
of the rock mass in the tunnel excavation area are directly
changed to null, it may cause a sharp release of ground
stress, resulting in instantaneous collapse of the cavern. In
order to reflect the progressive excavation process of the
tunnel, the elastic modulus of the rock body in the excava-
tion area of the cavern chamber can be reduced to 5% of
the initial one by gradual weakening. Then, the material
properties are changed to null, and the numerical simulation

of the tunnel excavation process is finally completed. By the
method above, the excavation numerical simulation of
anisotropic random field cavern chamber with different
rotation angles is done. The simulation results are analyzed
as follows.

4.2. Simulation Results and Analysis. Figure 9(a) shows the
enlarged view of the local model when the random field is
horizontally anisotropic. After the excavation, the deforma-
tion results of the cavern are shown in Figure 9(b). It can
be seen that the deformation of the right side wall of this
hydraulic tunnel is larger than that of the left side wall under
the condition of horizontal anisotropic random field. The
maximum deformation is 81.3 mm, which is located in the
middle of the right side wall, about 3.6 m from the bottom
edge. The random field parameter at this location is the
minimum value of the cavern envelope. The main stress dis-
tribution of the cavern chamber is shown in Figures 9(c) and
9(d). Due to the excavation, a significant ground stress
release was generated in the critical area of the tunnel
envelope. The major principal stress decreased from an
initial 14.50 MPa to 0.34 MPa. The minor principal stress
decreased from 14.50 MPa (compressive stress) to a tensile
stress of 0.02MPa. Due to the variability of mechanical
parameters caused by the rock random field, the stresses in
the cavern envelope exhibit an asymmetric distribution.
However, the general distribution pattern is similar. The
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FIGURE 14: Analysis of cavern excavation results with 75° anisotropic field.

further away from the tunnel excavation critical surface, the
less the stress release and shows an irregular circular
divergence.

An enlarged local model of the anisotropic random field
with 15 degrees of rotation is shown in Figure 10(a). After
the end of excavation, the deformation of the tunnel is
shown in Figure 10(b). It can be seen that in the anisotropic
random field with 15 degrees of rotation, the deformation of
the tunnel surrounding rock shows a phenomenon of large
right and small left. The maximum deformation is 85.7 m,
which is located in the middle of the right side wall, about
4 m from the bottom edge. A strip of rock with weak param-
eters is distributed at this location. The main stress distribu-
tion of the cavern is shown in Figures 10(c) and 10(d). It can
be seen that the surrounding rock of the tunnel has a signif-
icant stress release due to excavation. The major principal
stress decreases from 14.50 MPa to 0.19 MPa, and the minor
principal stress decreases from 14.50 MPa in compression to
0.02 MPa in tension, while the stress distribution around the
chamber is asymmetric due to the randomness of the
mechanical parameters. The values of the random mechani-
cal parameters of the rock mass in the direction to the left of
the vault are larger. Therefore, the large principal stress
release in the internal surrounding rock at this location is
not very obvious compared with that in the surrounding
rock at other locations.

The local model enlargement of the anisotropic random
field with 30 degrees of rotation is shown in Figure 11(a).
After the end of excavation, the cavern excavation deforma-
tion is shown in Figure 11(b). In general, it shows a large
deformation of the right side wall and a small deformation
of the left side wall. The direction of the most value of dis-
placement is orthogonal to the direction of random field
anisotropy. The maximum deformation is 65.2 mm, which
occurs in the middle of the sidewall. The mechanical param-
eters of the tunnel envelope are higher in this simulation;
therefore, the maximum value of the displacement is smaller
than that of the random field simulation in the direction of
15 degrees of rotation. The principal stress distribution in
the tunnel is shown in Figures 11(c) and 11(d). The signifi-
cant stress relief in the tunnel envelope due to excavation
resulted in a decrease of the major principal stress from
14.50MPa to 0.27 MPa. Due to the randomness of the
parameters, the stresses in the tunnel surrounding rock show
asymmetric distribution characteristics.

The enlarged local model of anisotropic random field
with 45 degrees of rotation is shown in Figure 12(a). After
excavation, the deformation of tunnel surrounding rock is
shown in Figure 12(b). Under this condition, the tunnel
deformation shows the distribution pattern that the left side
wall is large while the right side wall is small. The maximum
deformation occurs in the middle of the left sidewall with a
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F1GURE 15: Analysis of cavern excavation results with 90° anisotropic field.

value of 77.9mm, and the main stress distribution in the
chamber is shown in Figures 12(c) and 12(d). The excava-
tion resulted in a significant release of the ground stress in
the tunnel surrounding rock. The major principal stress
decreased from 14.50 MPa to 0.44 MPa. The minor principal
stress decreased from 14.50 MPa in compressed condition
to 0.02MPa in tensile stress. Although the tunnel shape
is symmetrical, the randomness of the parameters makes
the stresses in the tunnel envelope show asymmetric
distribution.

An enlarged local model of the anisotropic random field
rotated by 60 degrees is shown in Figure 13(a). Figure 13(b)
demonstrates the deformation of the tunnel excavation.
Opverall, the deformation of the left side wall is larger than
that of the right side wall. The maximum displacement is
76.2 mm, which occurs in the middle of the left side wall at
about 3.6 m from the bottom edge. Figures 13(c) and 13(d)
show the main stress distribution in the tunnel envelope.
Due to the excavation, the tunnel surrounding rock has
produced obvious stress release.

Figure 14(a) shows the local model of anisotropic ran-
dom field with 75 degrees of rotation. Figure 14(b) shows
the simulation results of the deformation of the tunnel enve-
lope after excavation. In general, the displacement of the left
side wall of the tunnel enclosure is larger than that of the
right side wall. The distribution direction of the most value

of displacement is orthogonal to the random field anisotropy
direction, and the maximum deformation value of 81.6 mm
appears in the direction of 165 degrees on the left side of
the vault. The main stress distribution of the cavern cham-
ber, after excavation, and the ground stress of the tunnel
surrounding rock occurred a significant stress release. The
simulation results of large and small principal stresses are
shown in Figures 14(c) and 14(d). The major principal stress
decreases from 14.50 MPa to 0.36 MPa and remains in the
compressive state. The randomness of the parameters makes
the stresses in the cavity surrounding rock show asymmetric
distribution.

Figure 15(a) shows an enlarged view of the local model
of the rotated 90 degrees of anisotropic random field. The
deformation of the surrounding rock after tunnel excavation
is shown in Figure 15(b). It can be seen that, in general, the
surrounding rock of the tunnel shows a pattern that the
deformation of the right side wall is larger than that of the
left side wall. The distribution direction of the displacement
maximum is orthogonal to the random field anisotropy
direction. A strip of rock with weaker mechanical parame-
ters appears on the right side of the tunnel envelope. This
increases the displacement of the surrounding rock in this
area. The maximum deformation of the tunnel envelope is
76.9 mm, which occurs in the middle of the right sidewall
about 4m from the bottom edge. Figures 15(c) and 15(d)
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TaBLE 3: Summary and comparison between simulation results with random field with different rotation angle.

Computing conditions: anisotropic random Maximum Location that maximum  Major principal ~ Minor principal
field with different rotation angle deformation (mm) deformation occurs stress (MPa) stress (MPa)
0° 81.3 Right side wall 0.34 -0.02

15 85.7 Right side wall 0.19 -0.02

30° 65.2 Right side wall 0.27 -0.02

45° 77.9 Left side wall 0.44 -0.02

60° 76.2 Left side wall 0.44 -0.02

75° 81.6 Left side wall 0.36 -0.02

90° 76.9 Right side wall 0.30 -0.02

show the main stress distribution of the cavern. It can be
seen that there is a significant stress release in the tunnel sur-
rounding rock due to excavation. The major principal stress
decreases from 14.50 MPa to 0.30 MPa.

For comparison between random fields with different
rotation angle, the information is collected and summarized
in Table 3. It can be seen that, due to the variability of
mechanical parameters caused, the stresses in the cavern
envelope exhibit an asymmetric distribution. There is a sig-
nificant stress release in the tunnel surrounding rock due
to excavation in each simulation, and the general distribu-
tion pattern is similar. In addition, when the rotation angle
is 45°, 60°, and 75°, the maximum deformation occurs in
the middle of the left side wall and has a slightly larger major
principal than other conditions.

5. Conclusion

In this study, numerical simulation of excavation deforma-
tion of hydraulic tunnels was carried out for the anisotropic
random field of red-bedded soft rocks in central Yunnan.
The Mohr-Coulomb model was chosen for the rock mate-
rial, and the internal friction angle and cohesion were set
as random parameters, while other parameters were defined
as constants. The effects of different correlation functions
and different correlation lengths on the cavern excavation
are compared in the isotropic random field model. The
deformation characteristics and stress distribution laws of
the anisotropic random field with different rotation angles
are also compared.

The stress distribution patterns of anisotropic random
field with different rotation angles are compared, because
the randomness of the parameters causes the displacement
and stress field of the cavern surrounding rock after excava-
tion to show an asymmetric distribution law. The distribu-
tion law of maximum displacement is mainly related to the
high and low values of the random parameters of the exca-
vated cavern envelope. The maximum displacement value
generally appears at the lowest parameter value. For the
deeply buried tunnel in this study, the horizontal ground
stress is large. The maximum displacement of the tunnel
envelope appears at the side walls on both sides and not at
the vault position. At the same time, there is an obvious
stress release in the tunnel envelope. The excavation-
induced ground stress release is weaker in the areas where

the stochastic parameters are taken to be higher than else-
where. Large deformation also does not occur in these
domains.
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By taking the blasting excavation of a deeply buried karst tunnel in the North Tianshan Mountains in China as research objects,
the damage induced by blasting excavation and seepage characteristics of deep rock under high seepage pressure was investigated.
The COMSOL Multiphysics® software was adopted to establish a simulation model for the blasting excavation of a deeply buried
tunnel. By embedding the stress-damage-seepage multifield coupled constitutive relationship, the mechanism of the influences of
factors including blasting load, geostress, and hydraulic pressure of karst caves on the blasting excavation-induced damage to, and
seepage characteristic of, the surrounding rocks of the tunnel. The results indicate that blasting excavation in the karst tunnel
triggers the damage of surrounding rocks, which consists of blasting-induced damage and unloading damage. The time-history
curve of the variable for surrounding rock damage rises and consequently tends to a constant value. With the increases in
blasting load, geostress, and hydraulic pressure of karst caves, the degree of damage to surrounding rocks is intensified; an
increase in geostress will weaken the effect of blasting-induced damage to rock while increasing rock damage arising from
unloading. Meanwhile, the degree of damage to the surrounding rock can affect the seepage velocity of water in the
surrounding rock to a certain extent. A strong damage and seepage coupled effect occur in the blasting excavation process of
the karst tunnel. The such coupled effect is strengthened little by little with the increases in the degree of surrounding rock
damage and hydraulic pressures. The results are expected to provide theoretical guidance for hazard prevention and control of
blasting excavation in karst tunnels under high geostress conditions.

1. Introduction

Generally, when the magnitude of geostress in deep rocks is
above 10 MPa, a new excavation tunnel surface is formed
within about 10ms during a blasting excavation process,
yielding a strain magnitude of 10™". Dynamic stresses gener-
ated by explosive blasting and transient unloading are impor-
tant factors that trigger rock fracture and loosening [1-3].
However, rocks in high-pressure water-rich zones are
inclined to be subjected to the effect of high-pressure seepage.
Fissures of rocks, under the effect of the excavation-induced
dynamic disturbance, undergo a process evolving from ini-
tiation, propagation, and coalescence. This causes deterio-

rating mechanical properties of surrounding rocks while
inducing the enlargement of seepage channels, which pro-
motes the seepage field to further evolve [4-6]. Under the
coupled effect of seepage and dynamic loading, the transient
water pressure of rock fissures will be largely increased,
which enables the fissures to further propagate and leads to
structural damage of rock, even directly triggers rock failure
[7, 8]. Therefore, it is necessary to study the damage induced
by blasting excavation and seepage characteristics of deep
rock under high seepage pressure.

A series of studies on the blasting excavation-induced
damage of rock under high seepage pressure and seepage
problems have been investigated worldwide. Tan et al. [9]
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discovered that surrounding rocks that lie between a tunnel
and a karst under the excavation-induced dynamic distur-
bance are more prone to suffer a large deformation and even
suffer failures, which calls for special attention to the stability
of surrounding rocks. Li et al. [10] programmed a program
for analyzing and calculating the seepage and damage of
surrounding rocks under dynamic loading to obtain the
law of the changes in the radius of the damage zone in
surrounding rocks with varying pore water pressure under
the restriction of multiple factors. Their results proved that
the value of the range of the damage zone in surrounding
rocks is positively correlated with pore water pressure. Liu
et al. [11] believed that damage evolution is a process by
which microcracks evolve from initiation, propagation, and
coalescence. They constructed a stress-seepage-damage
coupled model characterizing changes in permeability and
damage evolution of surrounding rocks in the tunnel exca-
vation process and used seepage theory to deduce an equa-
tion for the permeability evolution of surrounding rocks.
Huang et al. [12] analyzed distributions of the stress field,
seepage field, and damage field of surrounding rocks during
the tunnel excavation process by taking water inrush hazards
that occurred in fracture zones of a karst tunnel as a research
object. Their results indicated that disturbance arising from
tunnel excavation leads to the redistribution of the in situ
rock stress field and causes the change in the seepage state
of surrounding rocks. Zhao et al. [13] studied the influences
of spatial distribution characteristics of karst caves’ locations
on the deformation and seepage field of rocks surrounding
tunnels. Yang et al. [14] conducted three-dimensional
fluid-solid coupled model tests to explore the evolution law
of water inrush in karst caves which were induced by tunnel
excavation and varying water pressure in the caves. Yuan
et al. [15] simulated the influence of mining disturbance in
mines on the faults and rivers in the surrounding area based
on the rock fluid-solid coupled theory. The results showed
that mining activities can cause further damage to faults
and rock bridges, causing increased rock permeability, which
may allow mining filed to form a coalesced seepage channel
spanning from a river to faults. By considering the fluid-
solid coupled effect, Guo et al. [16] investigated the evolu-
tion laws of the displacement field and seepage field of rock
mass on the layer for preventing water inrush when a tunnel
face was close to a high-pressure water-rich karst cavity in
tunnel excavation and its critical water inrush characteristics.
Huang et al. [17, 18] found the permeability of surrounding
rocks after tunnel excavation was finished and increased to
one or several orders of magnitudes and analyzed the influ-
ences of the thickness of damage zones on tunnel gushing
and pore pressure distribution. To sum up, exploring the
issues about the damage evolution of surrounding rocks
under the coupled effect of dynamic loading and seepage field
is of significance to surrounding rock stability as well as water
inrush prevention and control of deep rock mass.

The extra-long, deeply buried karst tunnel in the North
Tianshan Mountains in Xinjiang Province, China, contains
rich water, with some tunnel sections containing rich water.
It has a maximum burial depth of 1060m. The tunnel
crosses multiple fault fracture zones and has complex geo-
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logical tectonics, and the surrounding rocks in the fracture
development zone of jointed rock mass contain a large num-
ber of soluble rocks, which can lead underground water to
accumulate to form a karst cave and produces high seepage
pressure in surrounding rock masses. It belongs to a typical
deep-buried, high-permeability rock tunnel. In this research,
the stress-damage-seepage multifield constitutive model was
embedded into COMSOL Multiphysics, and the damage
induced by blasting excavation and seepage characteristics
of deep rock under high seepage pressure were analyzed.
The influence mechanism of blasting load, geostress, water
pressure of karst caves on the tunnel blasting excavation-
induced damage to, and seepage characteristics of surround-
ing rocks were discussed. The research results can provide
theoretical support and reference for similar deep high-
permeability rock mass blasting excavation.

