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Abstract: The steeply dipped fault zone is the weak link of the seismic stability of underground caverns. Aimed at the complex dynamic
interaction characteristics between the surrounding rock and fault, based on the Ladanyi's shear strength model, the seismic deterioration
coefficient was introduced, and a shear strength model considering nonlinear mechanical properties and seismic deterioration effect
was established. Further considering the discontinuous deformation characteristics between surrounding rock and faults, a three-dimensional
dynamic contact force method was proposed considering both the complex shear strength and multiple contact states. The method was
applied to the Jinchuan underground powerhouse to study its seismic damage characteristics under the influence of the steeply dipped
fault F31. The results indicate that after considering the interface and seismic deterioration effects, the seismic response of the cavern
increases, the dislocation between the surrounding rock and fault is more evident, and a certain depth of separation and sliding failure
zones occurs. The steeply dipped fault cuts the high sidewalls of the main workshop, and forms a weak zone where the surrounding rock
thickness is thin. The weak zone has more significant deformation and damage, and is prone to flexural toppling deformation and slipping
deformation into the cavern on the upstream and downstream sidewalls, respectively. The distribution of the sliding and separation failure
zone of the interfaces between the surrounding rock and fault are dynamic changes during the seismic process, and it continues to extend
to the deep. Among them, the separation zone is relatively large at the arch abutment and rock anchoring beam. The numerical results
reveal the dynamic failure mechanism of the surrounding rock of the underground cavern intersected by a steeply dipped fault, which
can provide a reference for the seismic design.

Keywords: underground cavern; steeply dipped fault; dynamic contact method; seismic response; damage characteristics

of underground caverns under fault action by means of
field investigation®!, physical experiment*! and numerical
simulation. Among them, the numerical simulation method
has been widely used due to its low computational cost,
high efficiency and ability to simulate complex nonlinear
boundaries’® %, He et al.”) and Li et al.!® studied the

seismic response characteristic and damage mechanism

1 Introduction

Numerous underground powerhouses and tunnel projects
for national strategic needs are being developed in the
southwest of China. Due to the complex geological structure
and strong crustal movement in the southwest valley areas,
underground caverns will inevitably encounter weak fault
zones and high seismic intensity zones during construction.
Engineering practice has proven that unfavorable geological
structures such as faults play a major role in controlling

of a tunnel through fault zone, based on finite difference
method and structural plane element. Zhao et al.”’) studied

strong seismic damage of underground caverns!' 2. The
relative movement of surrounding rocks and faults can
be triggered easily by earthquakes, causing unrecoverable
damage to caverns and affecting their regular operation.
Compared with tunnels, underground powerhouses are
characterized by high sidewalls and long spans, and their
fault fracture zones are the weak links of seismic resistance.
Therefore, it is of great significance to study the seismic
failure characteristics of underground caverns intersected
by faults for the seismic design and safe operation.
Many scholars have studied the seismic responses
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the seismic response of a cross-fault tunnel under P-wave
through numerical simulation. Using the discrete element
method, Yang et al.'% investigated the seismic damage
process of a tunnel—fault system. Ardeshirilajimi et al.[!
implemented a hybrid finite difference-discrete element
method to perform nonlinear dynamic analysis of under-
ground caverns under the influence of a single fault lay-
out. Cui et al.'? used the discrete element method to
investigate the effect of discontinuous interlayer dislocation
zone on the stability of the surrounding rocks of the
powerhouse at Baihetan under seismic loading. It can
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be found from the existing studies that fault increases
the failure depth of surrounding rock and causes dis-
continuity of displacement and stress around the cavern,
thus increasing its instability. There are many achieve-
ments in tunnel engineering, but few researches on the
dynamic damage characteristics of underground caverns
with high sidewalls and large spans under the influence
of faults. Meanwhile, although most studies simulate the
dislocation of surrounding rock and fault under seismic
loading, they ignore the deterioration effect of cyclic seismic
load on the strength of the interface between surrounding
rock and fault.