2. Blasting Excavation-Induced Damage and
Seepage Characteristics of Surrounding
Rocks in the North Tianshan Karst Tunnel

2.1. The Stress-Seepage-Damage Coupled Model. For the
deeply buried tunnel under the effect of blasting excavation,
a stress-seepage-damage multifield coupled constitutive rela-
tionship was established using a Drucker-Prager (D-P) yield
criterion-based elastoplastic damage model. This constitu-
tive relationship also considered the effects of water pressure
and karst water flow in surrounding rocks in karst caves sur-
rounding the tunnel, on the damage to surrounding rocks.
Once the effect of effective stress on rocks under the effect
of exerted loads exceeds the strength of rocks, plastic strain
tends to occur to rocks, accompanied with damage to a cer-
tain degree. An internal variable (herein referring to the
equivalent plastic strain) is used to characterize the evolution
of the rock damage variable based on the elastoplastic dam-
age theory considering plastic deformation mechanism and
stiffness degradation. Previous research indicates that the
rock damage variable has a linear relationship with equiva-
lent plastic strain, which can be expressed as an exponential
function of equivalent plastic strain [19]. tThe equivalent

plastic strain €, is calculated as

&= ? \/(spl - SPZ)Z + (epZ B sp3)2 + (893 B epl)z’ (1)

where ¢, denotes the first principal plastic strain; ¢, refers

€
P
to the secondary principal plastic strain; and ¢ is the third
principal plastic strain.
The evolution equation of the corresponding damage

variable D is as follows:
D=1-exp [-«x(¢" -&)], (2)

where the threshold of the equivalent plastic strain & =0,
namely, there is damage evolution when the equivalent plas-
tic strain occurs; k represents the positive constant obtained
in experiments.
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There are pores and microcracks in rocks. It can be
assumed that water and rock mass are incompressible mate-
rial under deep high seepage pressure condition, and the
weight of water is neglected, the surrounding rock seepage
field control equation is written as

V[-8K/(p,g)(Vp + p,gVz)] = 3qQ, (3)

where p; denotes the density of fluids; K is the permeability
of rock; Q, represents the source and sink of fluids; p is the
pore water pressure; and 8, and §q denote the flux and
source proportion coefficient, valued as 1.0.

The change in the porosity of rock under the effects of
different loads and the change in the seepage channel
induced by rock damage were jointly used to characterize
the change in the fluidity of fluids in rocks. On this basis, a
rock stress-seepage-damage multifield coupled constitutive
relationship was established [20]

K= K0(¢/¢0)3 exp (og.D), (4)

where K, denotes initial permeability of rock, ¢ represents
the porosity of the rock, ¢, is the initial porosity of the rock,
and «;, represents the coeflicient of influence of damage on
the permeability of solid media, which is set to 5.

The total stress of rock is jointly contributed by the effec-
tive stress borne by skeleton grains and pore water pressure.
The principle for the effective stress of porous media is
expressed as

oij* =0;;— ad;;p, (5)

where aij* is the effective stress tensor; 0 denotes the total

stress; o is the equivalent pore water pressure coefficient;
and §,; denotes the Kronecker symbol.

Hence, the constitutive relationship for the stress-strain
elastoplastic damage of surrounding rocks under a high
seepage pressure field is presented as follows:

ofj =C5: (sij — sf]), (6)

where ¢; is the total strain tensor, s{’] denotes the plastic

strain tensor, and CY represents the damage elasticity matrix.
In C;=2G,I + K, I®1,1 is a symmetric fourth-order tensor.
In I3y =1/2(8;6; + 6;6;), G, and K; represent shear mod-
ulus and volume modulus of damage, respectively, which
can be expressed by G, and K,.

2.2. Numerical Model of the North Tianshan Karst Tunnel.
The burial depth of a karst tunnel section for the North
Tianshan Tunnel is about 1000 m. The rocks surrounding
the tunnel are mainly composed of limestone mixed with
clastic rock, and the groundwater is karst fracture water.
The tunnel section studied is situated at the wing of the anti-
cline. There is a karst cave with a diameter of about 10 m and
a water pressure of 10 MPa located 10 m from the tunnel
boundary. The tunnel face is horseshoe-shaped with dimen-
sions of 9 m x 12 m. In the numerical calculation process, the
tunnel shape was simplified into a circle. Given that the
diameter of the tunnel face in practical engineering was set
to 10 m, as shown on the left, and the karst cave in its natural
state exhibits complex shapes, the shape of the karst cave
was also simplified into a circle with a diameter of 10m, as
illustrated in the right; the distance between the karst cave
and tunnel boundary was 10 m.

To analyze the coupled characteristics of damage to and
seepage of surrounding rocks in the tunnel blasting excava-
tion process, the modeling process did not consider the
effect of stress concentration in the karst cave on the damage
evolution of surrounding rocks and regarded the karst cave
that possesses mechanical properties of surrounding rocks
as the source of high-pressure water sources. The COMSOL
Multiphysics was used to establish a two-dimensional model
measuring 100m x 100m (width x height), as shown in
Figure 1.

The calculations are finished in two steps: in the first
step, static force calculations are conducted to derive the
geostress field and water pressure field prior to tunnel exca-
vation; in the second step, the geostress and water pressure
calculated in the first step are taken as initial values to per-
form the dynamic calculation of blasting excavation.

(1) Seepage boundary conditions

When calculating static stress, according to practical
engineering conditions and considering the karst cave bore
a large water pressure, its gravity gradient was neglected;
the water pressure of the karst cave was set to 10 MPa, the
water pressure on the external boundaries of the model
was set to 0.5MPa so as to simulate the surrounding flow
field, while dynamic stress arising from blasting excavation
was calculated by setting 0 MPa water pressure on the tunnel
boundary and other conditions keeping unchanged.

(2) Displacement and stress boundary conditions

Existing research on stress distribution in deep rocks of
China reveals that when the burial depth was 1000 m, verti-
cal geostress was about 20 MPa and horizontal geostress was
20MPa [21]. During the calculation of static stress, the
stresses on the right boundary and upper boundary of the
model were set to 20 MPa, while the normal displacements
on the left and bottom boundaries of the model were
restricted. When calculating the dynamic stress induced by
blasting excavation, the external boundary conditions were
unchanged, but the effect of blasting on surrounding rocks
was simulated using an equivalent loading mode on the
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FIGURE 1: Two-dimensional geometric model.
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TaBLE 1: Blasting parameters.
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tunnel boundary in the tunnel excavation section. The load
was simplified into a triangular load, and the equivalent load
can be calculated using the following equations [22, 23]:

B= 22 () (5)
2(7"" 1) db lb (8)
d

b
P,= 2Py,

where P is the peak load of the hole wall of the tunnel; p,
refers to the explosive density; D denotes the detonation
velocity of explosive; d. and I. represent the diameter and
length of the explosive package; d,, and [, refer to the diam-
eter and length of a blasting hole; y is the entropy of explo-
sive, which is set to 3; n denotes the pressure increment
coeflicient, valued as 8; P, represents the equivalent peak
load; and L is the distance between blasting holes. The blast-
ing parameters are shown in Table 1.

The equivalent peak load was calculated to be 50 MPa,
which was applied on the tunnel boundary. The blasting
load curve is shown in Figure 2.

The material parameters of saturated limestone sur-
rounding the karst section of the North Tianshan tunnel
were chosen, as listed in Table 2.

2.3. Tunnel Blasting Excavation-Induced Damage and Seep
Characteristics of Surrounding Rocks. Figure 3(a) displays
the nephogram of water pressure distribution on surround-
ing rocks before tunnel blasting excavation (the water pres-
sure on the boundary of the karst cave is 10 MPa). It can
be found that with the increasing distance between the karst
cave and the tunnel boundary, water pressure on the sur-

50 MPa

T T
2.3 ms 17 ms

FIGURE 2: Time history curve of explosion load.

rounding rock uniformly decreases. This causes uneven dis-
tribution of water pressure on the rocks surrounding the
tunnel: the water pressure on the surrounding rocks on the
right side of the tunnel near the karst cave is large, while
the water pressure on the surrounding rocks on the left side
which is far away from the karst cave is small.

The distribution of the surrounding rock damage in the
tunnel after stable excavation in the case of inconsistent
water pressures is presented in Figure 3(b). The range of
damage to surrounding rocks on the left side of the tunnel
is 1.83 m, while that of the right side of the tunnel is slightly
large, which is 2.23 m.

To compare the differences in the changes in the damage
of surrounding rocks on the left and right sides of the tun-
nels as well as the influence of water pressure on the damage
evolution, measurement point A in the right-side wall and
measurement point B in the left side wall of the tunnel were
monitored, as shown in Figure 1(b). On this basis, the time-
history curve of the damage variable of surrounding rocks,
and water pressure in the tunnel blasting excavation process
is plotted, as illustrated in Figure 4. The damage changes in
measurement points A and B implied that damage to sur-
rounding rocks mainly occurs at the moment that tunnel
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TaBLE 2: Rock material parameters.

Density  Elastic modulus Compressive strength Poisson Force of cohesion Angle of internal  Initial permeability Original

(kg/m3) (GPa) (MPa) ratio (MPa) friction (°) (m?) porosity

2600 40 102 0.22 5 50 10" 0.05
%107

0.9
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03
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0.1

(a) Water pressure distribution (unit: MPa)

0.3
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r0.2

F0.15

r0.1

0.05

(b) Damage distributions

FIGURE 3: Water pressure distribution of tunnel before excavation and damage of surrounding rock in the stable stage.

excavation beings. The damage variable time-history curve  rocks, which induces damage, namely, called blasting-
shows a step-like increase: the increasing stage in the first  induced damage; the damage at the second step occurs after
step is found to be the blasting load impacting stage, corre-  the impact of the blasting load is fulfilled. At this moment,
sponding to the peak stage of the load curve in Figure 2.  the tunnel excavation has been completed and forms a free
The blasting load exerts a huge impact on surrounding  face. The initial geostress on the tunnel profile section in
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F1GURE 5: Velocity field distribution of surrounding rock after excavation (unit: m/s).

the normal direction and the effect of impact extrusion
induced by blasting loads disappear instantly, namely, the
effect of transient unloading acts, which leads to secondary
damage to surrounding rocks. This consequently causes
the generation of the second step, which occurs after 17 ms
in the loading curve shown in Figure 2. Finally, the damage
variable (called unloading-induced damage) measured at
measurement point A is 0.22, while the damage variable at
measurement point B is 0.21. In other words, the damage
of surrounding rock is composed of two parts: explosion
load and transient unloading of ground stress and the
dynamic response caused by transient unloading always lags
behind the explosion load, which is consistent with the
research results of Lu et al. [24]. Measurement point A has

larger damage than measurement point B, which is because
A is subjected to a larger influence from the seepage field
compared with B in the blasting excavation process. As can
be seen from Figure 4, before blasting excavation, measure-
ment point A suffers a larger water pressure, which leads
the pore water pressure in rock mass to increase sharply in
the blasting excavation stage. This is conducive to the prop-
agation of cracks in rock masses, further causing damage to
surrounding rocks, while the peak water pressure of mea-
surement point A is higher than that of B at the blasting
excavation stage, thus resulting in larger damage.

Figure 5 displays the nephogram of the flow velocity field
distribution of surrounding rocks after excavation. Karst
water seeped into the surrounding zones of the karst cave;
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FIGURE 6: Damage of surrounding rock after excavation under different explosion loads.

however, due to the small distance between the right bound-
ary of the tunnel and the karst cave and the larger damage
caused by the coupled effects of blasting excavation and
seepage field, the cracks in rock masses develop, which pro-
vides more seepage channels. The curve in the figure is the
isoline at a flow velocity of 1 x 107> m/s. Karst water seepage
is mainly concentrated on the right boundary of the tunnel.

The process of crack initiation, propagation, and coalescence
in the surrounding rock caused by karst tunnel excavation
and finally forming a water inrush channel connecting the
water source and the roadway fracture surface is basically
consistent with the research results of Li et al. [25].

Based on the analysis aforementioned, the surrounding
rock damage in the karst tunnel excavation process consists
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FIGURE 7: Damage of surrounding rock under different explosion loads.

of blasting-induced damage and unloading-induced damage.
After the blasting excavation, the water pressure on the karst
cave and damage state of the surrounding rocks of the tunnel
also influence the distribution of the seepage field in the
surrounding rocks after excavation. Furthermore, blasting
load, geostress, and water pressure can directly affect the
distribution of the surrounding rock damage. To expound
the blasting excavation-induced damage and seepage charac-
teristics of surrounding rocks in the tunnel under multifield
coupled effects, the interactive relationship of damage field
and seepage field was studied by adjusting the values of the
influencing factors including blasting load, geostress, and
water pressure on the karst cave.

3. Influencing Factors of the Damage and
Seepage Characteristics of
Surrounding Rocks

3.1. Influence of Blasting Load. As the blasting load directly
acts on the excavation boundary during the tunnel blasting
excavation process, the explosive loading degree can exert a
direct influence on the degree of damage to surrounding
rocks. The damage characteristics of surrounding rocks
under different explosive loads (40, 45, 50, 55, and 60 MPa)
and the relationship between the damage of surrounding
rocks and the seepage field were investigated. Figure 6 dis-
plays the nephogram of damage of surrounding rocks after
excavation under different explosive loads. With the increase
of explosive peak load, the damage to surrounding rocks
intensifies, and cracks are therefore more developed, which
promotes the flow of high-pressure water in surrounding
rocks. Under the effect of water pressure, the damage to sur-
rounding rocks further increases, which makes the range of
the damage zone of surrounding rocks at the right-side wall

gradually exceed that at the left-side wall. The damage zone
protrudes to the right.

In addition, changes in the damage variable at measure-
ment point A and the maximum damage range of surround-
ing rocks on the right side of the tunnel can be used to
characterize the influence of varying explosive loads, as
shown in Figure 7. As illustrated in the figure, the total dam-
age variable at measurement point A shows an approxi-
mately linear increase with increasing explosive load; the
larger the explosive load, the larger the blasting-induced
damage and unloading-induced damage. The damage range
presents an accelerating increase.

The change in the seepage zone with a flow velocity
above 1x 107 m/s can be intuitively describe by the flow
velocity field distribution, denoted as “seepage zone A”,
which is shown as the zone surrounded by isoline in
Figure 8.

As the explosive load ingresses, the ranges of the tunnel
and the seepage zone A located near the karst cave both
show increasing enlargement and tend to coalesce; when
the explosive load reaches 60 MPa, the right and left sides
of seepage zone A coalesce. Figure 9 depicts the changes in
flow velocity at measurement point A after excavation under
different explosive loads. The explosive load increases from
40 MPa to 60 MPa. The flow velocity at measurement point
A increases from 1.26 x 107> m/s to 1.39 x 107> m/s, present-
ing an increasing amplitude.

3.2. Influence of Geostress. The presence of the gravity effect
of upper strata endows deeply buried rock mass with a larger
initial geostress, which coupled with the effect of transient
unloading induced by tunnel excavation to further triggers
changes in the damage field and seepage field of surrounding
rocks. Through establishing tunnel excavation models under
different geostress conditions (10 MPa, 15MPa, 20 MPa,
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(d) 55 MPa

x107*

F1GURE 8: Velocity distribution after excavation of different explosion loads (unit: m/s).

25MPa, and 30MPa), the influences of geostress on the
damage field and seepage field of surrounding rocks after
tunnel excavation were estimated.

Figure 10 presents the nephogram of damage for sur-
rounding rocks after blasting excavation under different
geostress conditions. When geostress is too small, the dam-
age zone protrudes towards the karst cave, while with the
enhancement of geostress, surrounding rocks are located in
a more compact state, and crack closure of surrounding rocks
appears. Seepage pressure exerts a smaller effect compared
with geostress, so the joint effect of damage and seepage
reduces. The damage zone tends to be annularly distributed.

As shown in Figure 11, the change in geostress leads to
obvious changes in the range of the damage zone and dam-
age degree. The relationship between geostress, the range of
the damage zone, and the damage degree can be character-
ized by the changes in the damage variable at measurement
point A and the maximum damage range at the right side of
the tunnel, as displayed in Figure 11. With the increase in

-3
15 x10

x

y=1.14x 107 +1.225 x 107, 189

R?*=0.99 \

1.4 +

1.3

The velocity of A point (m/s)

12 . . . . . . . . .
Peak explosion load (MPa)

F1GURE 9: The relationship between the velocity change of point A
and the explosion load.
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FiGure 10: Distribution of surrounding rock damage after excavation under different geostress.

geostress, blasting-induced damage diminishes gradually,
while unloading-induced damage increases little by little.
When geostress is above 20 MPa, unloading-induced dam-
age is higher than blasting-induced damage. In the process
that geostress is increasing to 25MPa, total damage, and
damage range keep continues to increase. As geostress
increases from 25 MPa to 30 MPa, total damage, and damage
range show a small amplitude of increase.

Figure 12 demonstrates the nephogram of the flow veloc-
ity distribution after excavation under different geostresses.
When geostress is too small, seepage zone A realizes the
coalescences between the karst cave and the tunnel from left
to right. With the increase of geostress, the range of seepage
zone A continues to shrink. When geostress reaches
20 MPa, the left-to-right coalescence of seepage zone A is
broken off. In the case that geostress increases from 25 MPa
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to 30 MPa, the range of seepage zone A begins to enlarge in a
small amplitude.

Figure 13 exhibits the change in flow velocity at measure-
ment point A of the tunnel after excavation under various
geostresses. As geostress increases from 10 MPa to 25 MPa,
the flow velocity at the right-side wall of the tunnel decreases
from 1.70x 107 m/s to 1.30x 107> m/s; when geostress
increases to 30 MPa, the flow velocity again increases to
1.31 107> m/s.

3.3. Influence of Water Pressure on the Karst Cave. Different
water pressures of the karst cave are prone to cause differ-
ences in seepage pressures of surrounding rocks. This affects
both the damage and crack opening processes of surround-
ing rocks during the tunnel excavation process, finally
influencing the seepage field distribution of surrounding
rocks. By establishing the tunnel excavation models under
different water pressures (0 MPa, 5MPa, 10 MPa, 15MPa,
and 20 MPa) of the karst cave, the influences of the water
pressure in the karst cave on damage field and seepage field
distribution of surrounding rocks after excavation were
investigated.

Figure 14 demonstrates the nephogram of the surround-
ing rock damage after excavation under different water pres-
sures in the karst cave. When the water pressure in the karst
cave is 0 MPa, the seepage conditions surrounding the left
and right sides of the tunnel are the same, and the damage
zone of surrounding rocks is shown to be annularly distrib-
uted; however, with the increase in the water pressure of the
karst cave, the damage zone protrudes to the right side. This
is because, with the increasing water pressure of the karst
cave, the surrounding rocks at the right-side wall of the tun-

nel suffer the increasing effect of high seepage pressure,
which promotes the openness and development of cracks
on surrounding rocks. As a result, large damage occurs to
surrounding rocks. The range and degree of the damage of
surrounding rocks at the boundary of the tunnel increase
with rising water pressure of the karst cave.

The relationship between the water pressure in the karst
cave, the range, and the degree of damage can be character-
ized by the changes in the damage variable at measurement
point A and the maximum damage range at the right side of
the tunnel, as shown in Figure 15. Increasing water pressure
in the karst cave can intensify blasting-induced damage and
reduce unloading-induced damage. Its effect on the blasting-
induced damage is shown to be larger, making the total
damage at measurement point A, and the damage range of
surrounding rocks larger.

Figure 16 is the nephogram of the flow velocity distribu-
tion after excavation under different water pressures in the
karst cave. When the water pressure in the karst cave is
small, there is no obvious seepage phenomenon in the sur-
rounding rocks. As the water pressure reaches 10 MPa, seep-
age zone A appears, and its range rapidly enlarges with a
small increase of the water pressure. When the water pres-
sure lives up to 15MPa, seepage zone A between the karst
cave and the tunnel coalesces.

Figure 17 shows the change in flow velocity at measure-
ment point A after excavation under different water pres-
sures in the karst cave. When the water pressure in the
karst cave increases from 0 MPa to 20 MPa, the flow velocity
at measurement point A nearly increases from 0 to 3.1 x
107° m/s; the flow velocity exhibits an approximately linear
increase with water pressure.
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3.4. Interactive Relationship between the Damage Field and
Seepage Field. The analysis aforementioned has demon-
strated the damage field and seepage field distribution char-
acteristics of surrounding rocks after blasting excavation
under different explosive loads, geostresses, and water pres-
sures in the karst cave. The analysis results indicate that
water pressure has an important effect on the damage distri-
bution of surrounding rocks during the excavation process.
Meanwhile, the blasting excavation process can cause a
change in pore water pressure and thus affect the distribu-
tion of the damage field. The damage effect will further lead
the surrounding rock cracks to develop, inducing expansion
of the seepage channels, and consequently changing the flow
velocity in surrounding rocks. The relationship between the
damage at measurement point A (and the damage range on
the right sides of the tunnel) and flow velocity is shown in
Figure 18.
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The calculation results under different explosive loads
and geostresses indicate that the increases in the range and
degree of damage can increase the flow velocity in surround-
ing rocks. Under varying water pressures, according to
Darcy’s law, increasing water pressure in the karst cave can
directly increase the flow velocity of surrounding rocks

around the tunnel and cause increasing damage while indi-
rectly inducing rising flow velocity. Meanwhile, according
to Bernoulli’s equation, changes in the flow velocity of sur-
rounding rocks also cause a change in water pressure, which
further affects the damage field distribution. Such a complex
coupled effect leads to the formation of a seepage field and



Geofluids

0.35 4.5

0.21 - 2.7

\

Total damage variable
©
Maximum damage range (m)

0.14

0.07 - 0.9

0.00 T T T T T T T T T T T 0.0

Seepage pressures (MPa)

—— Total damage variable

—@— Damage variable caused by blasting
—A— Damage variable caused by unloading
[ JMaximum damage range

Fi1GURE 15: Damage of excavation surrounding rock under different water pressure of karst cave.

%1074
30

25

(a) 0 MPa (b) 5 MPa

X107

(c) 10 MPa (d) 15 MPa

x107*
30

25

20

i

/
et

(e) 20 MPa

FIGURE 16: Velocity distribution of different karst caves after water pressure excavation (unit: m/s).



Geofluids

15

R=0.99

The velocity of point A /(m/s)

y=1.489 x 107 x - 7.146 x 107

)

15 20

Seepage pressures (MPa)

FiGure 17: The relationship between the velocity change of point A and water pressure of karst cave.

3.0x107 A

25%107

20x107 4

1.5%x 107

Flow velocity /(m/s)

1.0%x 107

50x10" o

0.0

T T T T
0.10 0.15 0.20 0.25 0.30 0.35

Damage variable

—— Different explosion loads
—®— Different geostress
—&— Different water pressure

(a) Damage variable

Flow velocity /(m/s)

3.0x107 2

25x107

20x107

1.5% 107 7

1.0x 107

50x107

0.0 T T T T T T T
1.0 15 2.0 25 3.0 3.5 4.0 45 5.0

Maximum damage range (m)

—— Different explosion loads
—@— Different geostress
—#— Different water pressure

(b) Maximum damage range

F1GURE 18: Relation curve between velocity and damage of measuring point A.

damages the field distribution of surrounding rocks after
excavation.

4. Conclusion

This research took the blasting excavation of a deeply buried
karst tunnel in the North Tianshan Mountains in China as
research object. On this basis, a multifield coupled model
for blasting excavation in the deeply buried rock tunnel
was established to explore the damage induced by blasting
excavation in the karst tunnel and the seepage characteristics
of surrounding rocks under high geostress. The conclusion
can be drawn as follows:

(1) Damage of surrounding rocks is attributed to the joint

effects of blasting impact and transient unloading of
geostress. The damage variable time-history curve
shows a step-like increase: the increasing stage in the
first step is found to be the blasting load impacting
stage (blasting damage stage); the damage at the sec-
ond step occurs after the impact of blasting load is ful-
filled (unloading damage stage). The increase of
geostress can weaken the blasting-induced effect on
rock mass while enhancing the unloading-induced
damage to rock mass; when geostress is above
20 MPa, unloading-induced damage is higher than
blasting-induced damage; the increases in water pres-
sure of karst caves can reduce unloading-induced
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damage to rock while strengthening blasting-induced
damage to rock

(2) The increases in blasting load and water pressure of
karst caves are prone to cause increases in the degree
and range of damage to surrounding rocks, while
also leading to the increasing flow velocity of karst
water between the tunnel and the karst cave; when
geostress is below 25MPa, the increasing geostress
will decrease the damage to surrounding rocks after
blasting excavation and the overall water flow veloc-
ity of karst water; however, when geostress exceeds
25 MPa, the enhancement of geostress can increase
the surrounding rock damage and the overall water
velocity of karst water

(3) In the blasting excavation process of the deeply-
buried karst tunnel, there is a strong damage and
seepage coupled effect. With further increases in
the degree of damage to surrounding rocks and
water pressure of karst caves, the coupled effect is
enhanced gradually. Meanwhile, the right side (adja-
cent to the karst cave) of the tunnel exhibits a larger
degree and range of damage to surrounding rocks
compared with that of the left side. The damage zone
protrudes to the right, leading to a greater water flow
velocity of surrounding rocks after excavation, and
the flow velocity increases nearly linearly with the
increase of water pressure. In addition, there is a pos-
itive correlation between the damage field and seep-
age field of the surrounding rock under blasting
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As the central flow channel for fluid seepage through rock layers, the visible fracture system (VES) significantly affects geoenergy
extraction for petroleum, natural gas, geothermal resources, and greenhouse gas sequestration. In this work, we propose a new
mode of VES in coal seams, including hydraulic fractures, exogenetic fractures, interlayer fractures, gas-expanding fractures,
and cleats. The development characteristics of VFSs in coal seams are analyzed, including containing their geometry,
orientation, scale, distribution, and connection between each other. Furthermore, the implications of the VFS for fluid (gas and
water) and solid (coal fines) flow through coal seams are discussed. The development of the VFS determines the effective flow
conductivity, affecting the flow of gas, water, and coal fines. Additionally, as the reservoir pressure transfer channel, the VFS
significantly influences depressurization with reservoir depletion, determining the extension of the methane desorption range.
The exogenetic fractures and interlayer fractures dominate the expansion of the primary hydraulic fractures, and gas-
expanding and cleats usually control the branch of hydraulic fractures. Furthermore, we find that the daily production rate
distribution of most CBM wells presents a particular banded, L-shaped, or T-shaped pattern. It is thought that the VES
dominates the productivity of CBM in coal seams. The field production data also provide evidence that the occurrence of the
VES makes the CBM reservoir heterogeneous. This study presents a recommended framework involving the characteristics of

the VFS and its influences on CBM production.

1. Introduction

Coal seams are typically fractured reservoirs. The fracture
system provides the central flow channels for fluid migration
through rock layers, affecting geoenergy extraction for petro-
leum, natural gas, geothermal resources, and greenhouse gas
sequestration [1]. More than 80% of coalbed methane
(CBM) exists in the coal matrix pores in an adsorption state.
By extracting the formation water from coal seams, the fluid
pressure decreases to the critical desorption pressure. The
adsorbed methane in the coal matrix pores releases and
diffuses to the fracture network system and flows to the well-
bore [2-4]. The visible fracture system (VES) in coal seams
provides the channels for CBM flow and plays an essential
role in CBM production [5]. Therefore, it is of great signifi-

cance for the efficient extraction of CBM to study the
characteristics and implications of the VFS on the CBM
seepage [6-8].

Along with the exploration and development of CBM,
researchers have intensively studied natural fracture systems
in coal seams in the last 30 years. The endogenetic fractures
in CBM reservoirs, called cleats, including face cleats and
butt cleats, are widely used in coal reservoir evaluation.
The two cleats are nearly perpendicular to each other and
perpendicular to the stratification of coal seams. Compared
to butt cleats, face cleats are more developed and more con-
tinuous [9, 10]. The natural fracture system in some coal
seams is complicated because of the complex tectonism, var-
ious tectonic periods, and intense deformation. Various nat-
ural fractures exist in these coal seams [11, 12]. Therefore,
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the cleats used to describe the natural fracture system in coal
seams are limited and cannot accurately represent the occur-
rence of fractures. Some researchers have investigated and
proposed fracture categories based on the geological condi-
tions of China. According to the generation and develop-
ment characteristics of the fractures, fractures in coal
seams can be divided into four levels: large fractures,
medium fractures, minor fractures, and microfractures, as
shown in Figure 1 [13]. Large and medium fractures are
equivalent to exogenetic joints and are the product of the
deformation of coal seams. They can develop in any position
in coal seams, and the height is several meters. Minor frac-
tures usually intersect with stratification at high angles,
extending from several millimeters to several centimeters.
Microfractures often develop in vitrain coal and bright coal,
and the height is generally several millimeters to several
centimeters.

Coal seam fractures can also be divided into horizontal
fractures, vertical fractures, and oblique fractures with an
angle to the coalbed, depending on the relationship between
the exogenetic fractures and the stratification [14]. The
inherited fractures are the retransformation of the previously
formed cleats, with the mixed properties of cleats and exoge-
netic fractures, and belong to the transitional type. Wang
et al. [15] proposed a mode of VES based on field investiga-
tions in the Ordos Basin and Qinshui Basin, North China.
The VFS includes exogenetic fractures, gas-expanding frac-
tures, and cleats. Within the VFS, significant differences in
both the geometry and spatial distribution are observed.

The VES in coal seams controls the permeability of coal
seams, which has significant implications for CBM produc-
tion [8]. For example, the VFS in coal seams plays a substan-
tial role in the design and effect of directional horizontal
wells [16, 17]. The developed structural fracture system in
coal seams with high connectivity has high permeability,
high reservoir pressure transmission efficiency, and high
productivity [18]. The heterogeneity of coal seams caused
by the VES controlled by stress is an essential factor affecting
the productivity of CBM wells. The development degree and
opening of natural fractures maintain heterogeneity in the
permeability [19-21]. The development characteristics of
macroscopic fractures in coal seams differ in different coal
body structures. Although the number and density of frac-
tures in severely broken coal are large, the fracture connec-
tivity becomes extremely poor due to tectonism, which
cannot contribute to the production of CBM [22]. Therefore,
fracture development is an important reason why tectoni-
cally deformed coal cannot contribute to CBM production
[23]. Although previous researchers have studied the devel-
opment characteristics of VFSs with many achievements,
they have not yet constructed a geological model of natural
VESs closely related to CBM development [24]. Therefore,
it is necessary to closely combine CBM development and
VESs to perform further studies.

The purpose of this work is to investigate the character-
istics of a new mode of VES and its significant implications
for CBM production. The VES is proposed depending on
in situ observations in the subsurface coal mines and field
tests. The VES is divided into subclasses, and the develop-
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FiGure 1: Classification of coal seam fractures [13].

ment characteristics are analyzed based on the field investi-
gations. Then, the implications of the VFS for CBM
production are discussed. This study is aimed at providing
necessary theoretical guidance for exploring and developing
CBM resources and coal mine gas extraction.

2. A New Mode of VFS in Coal Seams

The subsurface in situ observations of coal seams in coal
mines show that coal seams generally develop VFSs. The
VES can be identified by the naked eye, including exogenetic
fractures, interlayer fractures, gas-expanding fractures, and
cleats. Through in situ observations of coal seams, the devel-
opment characteristics of VESs are as follows.

2.1. Hydraulic Fractures. Understanding the fracture geome-
try, scale, and distribution of hydraulic fracturing can pro-
vide a reference for evaluating the hydraulic fracturing
effect of CBM wells and optimizing the target fracturing
zone and fracturing process.

In situ observation of the hydraulic fractures exposed in
the coal mining process is employed to understand the
occurrence of hydraulic fractures in coal seams. The results
show that there are three types of hydraulic fractures in
CBM reservoirs, namely, vertical fractures, horizontal frac-
tures, and T-type fractures (Figure 1). The fracture length
is generally from 10 to 30m, and the height varies from
2m to 5m [22]. The width is usually less than 10cm. In
addition, the surfaces of vertical hydraulic fractures are
rough and uneven. However, the surfaces of horizontal
hydraulic fractures are smooth and flat.

In addition, most hydraulic fractures are only developed
in undeformed coal and cataclastic coal and are rarely dis-
tributed in fragmented coal and mylonitic coal [25-27].
For undeformed coal seams, hydraulic fractures have a large
scale, but the number of fractures is small. However, in tec-
tonically deformed coal, the number of hydraulic fractures is
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FIGURE 2: Exogenetic fractures in coal seams in the southern Qinshui Basin (revised from [15]).

greater than that in undeformed coal, but the size of the frac-
tures is smaller.

2.2. Exogenetic Fractures. Exogenetic fractures are formed by
tectonic stress action on coal seams, and their occurrence is
usually matched with high-level faults or folds. This kind of
fracture exists widely in coal seams. They intersect with the
stratifications at various angles, and their occurrence gener-
ally agrees with the direction of nearby faults. Exogenetic
fractures can develop in any part of coal seams [28]. The sur-
faces of exogenetic fractures usually have uneven sliding
traces, mostly displaying feathery, wavy but also relatively
smooth features. Fillings such as multistage limestone and
clay minerals are often found in exogenetic fractures, which
explains why these fractures are the main channels for inter-
nal and external fluid exchange. Based on in situ observa-
tions in coal mines, the distribution characteristics of
exogenetic fractures in coal seams are shown in Figure 2.

2.3. Interlayer Fractures. As the sedimentary environment
changes in the coal formation process, several gangue layers
usually develop within coal seams. The thickness of each
gangue is generally not more than 10 centimeters, and the
distribution along coal seams is stable. Because of the signif-
icant difference in rock lithology between gangue and coal,
the interface between gangue and coal can form a weak
cohesive zone, which can develop interlayer fractures. Addi-
tionally, interlayer fractures also exist along the stratification
within coal seams. False roofs can develop between the coal
seam and roof, which are generally carbonaceous shale with
a thickness of tens of centimeters. Due to the low mechanical
strength of false roofs, interlayer fractures can be distributed
in the false roofs. In the coal mining process, coal easily falls
off along the interlayer, which also demonstrates that the
existence of interlayer fractures makes the coal seam adhe-
sion very weak.