Dadu River Jinchuan hydropower station located
in Sichuan province is a vital hydropower project in
Southwest China. A steeply dipped fault F31 cuts the
main workshop, and the angle of intersection between
the strike of the fault and the axis of the workshop is 36°.
The dip angle of the fault and its intersection angle with
the carven axis greatly influence the seismic response
of carven'* "', For steeply inclined structural planes,
Zhang et al.'*! and Li et al.'® studied the influences on the
surrounding rock stability relying on Dagang Mountain
and Wudongde underground workshops, respectively,
and showed that surrounding rock failure controlled by
structural planes is prone to occur in the static excavation.
It can be predicted that the ‘small included angle and
steep dip’ F31 fault has a more significant influence on
the dynamic stability of the main workshop with a high
sidewall and large span, which is the weak area of sur-
rounding rock and plays a controlling role in the seismic
stability of Jinchuan main workshop. At present, there
have been few research findings regarding this field.
Therefore, it is of great significance to study the seismic
damage characteristics of the Jinchuan underground pow-
erhouse under the action of steep dip faults.

In this study, a complex shear strength model of the
interface between surrounding rock and fault under
seismicity is established, considering nonlinear mechanical
properties and seismic deterioration effect. Then, a three-
dimensional dynamic contact force algorithm considering
complex shear strength and multiple contact states is
proposed for the complex dynamic contact behavior of
surrounding rock and fault. Taking Jinchuan underground
powerhouse as an example, the influence of steeply
dipped fault on the seismic response of the main pow-
erhouse is analyzed. The dynamic failure mechanism
of surrounding rock is discussed, which is expected to
provide a helpful reference for seismic engineering design.

2 Shear strength model of interface between
surrounding rock and fault

The shear strength of the contact surface between

https://rocksoilmech.researchcommons.org/journal/vol42/iss9/9
DOI: 10.16285/j.rsm.2020.6886

surrounding rock and fault is a crucial parameter con-
trolling the deformation and failure of surrounding rock.
Its contact surface is irregular and rough in the natural
state, and in the closed state, irreversible shear damage
such as abrasion or shearing commonly occurs, exhibiting

(7], The phenomenon of dynamic

anonlinear shear strength!
strength attenuation of rock structure planes due to dynamic
seismic action has also been confirmed by numerous

181 However, the Mohr—Coulomb shear

experiments!
strength model commonly used in dynamic analysis
cannot reflect these phenomena. Therefore, it is necessary
to establish a shear strength model for the contact surface
between surrounding rock and fault considering nonlinear
mechanical properties and seismic deterioration effect.
2.1 Nonlinear shear strength formula

Under static conditions, the shear strength of the contact
surface between the surrounding rock and fault is mainly
affected by its geometry and stress state. When the normal
stress or undulating angle of the contact surface is minor,
the climbing effect and abrasion are likely to occur. In
contrast, shearing tends to occur when the normal stress
or undulating angle is large. Through a large number
of natural joint shear tests, Barton et al.'” used joint
roughness to describe the geometry of structural surfaces
and proposed a JRC-JCS shear strength model. Patton”!
simplified the discontinuity surface into a regular sawtooth
shape and proposed a bilinear strength theory with concise
formula. Ladanyi et al.”!! pointed out that the structural
plane is irregular and the strength envelope is a curve,
and proposed the corresponding strength model according
to the theory and experiment. Grasselli et al.*?, Ghazvinian
et al.l*¥) also proposed strength models considering the
geometry of structural planes, but due to the complicated
parameters, it has not been widely used in engineering.

Due to the low strength of rock mass near weak
faults, its shear failure is more likely to occur during
the interaction with surrounding rocks, which plays a
leading role in the shear strength of the contact surface!>*.
The strength model proposed by Ladanyi et al.?!) com-
prehensively considered the geometric parameters of
the interface and the influence of rock strength. Compared
with Patton’s model, it has a better imitative effect on
the structural planes prone to shear failure!'”!. Hence,
based on Ladanyi strength Model®!, a strength model
for the contact surface between surrounding rock and
fault is established in this study. Its peak shear strength
7, can be expressed as