2.4. Gas-Expanding Fractures. The morphology and scale of
gas-expanding fractures are similar to those of exogenetic
fractures, while the occurrence and surface pattern are very
similar to those of cleats. Preliminary studies have shown

that these kinds of fractures are tensile and formed by the
outward expansion of fluids during CBM formation. Gas-
expanding fractures significantly influence the rock physical
properties of coal seams and have symbolic significance for
the formation, enrichment, and preservation of CBM reser-
voirs. Gas-expanding fractures are usually seen in bright
and semibright coal. The height is generally between several
centimeters and tens of centimeters but is not developed or
poorly developed in dull coal (Figure 3).

2.5. Cleats. Cleats in coal seams are also termed endogenetic
fractures. There are apparent equal or nearly equal distances
among cleats (Figure 3). Cleats are perpendicular to the bed-
ding plane, with a flat surface pattern, and sometimes are
filled with minerals. Cleats are formed by the internal tension
caused by the changes in the internal structure and uniform
shrinkage of the gelation material influenced by the variations
in the temperature and pressure in coal during coalification.
Therefore, the development of cleats is mainly restricted in
vitrain coal, and cleats are commonly distributed in bright coal
and semibright coal. The cleats in middle-rank coal are the
most developed, with 30 to 40 cleats within 5 centimeters,
sometimes up to 50 or 60. Cleats are usually not developed
in low- and high-rank coal, generally less than 15 within 5
centimeters.

The categories and characteristics of the VFS in coal
seams are listed in Table 1.

3. Discussion on the Implications of the VFS for
CBM Production

3.1. Flow Channels of CBM, Formation Water, and Coal
Fines. The development characteristics of VESs significantly
determine the difficulty of CBM seepage within reservoirs.
VESs with high density, good connectivity, large width,
and long extension distance are more conducive to the seep-
age and output of gas and formation water. Large amounts
of fractures are developed in tectonically deformed coal
because of the intense stress action. However, the mechani-
cal properties of tectonically deformed coal are sharply
weakened due to damage to the coal body. The fractures
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are short and narrow and are filled with many carbonate
rocks or clay minerals. Effective fractures that widely com-
municate with the wellbore are challenging to form. These
unconnected fractures in tectonically deformed coal can hin-
der the seepage of coal seam fluids, which restricts the pro-
duction volume of CBM wells. Therefore, although the
VES is developed in tectonically deformed coal, the flow
conductivity is not strong.

The VEFS is also the main channel of coal fine migration
during CBM production. The precondition that coal fines
migrate into the wellbore is that the fractures have good con-
nectivity. The coal fines produced by CBM wells mainly
come from the primary coal fines [31, 32]. There are two
main occurrence places. One is in the stratification above
the soft coalbed, and the other is in the fracture system con-
nected with the tectonic coal inside the coal body. Most coal
fines move into the wellbore through the VES, with a small
amount entering the wellbore directly [33]. Due to the tortu-
ous characteristics of the VFS, the coal fines produced by
vertical wells are from the fractures near the wellbore and
the fracture channel. Whether there is a soft coalbed around
the wellbore is crucial in creating coal fines. The coal fines

are relatively developed and quickly produced if they pass
through the tectonism-developed zone. For horizontal
CBM wells, the migration channel of coal fines mainly
depends on the horizontal borehole. Suppose they pass
through the nearly vertical tectonism-broken area. In that
case, the horizontal well can directly collapse and expand
the hole, and the coal fines are relatively easy to separate
and migrate through the horizontal well [17]. If the soft
coalbed is located above the horizontal branch of the hori-
zontal CBM wells, the horizontal borehole easily collapses,
which will also cause the output of coal fines [34, 35]. There-
fore, CBM horizontal wells produced more coal fines than
CBM vertical wells.

3.2. Determination of the Reservoir Permeability and
Transmission of the Reservoir Pressure and Gas Desorption
Range. Permeability represents the conductivity of CBM res-
ervoirs. Effective permeability is conducive to the output of
CBM. The effective permeability of CBM reservoirs is deter-
mined by the development degree of the VES in coal seams.
As unconventional natural gas, CBM reservoirs generally
have low permeability. Reservoir permeability is generally
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obtained by testing coal seam samples in the laboratory.
However, the sample permeability has difficulty reflecting
the effective permeability of CBM reservoirs, as the labora-
tory conditions dramatically differ from the actual geological
conditions. For areas with in situ observation conditions,
coal seam permeability can be directly analyzed by observa-
tion and measurement. The relationship between the sur-
rounding rock and VES in coal seams can be obtained
through surface structural joint mapping if the VFS cannot
be directly observed. The development characteristics and
permeability of the VFS in coal seams can also be ana-
lyzed [36].

In addition, the permeability of the VES will change with
the output of CBM. In the dewatering stage and gas-water
two-phase flow stage, the fluid pressure in the VES
decreases. The fractures are gradually closed under effective
stress, and the coal seam permeability is decreased [37-39].
In the stable gas production stage and declining gas produc-
tion stage, due to the matrix shrinkage effect, the fracture
width and coal seam permeability both increase [40-42].

In the process of reservoir depletion, the VES in coal
seams provides spaces for pressure transmission. Therefore,
the development of the VES, mainly hydraulic fractures and
exogenetic fractures, significantly impacts the depressurization
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range. The coal seam pressure drop is propagated along the
VES and changes in the temporal and spatial dimensions.

In CBM production, the basic transmission modes of the
reservoir pressure include water transfer and gas transfer
[43]. In the early dewatering stage, the produced water
mainly comes from hydraulic fractures and exogenetic frac-
tures (Figure 4(a)), where water transmission mainly occurs.
Due to the high permeability of the VFS in coal seams and
the rapid pressure drop, this stage is generally short. At the
gas-water two-phase flow stage, the water production rate
gradually decreases while the gas production rate gradually
increases. Therefore, the water transmission in the VFS is
slowly weakened, and the gas transmission is slowly
enhanced. In the stable gas production stage, the pressure
transmission in the VFS is almost entirely contributed by
gas transmission rather than water transmission.

With the decreased reservoir pressure, the methane in
the coal matrix desorbs continuously, and the gas desorption
range gradually expands around the VES, as shown in
Figure 4(b). The range and degree of reservoir pressure
transmission in CBM production determine the gas desorp-
tion range of CBM. Therefore, the geometry, scale, and strike
of the VES in the coal seam significantly affect the distribu-
tion of the gas desorption range.

3.3. Interaction between Hydraulic Fractures and the Natural
VFS. The underground observations show that the vertical
fracture orientation is generally consistent with the VES.
For example, the direction of the exogenetic fractures in
the Sihe and Chengzhuang coal mines, North China, is
NEE and NWW, as shown in Figure 5. This indicates that
the orientation of vertical hydraulic fractures is consistent
with that of the principal stress in this area, which is NEE
and NWW. As the regional tectonic stress controls the
development of the exogenetic fracture system, the orienta-
tion of hydraulic fractures is also generally consistent with
that of the regional tectonic stress [44]. In addition, the
underground observation of hydraulic fractures shows that
the horizontal hydraulic fractures mainly extend along the
interlayer fractures of the VFS in coal seams [45]. In our
opinion, the fracturing fluids injected into the formation
preferentially extend along the exogenetic fractures and
interlayer fractures due to the weak cementing strength in
these fractures [46, 47]. Therefore, our field observations
and field test results can explain this phenomenon.

The exogenetic fractures and interlayer fractures signifi-
cantly affect the expansion of the central hydraulic fractures,
and the gas-expanding fractures and cleats usually control
the branch of hydraulic fractures (Figure 4). In addition, if
the gas-expanding fractures and cleats are very developed,
fracturing fluids could leak off, and high fluid pressure is
lost. This is why fracturing fluids easily leak off during frac-
turing in the coal seam. Furthermore, the scale of hydraulic
fracture propagation is significantly limited, and the stimula-
tion effect is obviously reduced.

3.4. Influences on the Productivity Distribution of CBM
Wells. The VES in coal seams largely determines the hetero-
geneity of CBM reservoirs [48, 49]. To understand the rela-
tionship between VES development and the productivity of
gas wells, the distribution characteristics of CBM well pro-
ductivity are investigated. The study area is located in the
Jincheng mining area, the southern Qinshui Basin, North
China. Coal seams in the study area are nearly horizontal.
The thickness of the coal seam is large with an average value
of more than 5m. The burial depth of the coal seam is less
than 800 m. In the study area, the VES is developed, espe-
cially the large exogenous fractures and gas-expanding frac-
tures. There are hundreds of typical CBM production wells
located in this area, which provide abundant production
data for the research of productivity distribution.

The maximum daily gas production is one of the crucial
parameters to characterize the productivity of CBM wells. In
addition, the total gas production volume and average gas
production volume are difficult to obtain, as the production
time and the production stage of these CBM wells differ.
Therefore, the parameter of maximum gas production was
employed for the statistical analysis. Our study indicates that
the maximum daily gas production of CBM wells has pro-
nounced directivity, with a bounded-type, L-type, and T-
type pattern (Figure 6). We find that the maximum daily
production of adjacent wells usually differs. Furthermore,
for any development area, no more than five adjacent wells
will have close maximum daily gas production. Therefore,
the direction of the maximum daily production distribution
of wells is closely related to the development of the VFS.

We think that the types of productivity distribution of
CBM wells are closely related to the geometry, scale, and ori-
entation of VFSs with different levels. The maximum daily
production distribution of a bounded-type CBM well is
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determined by the dominant direction of the hydraulic frac-
tures and exogenetic fractures. The distribution of the max-
imum daily gas production in a T-type CBM well shows that
two large-scale fractures are developed and well connected
(Figure 6(b)), such as exogenetic fractures. The distribution

daily production of a few CBM wells is significantly different
from that of the surrounding gas wells, which means that the
wellbore does not communicate with a large-scale VES.
Therefore, drilling holes should be arranged in areas
where the VFS develops, leading to good connectivity. More-

of the maximum daily gas production in an L-type CBM
well shows that gas-expanding fractures are connected in
two directions (Figure 6(a)) [50]. In addition, the maximum

over, where there are CBM wells, infill wells enhancing gas
production should be arranged in the VES along with nearby
high-yield gas wells.



4. Conclusions

According to the in situ observations and field tests, a new
mode of VFS is proposed. Furthermore, the development
characteristics of the VFS and its influences on CBM pro-
duction are discussed. The main achievements in this work
are as follows.

Depending on the geometry, orientation, scale, distribu-
tion, and connectivity characteristics, the VFS in coal seams
can be divided into five subclasses, including hydraulic
fractures, exogenetic fractures, interlayer fractures, gas-
expanding fractures, and cleats. The VES provides the chan-
nel for the migration of CBM, formation water, and coal
fines. It determines the flow conductivity of reservoirs and
controls the propagation of the reservoir pressure and the
gas desorption range. The propagation of hydraulic fractures
is affected by the development of exogenous fractures. We
find that the exogenetic fractures and interlayer fractures
dominate the expansion of the central hydraulic fractures,
and gas-expanding fractures and cleats usually control the
branch of hydraulic fractures. The VES influences the produc-
tivity distribution for CBM wells, with a banded, L-shaped, or
T-shaped pattern. This indicates that the development of the
VES shows the strong heterogeneity of coal seams.

This study presents a theoretical foundation for under-
standing the development characteristics of artificial and
natural fractures in coal seams and their influences on gas
flow. Furthermore, our work guides the selection of favor-
able CBM blocks and CBM exploitation.
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Locked segment-dominated landslides initiate when locked segments are sufficiently damaged to be unlocked. The evolution of
such slopes toward instability displays either an exponentially or stepwise accelerated displacement pattern, but the underlying
mechanisms of these patterns are elusive. We show that the displacement pattern is governed by mechanical synergy
(resistance homogenization) between the ruptured locked segment and the transfixion segment. Using a mechanical model, we
demonstrate that rapid and slow resistance homogenizations, which depend mainly on the brittleness of locked segments,
cause two unlocking-induced startup mechanisms that lead to loss of slope stability: one occurring at the peak-stress points
and the other at the residual-strength points of the locked segments. Accordingly, the evolution toward instability exhibits one
of the two abovementioned patterns. External factors, such as rainwater, can deteriorate the strength of geomaterials but hardly
alter the inherent mechanical rules that a locked segment adheres to. These findings provide insights into the mechanism of

locked segment-dominated landslides and pave the way for reliably predicting their occurrence.

1. Introduction

Many slopes worldwide are stabilized by locked segments,
i.e., geological structures with high bearing capacity (deter-
mined by scale and strength) along potential slip surfaces
[1, 2]. Such a slope becomes unstable only when a locked
segment becomes unlocked (fails). Rock bridges [3] are the
most common locked segments in rock slopes [4-6]. An
example is the Yanchihe slope in Hubei, China (E117.298°,
N31.208°, Figure 1(a), [7]). Locked segments also exist in
Quaternary sedimentary slopes such as the Longxi slope
(E100.883°, N36.102°, Figure 1(b), [8]) in the Longyangxia
Reservoir area on the Yellow River.

Gradual damage of locked segments can cause growing
displacement of the corresponding slopes. Therefore, a
roughly unified displacement pattern is expected, and the
quite different displacement patterns of the Yanchihe and
Longxi slopes as they evolved toward instability are difficult

to explain. The Yanchihe slope displaced with an exponen-
tially accelerated trend (Figure 2(a), [7]), whereas the accel-
eration displacement of the Longxi slope was suspended and
then resumed, thus exhibiting a stepwise accelerated curve
(Figure 2(b), [8]). As both patterns are widely observed in
locked segment-dominated landslides, uncovering their
corresponding mechanisms is crucial for reliable landslide
prediction. If the formations of these patterns remain elu-
sive, then whether displacement acceleration of a locked
segment-dominated slope indicates a forthcoming landslide
cannot be correctly prejudged.

The transfixion of slip surfaces is either progressive or
instantaneous, depending on the physical properties of
materials on the slip surfaces [9, 10]. Accelerated cracking
of a locked segment can result in an exponentially acceler-
ated displacement curve [11] but cannot explain a stepwise
accelerated curve. A stepwise accelerated displacement pat-
tern is usually assumed to be derived from the pore-water
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F1GURE 1: Geological profiles of the (a) Yanchihe [7] and (b) Longxi slopes [8], and (c) typical formation and failure processes of a locked
segment. Step 1: a bottom slip surface develops or preexists. Step 2: tension cracks form a macrofissure with slope deformation, where the
intact part between the fissure and bottom slip surface serves as a locked segment. Step 3: the locked segment becomes unlocked and

landslide occurs.
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FIGURE 2: Displacement-time curves of the (a) Yanchihe [7] and (b) Longxi slopes [8]. The blue bars are the rainfall amounts.

pressure growth and strength degradation of geomaterials
along a potential slip surface due to heavy rainfall [12].
However, the behavior of the Longxi slope contradicted this
assumption because its displacement remained nearly
unchanged under the heavy rainfall in July 1983, but sub-
stantial displacement was observed in May 1984 following
less precipitation. Furthermore, the Longxi landslide
occurred against the backdrop of the dry season in 1986.
These paradoxes suggest that rainfall is not the key factor
dominating the slope displacement patterns.

Physical modeling tests of antidip soft-hard interbed-
ded rock slopes [13-15] show that soft-layer deformation
is constrained by the hard layers until the hard layers
break, suggesting that the interaction between different
media on a potential slip surface is key to the displacement
behavior of the slope. As the potential slip surface of a

slope comprises a strong medium (locked segment) and a
weak medium (transfixion segment), the mechanisms cor-
responding to the two patterns inherently involve mechan-
ical synergy between the strong and weak media, which
possess distinct mechanical properties [16, 17]. We will
investigate this synergy on the aforementioned two slopes
as typical examples.

2. Formation and Mechanical Behaviors of
Locked and Transfixion Segments

The locked segments in the Yanchihe and Longxi slopes
were formed by similar processes (Figure 1(c), [18]). In the
Yanchihe phosphate mine, roof subsidence of the goaf
caused slippage of the sliding mass along a weak interlayer
of muddy dolomite affected by karstification (bottom slip
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FIGURE 3: Shear stress—strain relations of the strain-softening strong media constituting locked segments (red curves) and strain-hardening
weak media filling the lower transfixion segments (gray curves) on the slip surfaces of the (a) Yanchihe [21] and (b) Longxi slopes [8]. BI
denotes the brittleness index [22] of the strong media (where a greater BI indicates a higher brittleness), and SR denotes the shear strength

ratio of strong medium to weak medium.

surface) [19], generating tension cracks in the upper slope.
As the slope deformed, the cracks connected to form a
macrofissure. On its south side is the rough shovel-shaped
main scarp of the landslide [1]. The relatively intact massive
dolomite between the fissure and interlayer served as a
locked segment. On the Longxi slope, a bottom slip is devel-
oped through strength degradation of the saturated water-
sensitive clay along the phreatic line [19]. Upper tensile
cracks were then produced by movement of the slope along
the slip surface and gradually coalesced into a macrofissure.
On its south side, the main scarp is similar to that of the
Yanchihe slope. A locked segment thereby formed between
the two transfixion segments.