;= o(l-a)V +tang,) + .7,

b . (D
1-(1-o,)vtang,

v=(1-0/c,)" tan@ &>

o, =1-(1-0/0,)" 3
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T, =0tang, +c, (4

where ois the normal stress of contact surface; v is the
dilatancy rate; ¢, is the shearing rate representing the
area ratio of shearing; o, is the uniaxial compressive
strength of the bulge on contact surface; ¢, is the friction
angle of contact surface; 6 is the undulating angle; 7, ,
@, and c, are the shear strength, internal friction angle
and cohesion of the convex part, respectively. For rough
interfaces, the values of parameter K and L are 4.0 and
1.5, respectively!l. If the strength of the fault zone is
significantly weaker than that of the surrounding rock,
the bulge can be considered as the fault zone rock from
the safety point of view.

Because the contact surface between surrounding
rock and fault is rough and irregular under natural states,
and the undulating angle is not constant, they cannot be
measured directly. Here, the dilatancy model proposed
by Barton et al.'! is adopted to calculate the undulating
angle 6 :

JCS

where 6, is the peak dilatancy angle; JCS is the com-
pressive strength of contact surface, and the compressive
strength of the medium with weak strength is taken.
JRC is the roughness coefficient of the contact surface,
which is calculated by the method proposed by Yang
et al.®,

When the shear force of the contact surface exceeds
its peak strength, the bond property of the contact surface
is irreversibly damaged, and the contact surface presents
a strain-softening phenomenon. The shear strength at this
point is called residual shear strength, which is mainly
provided by the friction of the bulge and can be expressed
as

T, =0tang, (6)

2.2 Seismic deterioration of contact surface strength

Seismic deterioration and attenuation of rock structural
planes is a complex dynamic process. Seismic deterioration
coefficient D(7) is used to quantify the degradation degree
of shear strength. Therefore, the peak shear strength 7,()
and residual shear strength 7(¢) of the contact surface
at time ¢ can be defined as

T.()=D(t) 1y, 7.(6)=D(1) 1, 7

where 7, and 7y are the initial shear strength and initial
residual shear strength of contact surface, respectively.

Previous studies have shown that the strength of the
structural plane is mainly affected by two factors: cyclic
seismic shear load and shear deformation rate?*28], In

this paper, the influence coefficients of cyclic load 77(¢)

Published by Rock and Soil Mechanics, 2021

and shear deformation rate y(¢) are adopted to quan-
titatively describe its influence (7(t) <1. y(t)<1).
The former causes abrasion to the structural plane through
cyclic shear frequency and amplitude, while the latter
reduces the dynamic friction factor of the structural plane
by generating relative velocity?®!. Assuming that during
the earthquake, these two factors are mutually independent,
the seismic deterioration coefficient of structural plane
intensity D(f) can be written as
D(#)=n(t)- y(1) (8)
The cyclic shear frequency and amplitude of seismic
load on the contact surface cause abrasion and passivation
of the contact surface. The shear strength of the contact
surface decreases gradually with time. Its influence on
the strength of the contact surface obeys a negative
exponential decay law with the seismic time?® 2!, Therefore,
the influence coefficient of cyclic seismic load can be
formulized as

n{)=R,+(1-R,)e " €))

where Ry is the convergence value of shear strength
deterioration, 0<XRy<<1; f; is cumulative seismic time;
¢ is the dimensionless undetermined coefficient. Ry and
£ can be obtained from experiments.

The attenuation of shear deformation rate on the contact
surface to shear strength also follow approximately negative
exponential law, which can be expressed as!*”!

y&)y=m([V(t)+q) "

where V(?) is the relative shear velocity of contact point
pairs at time #;, m, q and p are the dimensionless
undetermined coefficients that can be estimated from

(10

experiments.
Therefore, the seismic deterioration coefficient D(7)
is gained as

D(r)=[RO+(1—Ro)e*‘f<f/fs>][m(|rf(z)|+q)’”} (1)

By integrating Egs. (1), (6), (7) and (11), the complex
nonlinear shear strength of the interface between surr-
ounding rock and fault is received, which changes
dynamically with the seismic process.

Compared with conventional models, the proposed
shear strength model of the contact surface is more con-
sistent with the reality of the shear strength of surrounding
rock and fault interface under seismicity action. The
undetermined parameters in the model can be determined
by dynamic shear tests.

3 Analysis of discontinuous dynamics of
surrounding rock and fault

During the earthquake, the interface between surr-
ounding rock and fault is not only in a bonding contact



Rock and Soil Mechanics, Vol. 42 [2021], Iss. 9, Art. 9

CHEN Shi-jie et al./ Rock and Soil Mechanics, 2021, 42(9): 2600-2610 2603

state but also may produce discontinuous states such
as slip and detachment. Based on the explicit integral
algorithm, this paper considers various contact states of
surrounding rock and fault?®”), and integrates the complex
shear strength model in the previous section to establish
a 3D dynamic contact force algorithm for contact surface,
thus forming a discontinuous dynamic analysis method
for surrounding rock and fault. The derivation is given
below.
3.1 Explicit finite element integral method for contact
system

Figure 1 shows two types of contact between surr-
ounding rock and fault in three-dimensional space: point-to-
point contact and point-to-surface contact. For undisturbed
surrounding rocks, the contact surface is considered to
be well cemented, and the node i on the fault and the
node i’ on the surrounding rock form the initial node pairs,
known as point-to-point contact. After the disturbance,
if the deformation of surrounding rock and fault is
inconsistent, it is easy to slip along the contact surface.
Under the circumstances, the node 7 on the fault corresponds
to the node i’ on a certain element surface of surrounding
rock, and its contact form is point-to-surface contact.
The contact forces of the two contact forms satisfy the
interaction relation, i.e., V,+ N, =0, T,+T, =0. Next,
based on the motion equation, the time-domain integral
format of the displacement of the contact system node
is derived, and the normal contact force N,, N, and
tangential contact force 7,, T, are solved.

After the finite element discretization of the contact
system of surrounding rock and fault, the motion equation
of the contact system node is

Mii+Cu+Ku=F+N+T (12)

where M, C and K are the mass, damping and stiffness
matrices, respectively; #, # and u are the acceleration,
velocity and displacement vectors of the node, res-
pectively; F is the external load vector; N and T are
the normal and tangential contact force vectors on the
contact surface, respectively.

Surrounding roc

Contact
surface

0—X | &

Point-to-point contact Point-to-surface contact

Fig.1 Contact types and contact force on the interface

The central difference method is adopted to solve
the motion equation, and the explicit integral expression

https://rocksoilmech.researchcommons.org/journal/vol42/iss9/9
DOI: 10.16285/j.rsm.2020.6886

of the displacement at the time step #+1 is

un+1 :l—ln+l+Aun+] (13>
" =u" A ACMT (Fr - Ky —cit)]2 (14
A" =ACMT (N +T7) /2 (15

n+l

is the node dis-

—n+l

placement vector at the current time; u
displacement vector without considering the contact

where Af = t,+1— t, is the time step; u
is the node
force; and Au"""'
caused by contact force.

Based on the assumption of the average acceleration

is the additional displacement vector

method, the velocity and acceleration at time step n+1

can be expressed as
Wt =2 —u") At —a" (16)
an

According to Egs. (16) and (17), the motion state
of the node at time step n+1 can be explicitly solved

il'nJrl — 2(”n+1 _ l.ln) / Al _ il'n

according to the node displacement, velocity and dynamic
contact force at time step n. The motion state at time
step n is known. The contact force vectors, namely N”
and T" attime step # should also be calculated according
to the contact conditions.
3.2 Solution of contact force
3.2.1 Contact force of point-to-point contact

The point-to-point contact shown in Fig.1 assumes
that the contact node pairs i and i’ are in the bonding
contact state at time step #+1, then it satisfies the constraint
conditions of normal non-embedding and tangential non-
relative displacement, i.e.