The locked segments were gradually damaged under
shear stress and external factors (e.g., rainfall). Eventually,
the damage was sufficient to cause unlocking, which was
quickly followed by catastrophic landslides. After the land-
slide events, shear striations were observed on both the mid-
dle and lower slip surfaces [20], but only the fracture
surfaces at the speculated locations of the locked segments
were fresh [8]. These facts confirm the existence of locked
segments that underwent shear rupture and slip while the
lower transfixion segments experienced shear dislocation.

Because the two lateral surfaces of an open tensile fissure
(upper transfixion segment) hardly contact each other, this
segment experiences negligible antisliding force. On the
Yanchihe and Longxi slopes, the weak media on the lower
transfixion segments are muddy dolomite and saturated
clay, respectively, whereas the strong media constituting
the locked segments are massive dolomite and compact
half-diagenesis clay, respectively. In geotechnical tests [8,
21], the weak media with lower stiffness and strength exhib-
ited strain-hardening properties whereas the strong media
with higher strength and stiffness exhibited strain-softening
properties (Figure 3).

3. Mechanical Synergy between Strong and
Weak Media on Potential Slip Surface

The shear stress along a potential slip surface of slope natu-
rally concentrates on a strong locked segment preceding its
rupture at the peak-stress point. Thus, the mechanical syn-
ergy between strong and weak media is feeble in this stage,
and the slope’s displacement pattern is controlled by the
locked segment. Under the combined effects of shear stress
and external factors, the locked segment becomes damaged
by crack growth. Unstable crack growth initiating from the
volume-expansion point in the locked segment (point C in
Figure 4) cannot be restrained even under a constant applied
load [23]. Thus, the volume-expansion point corresponds to
the onset of displacement acceleration of a locked segment-
dominated slope. Once a damaged strain-softening locked
segment reaches its peak-stress point (point D in Figure 4),
it ruptures and the resulting stress drop causes partial transfer
of the applied load to the weak medium on a lower transfixion
segment, which subsequently yields. Such mechanical synergy
between the strong and weak media homogenizes the distribu-
tion of shear resistance along a through-going slip surface;
hence, it is referred to as resistance homogenization.

The massive dolomite is much stronger than the muddy
dolomite on the lower transfixion segment on the Yanchihe
slope. When ruptured at its peak-stress point, the massive
dolomite generates a large, rapid post-peak stress drop
and then it holds low residual strength, due to its high brit-
tleness (Figure 3(a)). As a result of the large stress drop,
most of its load is transferred to the weak medium, which
then yields rapidly. In this context, the small resistance
increase of the strain-hardening weak medium cannot off-
set the large resistance decrease of the locked segment dur-
ing resistance homogenization, meaning that the total
antisliding force decreases along the through-going slip
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FIGURE 4: Shear stress—strain and displacement—time relations corresponding to (a) rapid and (b) slow unlocking-induced startup
mechanisms. Points C, D, and E denote the volume-expansion, peak-stress, and residual-strength points of the locked segments,
respectively. Points M and N denote the onset and termination, respectively, of the resistance homogenization process (gray shaded
area). Points P and T denote the startups of displacement acceleration and landslide, respectively. In (b), points Q and S denote the
suspension and resumption of displacement acceleration, respectively.

surface. Consequently, the displacement acceleration can-
not be restrained, and the evolution of the Yanchihe slope
tends toward instability. Between the peak-stress and
residual-strength points of the locked segment, the dis-
placement increase during the transient-unloading phase
is minimal and slope instability develops; therefore, the
peak-stress point can be viewed as the unlocking point of
the locked segment. Such a mechanism following rapid
homogenization is referred to as rapid unlocking-induced
startup (Figure 4(a)).

Compared to the strong and weak media on the Yan-
chihe slope, the compacted half-diagenesis clay (locked seg-
ment) on the Longxi slope has lower brittleness and smaller
strength and stiffness differences between the strong and
weak media (Figure 3(b)). Therefore, when the locked seg-
ment ruptures, a small and gentle post-peak stress drop
and a correspondingly slow and steady load transfer to the
weak medium are expected. The weak medium should
respond to this load transfer with a modest shear stress
growth rate. In addition, given the much larger scale of the
lower transfixion segment than the locked segment, the
larger resistance increase of the weak medium can slightly
overcompensate the smaller resistance decrease of the rup-
tured locked segment until the end of resistance homogeni-
zation, thereby achieving equilibrium between the resistance
increase and decrease. Under this circumstance, the slow
homogenization can suspend the displacement acceleration
over an extended period. After homogenization, the dis-
placement acceleration resumes because the resistance
decrease of the locked segment is no longer offset by the

resistance increase of the weak medium. When the total
resistance reaches its minimum at the residual-strength
point of the locked segment, slope instability will quickly fol-
low. As such, if the displacement is stepwise accelerated, a
locked segment might be unlocked at its residual-strength
point. Such a mechanism following slow homogenization is
here called slow unlocking-induced startup (Figure 4(b)).

4. Analysis and Results

The peak-stress and residual-strength points are two key
characteristic points that indicate the instability of locked
segment-dominated slopes following the rapid and slow
unlocking-induced mechanisms, while displacement acceler-
ation at the volume-expansion point preceding the two
points can serve as their discernible precursor. If the
mechanical relationships among these points are established,
the displacement values at the first two points can be
obtained based on those at the volume-expansion point.
This will help in quantitatively determining the unlocking-
induced mechanism of a locked segment-dominated slope.
By coupling a damage-constitutive model based on the
Weibull distribution with the one-dimension renormaliza-
tion group model, we obtained the theoretical expressions
of displacements u_, u;, and u, corresponding to the vol-
ume-expansion, peak-stress, and residual-strength points of
the locked segment along the slip surface, respectively [2],
and the displacement ratios of u/u. and u./u_ exclusively
depend on the parameter m and are formulated as [2, 24, 25]
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The parameter m characterizes the shapes of the stress—
strain curves of geomaterials under various conditions
(e.g., heterogeneity, loading rate, and moisture content),
and a high m value corresponds to a sharp shape suggesting
high brittleness. Therefore, it can comprehensively reflect
the effect of various internal and external factors on the
damage behavior of a locked segment. Because a locked seg-
ment contains massive joints and fissures serving as rainwa-
ter flow channels [26], it is with a certain water content.
Furthermore, the locked segment is subjected to an
extremely slow shear loading rate. Under these circum-
stances, the shape of its stress—strain curve can be gentle
with a slow and small post-peak stress drop (Figure 5) [27,
28], which corresponds to a low m value. The specific rea-
sonable range of m value, as Yang et al. [29] demonstrated,
is 1.0-4.0. Because the two displacement ratios are insensi-
tive to variations in the m value, they can be approximately
expressed in terms of their average values within the range
[25, 30]. Thus, Egs. (1) and (2) are simplified as [2, 24, 25]

up = 1.48u,, (3)

u, =2.4%u. (4)

The reliability of this model has been validated in retro-
spective analyses of several locked segment-dominated land-
slides [24, 25]. Drawing on this model and on monitored
displacement data, we can reveal the evolutionary mecha-
nisms of the Yanchihe and Longxi landslides and test the
hypothesis that the exponentially and stepwise accelerated
displacement curves correspond, respectively, to rapid and
slow unlocking-induced startup mechanisms.

The displacement of the Yanchihe locked segment along
the slip surface is represented by the macrofissure width
(Figure 1(a)). The width began exponentially increasing
from May 24 of 1980, causing minor rockfalls [19]. This
finding suggests that the volume-expansion point of the
locked segment was attained at this time. The width at the
peak-stress point of the locked segment determined by Eq.
(3) approximately equals the value measured on June 2 of
1980 (Figure 2(a)), when rock-cracking noises were heard
throughout the night [19]. Therefore, the locked segment
was unlocked on that day and was succeeded by a 1 Mm”’
landslide at dawn on the following day. These results con-
firm that the peak-stress point of the locked segment corre-
sponded to the startup of the Yanchihe landslide, and that
an exponential evolution of the slope toward instability
followed the rapid unlocking-induced startup mechanism.

The displacement of the Longxi slope, recorded at a
monitoring point above the locked segment, began accelerat-
ing on April 1 of 1984 (Figure 2(b)) and was suspended from
June 2 of 1984, as evidenced by the deflection of the

displacement curve at that time. The sliding mass then
rotated and began moving along the slip surface, accompa-
nied by ground upheaval at the slope foot [20]. These phe-
nomena suggest that the locked segment was damaged to
reach its peak-stress point, from which the applied load
was partially transferred to the weak medium on the lower
transfixion segment, thereby causing slow resistance homog-
enization and displacement acceleration suspension. The
displacement acceleration following the homogenization
termination resumed from July 1 of 1985 and was followed
by a 1.5 Mm® landslide. Therefore, the displacement before
the landslide manifested a stepwise accelerated profile.
The displacement value at the residual-strength point cal-
culated by Eq. (4) approximates the measured value one
week prior to the landslide (Figure 2(b)), confirming that
the Longxi slope instability followed the slow unlocking-
induced startup mechanism.

5. Discussion

Large-scale locked segment-dominated slopes have been
widely reported worldwide. For example, ruptured locked
segments caused major rockslides in the Canadian Rocky
Mountains [31], Alps Mountains [5], and Tibet Plateau
[1]. Because locked segments with high bearing capacity
can accumulate abundant elastic strain energy, their unlock-
ing often induces devastating high-speed and long-runout
landslides [18, 32]. Therefore, uncovering the unlocking-
induced startup mechanisms of such slopes has global impli-
cations for mitigating landslide hazards.

As explained above, the brittleness of locked segments
crucially influences the magnitude and duration of the
post-peak stress drop. Higher brittleness usually corre-
sponds to higher strength and a larger stress drop. Thus,
the unlocking-induced startup mechanism and displacement
pattern of a slope are governed mainly by the brittleness of
the locked segment. This understanding is mainly supported
by site observations and mechanical analyses. To further
consolidate the relationships between displacement patterns
and unlocking-induced startup mechanisms and to discover
essential factors governing these mechanisms, more evi-
dence needs to be acquired via other methods, such as phys-
ical modeling experiments and numerical simulations.

Displacement of a locked segment-dominated slope usu-
ally follows damage accumulation in the locked segment.
Damages are sourced from the self-weight of the slope mass
and from external factors, especially rainfall. Water can
strongly deteriorate the strength of geomaterials through
the fatigue effect [33] and chemical alteration [34]. More-
over, water can raise the pore pressure on slip surfaces
[35], thereby reducing their intergranular frictional resis-
tance and structural stability. For instance, karstification
can spread etch pits on dolomite cleavage and cause its dis-
integration [36]; the dissolution of the inorganic salt can
decline the cohesion of the saturated clay on the Longxi
slope by 27-50% [8]. Under these effects, the damage of a
locked segment can reach certain mechanical characteristic
points, each corresponding to a specific mechanical behav-
ior. For instance, displacement begins accelerating at the
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FIGURE 5: Shear stress—strain curves of rocks for various (a) strain rates [27] and (b) water contents (c,,) [28]. Slower loading rates and
higher water contents result in less sharp curves, which correspond to lower m values.

volume-expansion point, and catastrophic slip begins at the
peak-stress point or residual-strength point. Once these
points are reached, the corresponding behaviors are inevita-
ble even without the effects of external factors, because the
locked segment can spontaneously crack from its volume-
expansion point under the self-weight of a slope. Thus, the
displacement of the Longxi slope began speeding up when
the volume-expansion point of the locked segment was
reached in May of 1984, although the precipitation was
below the maximum precipitation in 1983; the Longxi slope
evolved uncontrollably toward instability, and its cata-
strophic slip occurred during a three-month-long rainless
period (total precipitation <4 mm from November 1985 to
January 1986) rather than during a wet season. Indeed, the
damage behavior of the locked segment governs the evolu-
tion of a locked segment-dominated slope toward instability,
as described by the constant displacement ratios. Therefore,
locked segment-dominated landslides are predictable based
on firm physical principles.

To reliably assess the stability of a locked segment-
dominated slope, one must investigate the distributions of
the locked and transfixion segments and the mechanical
properties of media on a potential slip surface. The
unlocking-induced startup mechanism of a slope can be pre-
judged on this basis. Moreover, we highlight that damage
should be reliably detected by setting monitoring points on
the locked segment.

6. Conclusions

Large-scale locked segment-dominated slopes are exten-
sively distributed worldwide. Governed by their brittleness,
locked segments are unlocked at either their peak-stress or
residual-strength points, causing impending landslides.
Accordingly, the startup mechanism of the landslides can
be rapid with an exponentially accelerated displacement pat-
tern or slow with a stepwise accelerated displacement pat-
tern. However, as mentioned above, further insights into

the relationships between the unlocking process, displace-
ment pattern, and startup behavior are still required.

The results of this study demonstrate that locked
segment-dominated landslides obey certain mechanical rules
and can, thus, be reliably predicted.
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Landslide-induced impulse waves in alpine valleys are a significant risk to large-scale dam and reservoir engineering projects in
the surrounding area. In this study, a 1:200-scale physical model of landslide-induced impulse waves in a V-shaped river
channel was established, and 18 groups of tests were conducted to evaluate the influence of different parameters, such as the
volume and shape of the landslide body, water entry velocity, and water depth of the reservoir. Based on the test results, a
dimensionless formula was established for the first wave height of impulse waves caused by a deep-water landslide in a V-
shaped channel. An energy conversion law was determined for the impact of landslide-induced impulse waves on the reservoir
bank. Finally, a distribution law was obtained for the initial maximum pressure caused by landslide-induced impulse waves
along the water depth on the opposite bank. The theoretical predictions of the dimensionless formula showed good agreement
with the experimental results, and the energy conversion rate of the landslide-induced impulse waves initially increased and
then decreased with an increasing Froude number. The maximum dynamic water pressure showed a triangular distribution
with increasing water depth below the surface of the still water body. The impact pressure of the impulse waves on the slope
on the opposite bank increased with the water entry velocity. This study provides a scientific basis for the risk prevention and

control of landslide-induced impulse waves in river channels feeding into reservoirs.

1. Introduction

High-velocity landslides in alpine areas and gorges produce
huge impulse waves that feature short generation and prop-
agation times, fast velocities, and a wide disaster range.
Around major hydropower projects, they can not only wash
away hydraulic structures and block river channels but may
also cause serious accidents such as dam failure. In 1963, a
landslide at Vajont Dam in Italy caused a huge wave with
a height of up to 175m, which destroyed a 70 m high con-
crete dam, washed away the town of Longaroni and five
nearby villages, and claimed nearly 2000 lives. In 1985, a
landslide in Xintan, Zigui, near China’s Three Gorges
Dam, induced impulse waves that climbed up to a height

of 54m. The impulse waves overturned four fishing boats
2km upstream and spread 42 km upstream and downstream
to cause more than ten deaths. Therefore, research on
landslide-induced impulse waves in alpine areas can provide
a crucial reference for early warning and risk prevention of
disasters in high dams and large reservoirs.

Various methods have been used in the research and
analysis of landslide-induced impulse waves, e.g., analytical
solutions [1-4], numerical simulations [5-8], physical
models [9-14], and field data analysis [15, 16]. Because the
location and time that a landslide enters the water cannot
be accurately predicted in advance, obtaining original data
on landslide-induced impulse waves is difficult. Thus, phys-
ical models are used to simulate landslide-induced impulse
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waves and obtain characteristic parameters such as the first
wave height, propagation process, and impact pressure. This
approach is widely used to research landslide-induced
impulse waves in alpine areas.

Previous models of landslide-induced impulse waves
have considered the influence of the water entry velocity,
volume, angle, and density of the landslide body. However,
these models mostly used rectangular or trapezoidal chan-
nels to represent rivers. Few studies have considered the
propagation process and impact pressure distribution of
landslide-induced impulse waves in V-shaped river chan-
nels, which are common in alpine areas. The slopes of the
banks on both sides of a V-shaped channel significantly
affect the formation and propagation of landslide-induced
impulse waves. Compared with rivers in plains and flat
lands, impulse waves in V-shaped river channels in alpine
areas have a more obvious disaster chain. The narrow river
channel means that the landslide body can easily block it
upon entry, which would greatly increase the overall water
depth and may even form a dam that threatens the down-
stream area. In addition, the opposite bank confines the
huge kinetic energy generated by the landslide-induced
impulse waves and does not let it dissipate. This increases
the impact pressure on the banks and dam bodies, which
affects the stability and safety of the facilities. Even worse,
the impulse waves may strike the opposite bank directly,
which would damage infrastructure along the riverfront
and threaten the safety of people and property.

In this study, a 1:200-scale physical model was estab-
lished to reveal the characteristics of deep-water landslide-
induced waves in V-shaped river channels. Experiments
were performed to consider the influence of the volume,
shape, and velocity of the landslide body and the water depth
of the reservoir. A dimensionless formula was derived for the
first wave height in the V-shaped channel. An energy con-
version law was obtained for the impulse waves, and a distri-
bution law was obtained for the initial maximum dynamic
water pressure on the opposite bank along the water depth.
This study provides a scientific reference for the risk preven-
tion and control of landslide-induced impulse waves in the
alpine areas of major hydropower projects.

2. Materials and Methods

A 1:200-scale physical model was established based on the
gravity similarity criterion and Froude similarity criterion,
as shown in Figure 1. A high-definition camera was installed
on one side of the tank to capture the landslide body as it slid
into the water and the resulting impulse waves. Wave height
gauges N.1, N.2, and N.3 were set in the channel at a spacing
of 1.2m. Wave height gauge N.4 was installed on the oppo-
site bank to record the rise of impulse waves. The wave
height gauges measured the wave height at a frequency of
50 Hz and a resolution of 0.1 mm. Eight water pressure sen-
sors (P1-P8) were arranged on the opposite bank to mea-
sure the impact pressure of the impulse waves at a
collection frequency of 50 Hz and resolution of 0.01kPa.
The pressure sensor P1, which was 73 cm away from the
bottom of the river channel, was arranged at the central
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axis of the opposite bank. The positions of other sensors
are shown in Figure 1.

In the experimental model, the inclination of the sliding
bed was 34°, the inclination of the opposite bank was 437,
and the fall height of the center of mass of the block was
1.8m. The water depth of the V-shaped channel was
between 0.86 and 1.26 m. According to the geotechnical
characteristic of landslides, they are divided into two types:
loose earth landslides and rock landslides. This experiment
studied rock landslides [17-19]. As shown in Figure 2, the
landslide body was represented by concrete blocks of differ-
ent shapes that had a density of 2300 kg/m®, length of 0.45-
0.55m, width of 0.3-0.4 m, and thickness of 0.1-0.27 m. The
width of the experimental slot was 0.66 m. All landslide bod-
ies were narrower than the width of the slot, and the gener-
ated impulse waves propagated in the lateral direction. The
velocity of the landslide body was controlled by a sliding
control device. The sliding velocity was measured by a Hall
velocity sensor connected to the landslide body at a resolu-
tion of 0.01 m/s.

An orthogonal design was adopted for the experiments
with the physical model. The maximum wave amplitude,
which corresponded to the maximum water entry velocity,
was assumed to be the first wave amplitude. After the
landslide-induced impulse waves propagated, the distance
between the first two crests was measured and was taken
as the wavelength. Table 1 presents the experimental design
and results. The test parameters included the length (1),
width (w), and thickness (s) of the landslide body, as well
as the still water depth (h;), sliding bed inclination angle
(a), and water entry velocity of the landslide body (u). The
results were represented by the Froude number (F), first
wave amplitude (a), and wave celebrity (c).

3. Results and Discussion

3.1. Generation and Propagation Characteristics. The veloc-
ity at which a landslide body enters the water is an important
factor that affects the generation and propagation of impulse
waves. However, the difficulty of measuring the water entry
velocity has limited the number of related studies. Fritz
et al. [10] and Heller et al. [20] used particle image velocime-
try and a laser distance sensor to track and measure the vec-
tor field for the near-field impulse wave velocity. To analyze
the impact velocity of the landslide, they used the calculation
formula presented by Korner [21].

u=+/2gAz(1-f cot a), (1)

where u is the water entry velocity of the center of mass of
the landslide body (m/s), g is the acceleration of gravity
(m/s?), Az is the height between the original center of the
mass and the static water depth (m), f is the friction coeffi-
cient, and « is the inclination angle of the sliding bed (°).
Equation (1) ignores the effects of air resistance, underwater
friction, and water resistance, so the water entry velocity u
increases with an increase in any of the other terms.

The sliding velocity control device was used to increase
the sliding velocity of the landslide body before entering



Geofluids

Sliding bank

GaugeN.1

3
=@ P8
@ P7
T P6
@ Ps
GaugeN.2 GaugeN.3 GaugeN.4 E»
b P4
g
3
——————————————————— c —® P3
.y a
_____ - —® P2
——————
Reservoir Pressure S Pl
sensors
g

FIGURE 1: Schematic diagram of the physical model.

FIGURE 2: Schematic diagram of regular rigid blocks representing the landslide body (dimensions: m).

the water to 0.67, 1.16, and 1.67 m/s. The changes in the slid-
ing velocity and acceleration as the landslide body entered
the water were obtained. As shown in Figure 3, the landslide
body initially showed an approximately linear increase in
velocity followed by a slow acceleration or deceleration and
a rapid deceleration to a final stop. These three stages corre-
sponded to the landslide body sliding in air, sliding in water,
and bottoming out, respectively. The duration of the second
stage (i.e., slow acceleration or deceleration) differed with
the water depth.

Figure 4 shows the three stages of the sliding acceleration
for each sliding velocity. Because the sliding bed and land-
slide body were controlled by a mechanical transmission
device, the initial velocity of the landslide body was provided
by the control device. Before the landslide body reached the
still water surface, the reduction in acceleration was mainly
caused by the friction between the sliding bed surface and
the landslide body. After the block entered the water, the
acceleration was affected by the friction from the sliding
bed surface and the viscous resistance of the water, so it
became negative. The resistance reached its maximum when
the front end of the landslide body reached the bottom of the

river, which caused the landslide body to quickly decelerate
and stop.

Based on the results of the physical model, the generation
and propagation of landslide-induced impulse waves in a V-
shaped river channel can be summarized into three stages.
In the first stage, the landslide body entered the water body
quickly; the front edge of the landslide body hit and displaced
part of the water body. A small part of the displaced water
body jumped from the water surface to form a water tongue,
and most of the water body near the water entry point was
compressed and increased in height, which formed the first
wave. In the second stage, the landslide body slid into the
water body and transferred energy continuously. It displaced
more of the water body, which caused the leading edge of
the rising wave to move forward, while the trailing edge moved
toward the impact crater that was generated by the landslide
body when it struck the water body because of gravity. The
water tongue formed by the impact then began to splash back
into the water. In the third stage, the landslide body stopped
moving and completed the process of transferring energy to
the water. Then, water converted the kinetic energy to form
impulse waves that spread to the opposite bank.
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TaBLE 1: Experimental design and test results.
No Test parameters ) Test results
Landslide body I (m) w (m) s (m) hy (m) a () u (m/s) F a (m) ¢ (m/s)
1 Bl 0.50 0.40 0.10 0.86 34 1.16 0.40 0.037 2.89
2 Bl 0.50 0.40 0.10 1.10 34 1.67 0.51 0.064 3.33
3 Bl 0.50 0.40 0.10 1.26 34 0.67 0.19 0.014 2.95
4 B2 0.50 0.40 0.15 0.86 34 1.67 0.58 0.098 342
5 B2 0.50 0.40 0.15 1.10 34 0.67 0.20 0.026 3.03
6 B2 0.50 0.40 0.15 1.26 34 1.16 0.33 0.059 2.97
7 B3 0.50 0.40 0.20 0.86 34 0.67 0.23 0.052 2.77
8 B3 0.50 0.40 0.20 1.10 34 1.16 0.35 0.088 2.94
9 B3 0.50 0.40 0.20 1.26 34 1.67 0.47 0.107 3.23
10 B4 0.45 0.40 0.10 0.86 34 0.67 0.23 0.028 2.60
11 B4 0.45 0.40 0.10 1.10 34 1.16 0.35 0.036 3.10
12 B4 0.45 0.30 0.10 1.26 34 1.67 0.48 0.070 3.42
13 T1 0.50 0.30 0.27 0.86 34 1.67 0.58 0.111 3.57
14 T1 0.50 0.30 0.27 1.10 34 0.67 0.20 0.030 3.10
15 T1 0.50 0.30 0.27 1.26 34 1.16 0.33 0.061 3.33
16 H1 0.55 0.40 0.10 0.86 34 1.16 0.40 0.048 3.20
17 H1 0.55 0.40 0.10 1.10 34 1.67 0.51 0.075 342
18 H1 0.55 0.40 0.10 1.26 34 0.67 0.18 0.017 3.09
1.8 3.0
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Ficure 3: Changes in velocity before and after the landslide body
entered the water at three sliding velocities.

To reveal the influence of the shape and water entry
velocity of the landslide body on the propagation of impulse
waves, the monitoring data of key wave height gauges were
selected, and 18 groups of time history curves for the ampli-
tudes of the landslide-induced impulse waves were obtained,
as shown in Figure 5. The impulse waves featured the forma-
tion of an advancing wave train dominated by waves with
positive amplitudes (i.e., wave crests). The first or second
wave crests had the largest amplitude, followed by oscillating
waves of smaller amplitude. The largest trough occurred
before the highest crest. In general, the different shapes of

Time (s)
—m— a; (ul)

—o— 4y (uz)
—A— a3 (“3)

FIGURE 4: Changes in acceleration before and after the landslide
body entered the water at three sliding velocities.

the landslide bodies generated similar impulse waves on
the opposite bank, but the amplitude and period differed.

3.2. Waveform Characteristics. According to the experimen-
tal results of Noda [3] and Fritz et al. [1], the waveforms of
landslide-induced impulse waves in the near-field region
can be divided into weakly nonlinear oscillatory waves (F
<4 -7.5S), nonlinear transition waves (4—7.55<F<6.6
—8S), solitary waves (6.6 —8S< F < 8.2 —8S), and dissipa-
tive transient bores (F >8.2—8S). Each waveform, which
was dependent on the Froude number (F =u/\/g_ho) of
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FIGURE 5: Time history curves of 18 groups of wave amplitudes measured by wave height gauge no. 1.

the landslide body, struck the water body and the relative
thickness of the landslide body (S =s/h,). F was less than (
4-7.5S) in all 18 groups of tests, so the impulse waves were
all weakly nonlinear oscillatory waves.

The wave amplitude and velocity are important charac-
teristics of landslide-induced impulse waves. Previous stud-

ies have shown that the geometric size of the landslide
body, water depth, and water entry velocity are the control-
ling factors of the first wave amplitude. In this study, nonlin-
ear regression analysis was used to identify the correlation
between the geometric dimensions of the landslide body,
water depth in front of the slope, and water entry velocity
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of the landslide body. A dimensionless formula was obtained
for the first wave amplitude in a V-shaped river channel:

. " 1.197 l ~1.013 w 0.990 s 0.717
2 09514 — - —) > @
T (JEW) &G @

where (u/+/gh,) is the relative water entry velocity, (I/h) is
the relative length, (w/h,) is the relative width, and (s/h,) is
the relative thickness of the landslide body. Figure 6 com-
pares the predicted first wave amplitude via Equation (2)
with the test results. A correlation coefficient of 0.82 was
obtained.

The wave velocity describes the propagation distance of
a waveform per unit time, and it is an important parameter
for calculating the propagation of landslide-induced impulse
waves. The following empirical formula for nonlinear waves
is usually used for prediction.

c=+/g(hy +a). (3)

Figure 7 compares the prediction results of Equation (3)
with the measured test data. The correlation coefficient was
0.551, with a maximum error of 16.8% and an average error
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FIGURE 9: Wave energy of different shapes for the landslide body
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of 9.1%. The error can be attributed to the frame rate of the
camera. Although the correlation was low, it was numerically
close. Therefore, the theoretical formula of wave celerity can
be used to predict the celerity of the impulse wave [22].
Dimensionless functions are commonly used in regres-
sion analysis for prediction. Similar to Equation (2), a series
of dimensionless power exponents are multiplied, which are
usually specific values of the same controlling factor. Differ-
ent scholars have used different controlling factors for
regression analysis. Noda [3] proposed the method of calcu-
lating the maximum impulse wave height based on a linear
relationship with the Froude number. Fritz et al. [1] pro-
posed the method of calculating the maximum impulse wave
height based on the Froude number and relative thickness.
Ataie-Ashtiani and Nik-khah [9] proposed the method of
calculating the maximum impulse wave height by consider-
ing factors such as the dimensionless sliding volume, Froude
number, inclination angle of the sliding surface, and under-
water sliding time. Zweifel et al. [23] proposed another
method of calculating the maximum impulse wave height
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FiGure 10: Time history curves of the dynamic water pressure with landslide body T1 at measurement points P1-P3.

by considering the Froude number, relative thickness, and
relative mass. The power exponents of each variable in the
equations proposed by the above researchers varied substan-
tially; in particular, the power exponent of the Froude num-
ber was between 0.2 and 1.4. A larger power exponent for
the Froude number indicated a greater influence of the rela-
tive velocity on the wave height and vice versa. For V-shaped
channels, the wave height of landslide-induced impulse
waves increased significantly with the water entry velocity
of the landslide body. The dimensionless formula proposed
for the first wave amplitude of the V-shaped channel (i.e.,
Equation (2)) confirmed this cognition, which reflected its
applicability and rationality.

3.3. Energy Characteristics. The main characteristics of
landslide-induced impulse waves are closely related to the
law of energy transfer of the landslide mass. The time history
curves of the wave heights collected by the wave height
gauges were used to calculate the wave energy as follows
according to Ataie-Ashtiani and Nik-khah [9]:

Ey=2E = p,gc¢ J mdt, (4)

where E,, is the wave energy per unit width (kgm/s®), E,o
is the wave potential energy per unit width (kgm/s’), p, is
the density of water (1000 kg/m?), g is the acceleration of
gravity (9.8m/s’), ¢ is the wave velocity (m/s), # is the
water surface elevation when the water body is still (m),
and t is the time (s).

The energy of the landslide body can be calculated by
using the Watts [24] formula:

E =pu’A, (5)

S

where E; is the energy of the landslide body per unit width
(kgm/s®), p, is the density of the landslide body (kg/m’), u
is the water entry velocity of the landslide body (m/s), and
A is the cross-sectional area of the landslide body (m?).
The wave energy conversion rate of the impulse waves is
expressed by [25]

, (6)
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FiGure 11: Impact pressure distributions from the impulse waves of landslide bodies B4, T1, and H1 on the opposite bank (Nos. 10-18).

where E,_(0) is the wave energy in the near-field area of
impulse wave generation. Figure 8 shows the changes in
the energy conversion rate of the landslide-induced impulse
waves at different Froude numbers according to the mea-
surements of the wave height gauges. The energy conversion
rate initially increased and then decreased as the Froude
number F increased.

Figure 9 shows the changes in the wave energy according
to the position of the wave height gauges for landslide bodies
with different shapes. Tests 11, 15, and 16 all had the same
water entry velocity and corresponded to landslide bodies
with the shapes of B4, T1, and H1, respectively. T1 had the
greatest wave energy, followed by H1 and then B4. Similarly,
T2 showed the greatest propagation decay in the wave
energy, followed by H1 and then B4. Therefore, landslide
bodies with different shapes followed a similar law of energy
propagation; however, the attenuation of the wave energy
during the propagation process differed.

3.4. Impact Pressure Characteristics. The formation and
propagation of landslide-induced waves in V-shaped river
channels in alpine valleys are significantly affected by the
slopes of the banks on both sides. The slope on the opposite
bank constrains the huge kinetic energy generated by the
impulse waves induced by the entry of the landslide body,
so it cannot dissipate in time. This produces higher impulse
waves that propagate to the opposite bank, which poses a
huge threat to the safety of the local infrastructure and resi-
dents. Studying the impact pressure of landslide-induced
waves on the banks of river channels is of great significance
for preventing and controlling disasters.

In the physical model, eight pressure sensors were
installed on the opposite bank. Impulse waves propagated
to the opposite bank, and the impact pressure was measured
by the sensors. Figure 10 shows the time history curve of the
hydrodynamic pressure measured by sensors P1-P3 in test
13, which used landslide body T1. The waves reflected,
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superimposed, and oscillated after they propagated to the
opposite bank. The hydrodynamic pressure curves had the
same wave amplitude, and the maximum value was affected
by the water depth of the channel and the water entry veloc-
ity of the landslide body.

The influence of the shape of the landslide body, the
water depth of the river channel, and the water entry velocity
of the landslide body on the impact pressure distribution
were investigated: three typical shapes of landslide bodies
were selected—B4, T1, and H1. The water depth was set to
0.86, 1.10, and 1.26 m. The water entry velocity was set to
0.67, 1.16, and 1.67 m/s. Figure 11 shows the impact pressure
distributions generated by landslide-induced waves. The
impact pressure distributions generated by different shapes
of landslide bodies generally had the same pattern. The main
difference among the landslide bodies was in the frontal area
that entered the water. For a given water entry velocity, a
larger frontal area increased the impact pressure. The
increase in the water entry velocity reduced the time for
the landslide body to reach the bottom, which increased
the amplitude of the waves that caused the impact pressure.
At different water depths, the distributions of the maximum
impact pressure on the opposite bank and the maximum
amplitude of the impulse waves were generally the same.
However, with the increasing water depth, the impact pres-
sure distribution fluctuated at lower depths, indicating the
complexity of the energy transfer when a landslide struck
deep water.

The results indicate that the maximum dynamic water
pressure is caused by the initial wave and that it follows an
approximately triangular distribution along the water depth.
The potential energy of the landslide body is instantaneously
converted into kinetic energy after it enters the water, which
applies a huge impact pressure on the water body. This pres-
sure acts on the water body along the entire depth and gen-
erates impulse waves at the surface of the water body. The
impulse waves propagate to the opposite bank as the poten-
tial energy is converted to kinetic energy. Because of the nar-
row dimensions of the V-shaped channel, the energy cannot
dissipate in time, which increases the pressure transmitted to
the opposite bank.

4. Conclusion

A physical model was used to perform 18 tests under differ-
ent conditions to characterize the propagation of landslide-
induced waves and the impact pressure distribution in V-
shaped river channels in alpine valleys that contain major
hydropower projects. The main conclusions are as follows:

(1) The impulse waveforms were all weakly nonlinear
oscillatory waves. The waves generally formed an
advancing wave train with positive amplitudes (wave
crest) followed by oscillating waves with smaller
amplitudes

(2) The results of the nonlinear regression analysis were
used to propose a dimensionless equation for the
amplitude of the first wave induced by a landslide

in a V-shaped river channel. The prediction results
obtained using the proposed equation showed a
strong correlation with the observed results of the
physical model at a correlation coefficient of 0.82

(3) An energy transformation law was obtained for
landslide-induced impulse waves in a V-shaped river
channel. The wave energy conversion rate initially
increases and then decreases with an increasing
Froude number. The shape of the landslide body
does not significantly affect the energy propagation
law but significantly affects the degree of wave
energy attenuation

(4) The distribution of the maximum dynamic water
pressure caused by landslide-induced waves in a V-
shaped river channel on the opposite bank was
obtained. The distribution is approximately triangular
along the water depth; the pressure reaches a maxi-
mum value near the surface of the still water body
and gradually decreases from the surface downward

Data Availability

An orthogonal design was adopted for the experiments with
the physical model. The maximum wave amplitude, which
corresponded to the maximum water entry velocity, was
assumed to be the first wave amplitude. After the
landslide-induced impulse waves propagated, the distance
between the first two crests was measured and was taken
as the wavelength. Table 1 presents the experimental design
and results. The test parameters included the length (J),
width (w), and thickness (s) of the landslide body, as well
as the still water depth (h,), sliding bed inclination angle
(), and water entry velocity of the landslide body (u). The
results were represented by the Froude number (F), first
wave amplitude (a), and wave velocity (c).
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Concrete is widely used in bridge foundation, water supply, and drainage engineering. On the one hand, the saturated concrete is
always in the saturated state. In the cold winter, northeast China and the alpine region suffer from freezing disaster. On the other
hand, it has to continue to bear the dynamic load action of vehicles and running water, which makes the stress state of saturated
concrete more complicated under the coupling action of low temperature and dynamic load. In order to study the mechanical
properties and fracture characteristics of saturated concrete under the coupling effect of low temperature and dynamic load,
the impact compression tests of concrete under normal temperature 20°C, -5°C, -10°C, and -15°C were carried out with a
diameter of 74mm split Hopkinson pressure bar (SHPB). The stress-strain characteristics, energy dissipation, and failure
modes of specimens under different low temperatures were studied. From a detailed point of view, the failure mechanism of
low-temperature water-saturated concrete is expounded. The results show that under the same dynamic load, the dynamic
stress-strain curve of saturated concrete changes obviously with the change of low temperature. The dynamic compressive
strength of the natural specimen at room temperature is high while that of the water-saturated specimen is low, and the
dynamic compressive strength is opposite at low temperature. At the same temperature, the energy time-history curves of
concrete in the saturated state are different from those in the natural state, mainly in the plastic section. The energy time-
history curves of saturated concrete are different at different temperatures, and the energy dissipation rate of saturated concrete
increases linearly with the decrease of temperature. Under the experimental conditions, the dynamic strength of saturated
concrete increases linearly with the decrease of temperature, and the peak strain of saturated concrete decreases linearly with
the increase of temperature. With the decrease of temperature, the fragmentation of saturated concrete under the impact of the
same air pressure gradually increases, and the integrity of the specimen gradually improves. Low temperature can improve the
impact resistance of saturated concrete, which is consistent with the failure law of natural state concrete. The water-saturated
low-temperature state of the concrete void is filled with ice crystal particles; for low-temperature water-saturated concrete in
the impact of the dynamic load, the microstructure is affected by the ice crystal structure which is not easy to change; the
specimen along the axial force direction microdefect development produces a crack, the crack along the parallel to the pressure
direction of cracking, through the two ends of the specimen, and finally produces axial splitting tensile damage. The research
results have important theoretical significance for the safety design of low temperature saturated concrete structures.

1. Introduction drainage engineering; concrete mechanical properties are

greatly affected by temperature and humidity. During the
Concrete is a typical nonuniform material, widely used in  construction of Qinghai-Tibet railway, the influence of low
the construction field, bridge foundation, water supply, and  temperature environment on the mechanical properties of
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concrete cannot be ignored [1-6]. The Nazixia Dam is located
in a cold climate, and its concrete slabs are required to be sta-
ble at low temperatures [7]. In bridge foundation, water supply
and drainage project, immersed concrete faces with frost heav-
ing dangerous under low temperature state, while the struc-
ture should continue to bear the dynamic load of vehicles,
running water, and so on. Therefore, it is of theoretical and
engineering significance to study the mechanical properties
and fracture characteristics of saturated concrete under the
coupling action of low temperature and dynamic load.

Wang et al. carried out tests on the compressive strength
of concrete cubes at -60°C~20°C, and the results showed that
the compressive strength of concrete cubes increased linearly
with the decrease of temperature within the test range [8].
Zhang e al. tested the compressive strength of concrete
under -165°C~0°C and found that the growth was obvious
between -40°C and -80°C, while the growth was slow after
-120°C [9]. Dahmani et al. found that the properties of con-
crete at low temperatures are determined by porosity, and
the strength of concrete decreases when subjected to
freeze-thaw cycles [10]. Domestic scholars also tested the
low temperature compressive strength of concrete mixed
with different additives (such as rubber, polypropylene fiber,
and asphalt) [11-13]. Fang et al. carried out bending-tension
tests on ultrahigh performance concrete with discrete short
fine steel fibers at -20°C and 20°C. It was found that with
the decrease of temperature, the bond between steel fibers
and concrete became stronger, the slip between them
decreased, and the ductility became smaller [14].

The research on concrete performance at low tempera-
ture is mainly limited to static performance and freeze-
thaw cycle. There are abundant research achievements on
concrete impact test [15-18]. Zhu et al. cured basalt fiber
concrete at -30°C and carried out a drop hammer test on
the specimens at room temperature. It was found that basalt
fiber could improve the impact resistance of concrete at low
temperature, and there was a linear relationship between the
fiber content and the impact resistance [19]. Huang and
Xiao used a 155 mm large-diameter SHPB device to conduct
impact compression tests on @150mm x 300 mm light-
weight high-strength concrete. The failure of concrete spec-
imens is mainly brittle failure. With the increase of impact
velocity, the failure degree of specimens will gradually
become higher [20]. Yan et al. conducted dynamic compres-
sion experiments on concrete with different initial damage
degrees and found that the dynamic compressive strength
of concrete decreased gradually with the increase of initial
damage degrees. When the injury degree is less than 20%,
the influence is more significant than 40% [21]. Many
experts have also done a lot of research on water saturated
concrete [22-24]. Sun et al. conducted acoustic emission test
on rock, concrete, and rock concrete as one medium under
uniaxial load under dry and saturated conditions and found
that the peak value of impact number of saturated specimens
was slightly behind that of stress [25]. Wang et al. on natural
drying condition studied the water quality change of geolog-
ical polymer concrete, ultrasonic wave velocity, compressive
strength, flexural strength, and splitting strength and ana-
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lyzed the saturated state of geological polymer (GC) basic
physical and mechanical properties of concrete; the influ-
ence of saturated state of the GC static mechanics perfor-
mance has obvious negative impact. Its compressive
strength, flexural strength, and splitting strength are lower
than those of dry condition [26].

In order to study the mechanical properties and fracture
characteristics of saturated concrete under the coupling
effect of low temperature and dynamic load, low tempera-
ture and saturated concrete were taken as the research
object. Impact compression tests of concrete under normal
temperature (-5°C, -10°C and -15°C), saturated water, and
natural state were carried out by using a diameter of
74 mm split Hopkinson pressure bar (SHPB). The dynamic
stress-strain characteristics and failure modes of saturated
concrete in different low temperature states were studied,
and the dynamic strength, peak strain, absorption energy,
and fracture characteristics of specimens were analyzed with
low temperature. Compared with natural concrete, the
research results have important theoretical significance for
the safety design of low temperature saturated concrete
structures.

2. Test Design

2.1. Specimen Making and Scheme. Ordinary Portland
cement was chosen to cast C40 concrete in the test. The
cement is P-O 42.5 ordinary Portland cement produced by
Huainan Bagongshan Cement Factory. Gravel for artificial
gravel has a nominal particle size of 5~15mm (continuous
grading). Sand is medium fine sand, and particle grade is
good, with over 1 mm sieve. Use ordinary tap water. The
water-cement ratio of concrete is 0.46, and the mixing ratio
C:W:S:G=1:0.46:1.48:2.20. Concrete was poured
with a rectangular template and vibrated with a shaking
table. According to the GB/50081-2002 standard, concrete
curing is done at temperature of 20+2°C, and relative
humidity of >95%. After standard curing for 28 days, the
cylinder was taken out, cut, and polished by ZS-100 vertical
drilling core machine, and a cylinder specimen of ¢ 74 mm
x 37 mm was obtained, as shown in Figure 1.

In this experiment, two kinds of concrete in saturated
and natural state were adopted, and low water-saturated
concrete was taken as the main object of study. After 28 days
of maintenance, the specimen is treated with water, and in
order to ensure that the specimen is in a full state, it is
soaked under negative pressure for 72 hours. The freeze-
thaw box (as shown in Figure 2) was used to deal with the
temperature of the two kinds of concrete at room tempera-
ture (-5°C, -10°C, and -15°C). Due to the large discreteness
of dynamic experiment, in order to ensure the repeatability
of experimental results, five concrete test blocks were
selected under the same curing condition during the impact
compression test of the sample. Because concrete is thermal
inert material, in order to ensure that the temperature of the
specimen does not change too much in the test process, a
simple insulation box is made, together with the sample into
the low-temperature curing box. The test block is then
placed into a sealed bag, then put into salt water, and frozen;
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the test block is put into the refrigerator; the internal tem-
perature stabilization of the refrigerator requires a process;
when the specimen reaches the set temperature, it needs to
be stable for 24 hours, so the freezing time is set to 48 hours.
During the experiment, it was taken out together with the
foam box, and the impact test was carried out quickly to
reduce the heat loss inside the concrete specimen and to
ensure that the temperature was kept in the effective range
during the experiment as far as possible. Before the experi-
ment, the temperature in the simple foam box was measured
to meet the requirements of the test temperature.

2.2. Test Device and Test Method. The 74 mm diameter var-
iable section SHPB test device of Anhui University of Sci-
ence and Technology was used in the impact test, as
shown in Figure 3. The length of the impact bar was
0.60 m, and the lengths of the incident bar and transmission
bar were 2.40m and 1.20m, respectively. The impact bar,
incident bar, transmission bar, and absorption bar are all
alloy steel with a density of 7.8 g/cm’, elastic modulus of
210 GPa, and p-wave velocity of 5190 m/s. The type of resis-
tance strain gauge used to collect voltage signals on the inci-
dent bar and transmission bar is BX120-2AA, and the strain
gauge grid length is 2 mm, which can meet the requirements
of dynamic measurement accuracy. CS-1D dynamic strain
gauge and TST 3406 dynamic test analyzer were used for
data signal acquisition.

Based on one-dimensional stress wave propagation the-
ory, a two-wave method is used to calculate the stress, strain,

and strain rate of specimen under impact [27].

A E
o(t)= S )

The energy carried by incident, reflected, and transmit-
ted waves can be expressed by the following formula [27]:

W, (t) = AEC, | &7(t)dt,
JO
t
W.(t) = AEC, | &*(t)dt, (2)
JO
t
W, (t) = AEC, | &2(t)dt
JOo

The dissipated energy of the specimen is expressed as
(27]

Wa(t) = Wi(t) = Wi(t) = Wi(1). (3)

Under different environments, the energy dissipation
rate of specimens directly reflects the strength of energy dis-
sipation. The energy dissipation rate can be defined as the
ratio of the dissipated energy of specimens to the incident
energy [27].

_Walo)
"W’ Y

where ¢,(t), €,(t), and &,(t) are the incident strain, reflected
strain, and transmitted strain at time ¢, respectively, dimen-
sionless; I, is the thickness of specimen (m); C,, E are the
compressional wave velocity and elastic modulus of the
compression bar (m/s and MPa), respectively; A, Ag are the
cross-sectional area of the pressure bar and the cross-
sectional area of the specimen (m?); and W, is incident
energy, W, is reflected energy, W, is transmitted energy,
and W, is dissipated energy (J).

3. Test Results and Analysis

3.1. Stress-Strain Curves of Specimens. In order to control the
variables and study the influence of low temperature on the
dynamic mechanical properties of saturated concrete,
0.25MPa air pressure was used to impact the specimen in
the test. The stress-strain curve of low-temperature and sat-
urated concrete is shown in Figure 4, and that of low-
temperature and natural concrete is shown in Figure 5.

In order to better explain the characteristics of saturated
water concrete under the coupling action of low temperature
and dynamic load, the dynamic stress-strain curve of low-
temperature concrete specimen (natural) in Figure 5 is
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FiGure 3: SHPB test device with variable cross section of 74 mm diameter.
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FIGURE 5: Dynamic stress-strain curve of frozen concrete elements
(natural).

compared. It can be seen that under the condition of the
same coupling value of low temperature and dynamic load,
the dynamic stress-strain curve of saturated concrete
changes obviously from that under natural state. The most
significant difference can be seen from the stress peak value.
At normal temperature, the dynamic strength peak value of

saturated concrete is lower than that of natural state, while
at low temperature, the strength peak value of saturated
concrete is higher than that of natural state. It can also
be seen from the stress-strain curve that concrete under
different temperatures in the natural state has obvious
dynamic yield platform stage, while concrete under normal
temperature under saturated state and concrete under nat-
ural state both have obvious yield platform stage. However,
at low temperature, the platform at the yield stage of satu-
rated concrete is not obvious and becomes “steeper.” In
order to further reveal the characteristics of saturated con-
crete under the coupling action of low temperature and
dynamic load, the dynamic stress-strain curve of low-
temperature and saturated concrete in Figure 4 was ana-
lyzed in detail.

It can be seen from Figure 4 that the dynamic stress-
strain curve of low-water-saturated concrete mainly includes
three stages. (1) The OA stage in Figure 4 is stress-increasing
stage, where the stress-strain curve is linear elastic stage. The
crack in concrete gradually develops. When approaching to
elastic limit, the strain increases fast. (2) In the second stage
of stress decline, the stress plateau gradually decreases at
normal temperature, while the stress rapidly decreases at
low temperature and then decreases slowly at CD. The main
reason is that with the penetration of microcracks, the inter-
nal integrity of the specimen structure is aggravated, the load
transfer route is constantly reduced, and the bearing capacity
decreases. At room temperature, the water particles in satu-
rated concrete play a lubricating role in the bite force and
friction between concrete and aggregate, so that the force is
more uniform. For low-water-saturated concrete, the crack
is filled with ice, which makes the strength of concrete
increases. Hence, the strength of the concrete specimen with
decreasing of temperature. Due to the increase of ice body,
the original porous concrete medium is filled with brittle
ice body, but after the late decline, there is a small area of
slow decline. The analysis of the reason mainly considers
that in the process of crack propagation, the occluded and
frictional energy generated between aggregates will weaken
the freezing effect of ice body and produce certain deforma-
tion under the action of stress. (3) In the DE section of spec-
imen stress rapid decline stage, as the specimen cracks, the
specimen is broken and the cohesion of the structure is
almost exhausted.

3.2. Energy Time History Curve of Concrete Specimens with
Low Water and Sufficient Water. Dynamic mechanical prop-
erties and energy calculation results of impact specimens are
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FIGURE 7: Energy distribution of natural concrete.

shown in Table 1 through data processing and theoretical
calculation. Under the action of the same impingement air
pressure, the relationship between incident energy, reflected
energy, transmitted energy, and time of saturated concrete
and natural concrete at room temperature and -5°C is shown
in Figures 6 and 7.

It can be seen from Figures 6 and 7 that the initial kinetic
energy obtained by bullets under the action of the same air
pressure is the same, so the impact incident energy of the
specimen is approximately the same, which also indicates
the reliability of the test equipment. It can be seen from
the figure that all kinds of energies increase with the increase
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of acting time, and the energy changes are not obvious
between 0 and 50us. After 50 us, the growth slope of
absorbed and reflected energy is faster than that of transmit-
ted energy. For saturated concrete at normal temperature,
the reflected energy is higher than that at -5°C, and the
transmitted energy is lower than that at -5°C, as shown in
Figure 6 according to the conservation of energy. Satisfying
the water absorption of low-temperature concrete is greater
than the normal temperature condition, the natural condi-
tions at room temperature, and low temperature state energy
time history curve with a similar pattern, size is not the
same, but the energy difference is also different. The differ-
ence between the reflected energy and absorbed energy of
water-saturated concrete at room temperature is large, but
the maximum absorbed energy of water-saturated concrete
at -5°C is slightly larger than the reflected energy. However,
for the same temperature, the value of reflected energy is
greater than that of absorbed energy. The above results show
that the saturated state has significant influence on the
energy dissipation of concrete at both room temperature
and low temperature.

3.3. Relationship between Temperature and Dynamic
Compressive Strength and Peak Strain of Water-Saturated
Specimens. From the analysis of Section 2.2 and Table 1, it
can be seen that the water-saturated state has a greater
impact on the strength of concrete, and it can be seen from
the table that the ratio of the strength of the water-saturated
concrete to the strength of the natural state is 0.82, indicat-
ing that the water-saturated water molecules have a deterio-
rating effect on the dynamic strength of the concrete, and
when the temperature reaches -15°C, the strength ratio of
the water-saturated concrete to the strength in the natural
state is 1.10, indicating that the transformation of water mol-
ecules into ice molecules has a certain enhancement effect on
the dynamic strength of the concrete. There is a certain low
temperature state that can compensate for the deterioration
effect of saturation. In order to further reveal the relation-
ship between the dynamic strength of water-saturated con-
crete under low temperature and dynamic load and the
relationship between peak strain and low temperature of
water-saturated concrete under low temperature and
dynamic load, the law of concrete under water-saturated
state is more detailed, and the relationship between low-
temperature dynamic compressive strength and peak strain
of natural concrete is compared and analyzed, and the rela-
tionship between dynamic compressive strength and peak
strain and temperature of water-saturated concrete is
obtained as shown in Figures 8 and 9.

It can be seen from Figure 8 that under test conditions,
the dynamic strength of saturated concrete increases linearly
with the decrease of temperature. After linear fitting of data,
the linear correlation coefficient between dynamic strength
of saturated concrete and temperature is R* =0.998. The
dynamic compressive strength of saturated concrete
increases by 34.37 MPa when it drops from normal temper-
ature to -15°C. Compared with the natural state, state full
water dynamic compressive strength of concrete under nor-
mal temperature is low, the analysis reason mainly is a kind
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of porous concrete is hydrophilic material, feed water condi-
tion of concrete softening of water particles and lubrication,
and creep tendency, so that normal temperature state full of
water dynamic compressive strength of concrete material
has weakened a lot. As the temperature decreases, it can be
seen from the fitting curve that the dynamic compressive
strength of concrete under saturated water is equivalent to
that under natural state between 0°C~-2°C. However, the
effect of temperature is not considered in the test, but the
results are reliable combined with theoretical analysis. When
the temperature is lower than 0°C, the free water in concrete
turns into ice crystal. On the one hand, the crystal has a cer-
tain strength to fill the void of concrete; on the other hand,
the process of freezing water into ice under the effect of
low temperature increases the cohesion and internal friction
angle of the specimen itself, which weakens the softening
and lubrication effect of water together. Within the test

range, when the temperature reaches lower temperature,
the dynamic strength of saturated concrete increases, and
the main reason can be explained by the model of friction
crack slip [28-35]. Concrete is subject to impact load, cracks
will develop and extend from the microcracks in the speci-
men, and for this moment, the concrete can still withstand
a large load; cracks in the development and extension of
the original cracks will produce friction slip between the
cracks that have been generated. Concrete friction slip needs
to overcome the following aspects of resistance: (1) the adhe-
sion force between the two friction surfaces and (2) the resis-
tance encountered when the concave and convex particles
cross each other, which is closely related to the roughness
of the friction surface, and for the destruction of low-
temperature water-saturated concrete, the ice crystal struc-
ture will increase the adhesion of the friction face and will
also increase the roughness of the friction surface. In the
crack propagation, the friction resistance of ice crystal struc-
ture slip is the most important factor. The lower the temper-
ature is, the greater the friction resistance of slip is, and the
higher the stress of crack initiation and growth is, and the
compressive strength also increases. The schematic diagram
of the slip model is shown in Figure 10.

Considering the linear increase of concrete with temper-
ature decrease in natural state, the correlation coeflicient of
fitting is R* = 0.991. At -15°C, the peak value dynamic com-
pressive strength of concrete increases by 18.48 MPa. It can
be seen that the effect of peak compressive strength of satu-
rated concrete changing with temperature is significantly
higher than that of dry concrete. According to Figure 10,
the concrete material itself has many holes in the natural
state. Under the impact load, the crack propagation in the
concrete preferentially passes through the weak surface and
holes of the specimen, and the crack penetrates the weak
surface and holes along the stress direction. For saturated
concrete, due to lubrication and softening, the energy con-
sumed by cracks running through concrete is weakened.
For the same crack, the energy required is smaller, and the
overall bearing capacity of saturated concrete specimens is
reduced. However, at low temperature, the water in the holes
and voids of saturated concrete is filled with ice crystals, and
the filling strength of ice crystals is higher, which makes the
failure mode of concrete more inclined to axial splitting and
tensile failure. The crack produced by the specimen is more
parallel to the stress path, which reduces the guiding effect of
the weak face on the crack propagation, thus improving the
strength of the specimen as a whole.

Based on the relationship between peak strain and tem-
perature of saturated concrete in Figure 9, it can be seen that
the peak strain of saturated concrete decreases linearly with
the increase of temperature, and the linear correlation coef-
ficient is R? = 0.97. For concrete under natural condition, the
peak strain of saturated concrete is always greater than that
of concrete under natural condition when it drops from nor-
mal temperature to -15°C in the test range. However, the
change rate of peak strain with temperature of saturated
concrete (slope 0.06) is larger than that of natural concrete
(slope 0.04). It can be seen that with the continuous decrease
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of temperature, the peak strain of saturated concrete will be
smaller than that of concrete under natural state. The main
reasons are as follows: first, with the decrease of tempera-
ture, the brittleness of ice crystal structure in saturated con-
crete becomes stronger. At the same time, considering the
frost heave effect of ice crystal structure, the strength of sat-
urated concrete increases within the test temperature range,
and free water is mainly frozen inside the structure, which
mainly produces filling and solidification. Second, with the

decrease of temperature, the bound water inside the struc-
ture, including aggregate and sand, will also freeze, which
will cause frost heave damage to the structure. Therefore,
with the continuous decrease of temperature, the dynamic
limit strain of saturated concrete will gradually decrease [36].

3.4. The Relationship between Energy Dissipation Rate and
Temperature. Under different environments, the energy dis-
sipation rate of specimens directly reflects the strength of
energy dissipation. Based on Table 1, the relationship
between the energy dissipation rate of saturated concrete
and temperature is shown in Figure 11.

Figure 11 shows that the energy dissipation rate of satu-
rated concrete increases linearly with the decrease of tem-
perature, and the linear correlation coefficient R* =0.98.
Combined with Figure 6, the failure energy absorption pro-
cess of saturated concrete specimens was analyzed from the
perspective of absorbed energy and energy dissipation. In
the initial stage of impact, the stress wave was in the rising
edge, and the saturated concrete specimens were in the stage
of elastic deformation. The absorbed energy of saturated
concrete was stored in the form of elastic energy. With the
increase of incident energy, due to the wave impedance mis-
match between the specimen and the pressure bar, the inci-
dent end face of the specimen generates reflection energy,
and the poststress wave propagates back and forth through
the specimen in the transmission bar, specimen, and inci-
dent bar, and each energy is supplemented. As the stress
wave strength is greater than the ultimate compressive
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FIGURE 12: Failure pattern of water-filled concrete.
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FIGURE 13: Failure pattern of natural concrete.

strength of saturated concrete, damage evolution and accu-
mulation will occur in the saturated concrete specimen.
The primary microcracks in saturated concrete expand and
produce a large number of new microcracks at the same
time, and the absorption energy continues to increase, which
is also the main stage of energy dissipation. With lower tem-
perature, the microcracks of concrete internal full water,
microdefects by ice crystals, and low temperature damage
will not be able to make full water concrete according to
the original crack, weak surface development, and thus need
to consume more energy, but with the lower temperature,
feed water concrete and concrete energy dissipation is grad-
ually close to nature.

The main reason is that with the decrease of tempera-
ture, regardless of saturated concrete and concrete in natural
state, the bound water inside the structure, including aggre-
gate, sand, and other internal water, also freezes, and the
overall brittleness of the specimen becomes stronger. The
dynamic compressive strength of concrete with low water

and sufficient water will increase, but it is more likely to be
broken, and the overall energy dissipation rate will tend to
be the same when the ultimate strain decreases.

3.5. Fracture Morphology Characteristics. Figures 12 and 13
show the failure patterns of concrete in low water and full
water and concrete in natural state at different temperatures.

It can be seen from Figure 12 that, under the impact of
the same air pressure, the fragmentation of saturated con-
crete gradually increases with the decrease of temperature,
and the integrity of specimens gradually improves. The
decrease of temperature can improve the impact resistance
of saturated concrete, which is consistent with the failure
law of natural state concrete. The axial splitting tensile fail-
ure and compression shear failure of concrete specimens
with low temperature and adequate water are the main. As
the temperature decreases, the crushing state changes from
crushing to axial splitting failure, and the axial through-
crack gradually decreases. Saturated concrete is seriously
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FIGURE 14: Failure pattern of concrete.

broken at room temperature, and the destruction range at
low temperature is smaller than that at natural state. Based
on the mesostructure of concrete, the damage and evolution
of saturated concrete are studied by analyzing the physical
and mechanical process of the change of mesostructure,
which can well reveal the damage mechanism and law of sat-
urated concrete. In order to reveal the mesostructure of frac-
ture and fracture of low water-saturated concrete, the surface
of water-saturated concrete specimen was observed by a
bester electronic digital microscope with magnification of
1000 times. The observations are shown in Figure 14.

It can be seen from Figure 14 that there are a large num-
ber of voids and defects (such as cavities, holes, and micro-
cracks) in concrete in the natural state. In the saturated
state, voids and microcracks are filled by water, as shown
in Figure 14(b). In the water-saturated low temperature
state, the surface of concrete is filled with ice crystal particles,
but the ice crystal particles do not completely fill and fill the
pores and voids as expected. That is mainly because the pro-
cess of freezing water does not just freeze at zero degrees
Celsius. To turn water molecules into ice crystals, they need

an attachment called a nucleus. For saturated concrete, water
molecules will preferentially form lattice on the contact sur-
face with concrete, sand, and cement and form ice body
structure on this basis. Therefore, the ice body of saturated
mortar does not always fill the pores. However, due to the
action of ice crystals, the weak surface of concrete is effec-
tively connected. Therefore, under the impact load, the
dynamic process of concrete defects in the natural state is
intensified, and microdefects in different parts of the interior
are simultaneously activated and developed, resulting in a
small number of cracks. Under the continuous action of
stress waves, a large number of microdamage and micro-
crack development, coupled with the development of inter-
nal structural defects, will produce cracks in the internal
structure of particles, along the cracks between particles
and grain boundaries. However, the microstructure of con-
crete subjected to impact dynamic load is not easily changed
by ice crystal structure, and the distribution of concrete will
change from a free state to directional distribution under
stress direction. When the specimen is subjected to uniaxial
impact compression, after the stress wave reaches the
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contact surface between the incident bar and the specimen,
the effective stress in all parts of the specimen is uniform
with the propagation of the stress wave in the concrete with
low temperature and adequate water. With the further
increase of the axial stress, the microdefects of the specimen
develop along the axial stress direction and produce cracks.
The cracks occur along the direction parallel to the compres-
sive stress direction, through the two ends of the specimen,
and produce axial splitting tensile failure.

4. Conclusions

In bridge foundation, water supply, and drainage project,
immersed concrete faces frost heaving dangers under low-
temperature state. Additionally, the concrete also faces
dynamic failure, when many cars drive on it. Hence, the
mechanics characteristics of water-saturated concrete under
the coupling of low temperature and dynamic load are stud-
ied. Water saturation and dry concrete impact compression
tests were conducted at a normal temperature of -5°C,
-10°C, and -15°C using @74 mm split Hopkinson pressure
rod (SHPB). The following conclusions are reached:

(1) In the case of the same coupling value of low temper-
ature and dynamic load, under normal temperature,
the strength ratio of water-saturated concrete to nat-
ural state is 0.82, and the water molecules in the
water-saturated state have a deteriorating effect on
the dynamic strength of concrete, and when the tem-
perature reaches -15°C, the strength ratio of water-
saturated concrete to the strength in natural state is
1.10, and the transformation of water molecules into
ice crystal structures has a certain enhancement
effect on the dynamic strength of concrete. Under
different temperatures, concrete in the natural state
and the natural state of normal temperature and
water-saturated concrete have obvious dynamic yield
platform stage, but at low temperature, the yield
stage of water-saturated concrete platform is not
obvious, and the material properties become more
and more “steep” and brittle

(2) In the range of the test, the various energies increase
with the time of action. There is no obvious change
of each energy between 0 and 50 ps. After 50 s, the
increase slope of absorbed and reflected energy is
faster than that of transmitted energy. For saturated
concrete at room temperature, the reflection energy
is higher than -5°C, and the transmission energy is
lower than -5°C. The energy dissipation rate of satu-
rated concrete increases linearly with the decrease of
temperature

(3) Under the experimental conditions, the dynamic
strength of saturated concrete increases linearly with
the decrease of temperature, and the dynamic com-
pressive strength of saturated concrete increases by
34.37 MPa when the temperature drops from 20°C
to -15°C at normal temperature. The peak strain of
saturated concrete decreases linearly with the
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increase of temperature. For concrete under natural
condition, the peak strain of saturated concrete is
always greater than that of concrete under natural
condition when it drops from normal temperature
to -15°C within the test range. However, the change
rate of peak strain with temperature of saturated
concrete (slope 0.06) is larger than that of natural
concrete (slope 0.04).

(4) The results of the thesis study have certain theoreti-
cal reference value for the design, construction,
maintenance and reinforcement of bridge founda-
tion concrete, water supply, and drainage engineer-
ing building structures and outdoor low-
temperature concrete pavement in cold areas, and
for concrete structures that need to be built in water
and withstand dynamic load, it should be selected to
increase silicon powder and other fine admixtures to
reduce bubbles in concrete, or to select concrete with
higher strength labels to reduce the effect of satura-
tion deterioration. For the water-saturated concrete
structure in the cold area, although under the action
of low temperature dynamic load, the strength of the
concrete increases, but the brittleness of the concrete
increases, especially for some important structures,
the sudden instability of the brittle damage is unpre-
dictable, which will bring very serious disasters, for
these places should improve the reinforcement rate
of the concrete structure or increase the steel fiber;
carbon fiber, polyester fiber, etc. can improve the
overall ductility of the concrete under the condition
of ensuring the strength of the concrete
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