T n+l n+l

n; Uy — Uy 0
T n+l n+ly _ n+l n+l | _ no_.n

t, (" —w ) =quny —uy = U, — U (18)
T n+l n+l n n

5 Uy — U Upy — U

where n; is the unit normal vector of node i on the contact
surface, pointing from i’ to 7; #1 and ¢, are two tangential
unit vectors of node i; u; and u; are the displacement
vectors of nodes i and i’ in the global coordinate system,
respectively; the subscripts 1, 2 and 3 of u represent the
components of node displacement along the normal n;
and two tangential (#;, t;2) directions of contact surface,
respectively.

Substitute Eq. (13) into Eq. (18), and according to
the interaction between contact forces, it yields

N @@~ )m,

no _ 2MiMi' —n+l  —n+l n n

i (= (M +M )At2 Upy —y — (U, —up)lt,
T’l i i —n+1 —n+l n n

i2 [ui’3 —Uz — (ui's — U )]t,-z

19
where N is the normal contact force vector of the node

1



CHEN et al.: Numerical analysis of seismic damage characteristics of an underg

2604 CHEN Shi-jie et al./ Rock and Soil Mechanics, 2021, 42(9): 2600-2610

Iyand T, T, are the tangential contact force vectors
of nodei, T"=T,+T) .
3.2.2 Contact force of point-to-surface contact

Figure 1 also illustrates the point-to-surface contact
form, it is assumed that the contact node pairs i and
point i’ on the unit surface are in bonding contact state
at time step n+1. The displacement of contact point i’
can be calculated by shape function interpolation:

n__ n —n+l_ —n+1
uy Z%”j’ u; Z¢.f”j
j j

Similarly, the equivalent concentrated mass M; of
contact point i’ can be calculated as follows:

M,=ij
m/:‘/j.;M.//Z[:@z

where j is marked as the node of i’; ¢ is the value of
shape function of node j at contact point i'; m; represents

(200

2D

(225

the mass contribution of node j at contact point i’ ; and
M,; is the concentrated mass of node ;.

According to the contact displacement constraints
and interaction forces, Eq. (19) is finally derived, and
the contact force at node 7 in the form of point-to-surface
contact can then be obtained by substituting Egs. (20)
and (21) into Eq. (19).

3.2.3 Modification of contact state and contact force

The expressions of dynamic contact forces in point-
to-point and point-to-surface contact forms are calculated
based on the assumption of bonding contact. Therefore,
in each calculation step, it is necessary to determine
whether it is in the slip or detachment contact state and
then modify the corresponding contact forces.

First, the ultimate contact forces at contact node i
should be determined according to the shear strength
model of the contact surface in the previous section. If
the contact node is in the state of bonding contact until
the time step #, its tensile force P, and shear force P
can be expressed as

Py=04, Py ZTP(I)AI'

t i

(23)

where o is the tensile strength of contact surface; 4;
represents the area of node i.

If the contact node slips or separates before time
step n, it indicates that the bonding interface has been
damaged. In this case, the ultimate contact forces are
provided by the residual strength and can be computed
as

Py =0, P} =7,(1)4 (24)

According to the ultimate contact forces, the contact
state is checked and the contact forces are corrected
according to the following two scenarios:

Published by Rock and Soil Mechanics, 2021

(1) If N/n, <0, the contact surface is in a tensile

2 2 2
state. If it further satisfies [N/ + |11 + |72 >
Py, , it indicates the contact nodes are disconnected. Under
this circumstance, the contact forces are modified according
to the following formula:

N!'=0,T/=0,T:=0 (25)

(2) If N!n, >0, the contact surface is in a com-
pressive state, the tangential contact forces need to be

2 2
checked. If | + |

n
T,

n
T

> Py, that means there is

some slippage at the contact point. The tangential contact

forces need to be corrected by the following formula:
1= 04-T;/ 2

n2
[z +]

n
T;

(26)
Tiz=rr<r>A,-~T,-z/ |7

The contact state between surrounding rock and fault
contact surface at time step n+1 is gained through the

above calculations. By substituting the dynamic contact
forces into Egs. (13)—(17), the motion state of each node
in the contact system at time step n+1 can be obtained.

This 3D dynamic contact force algorithm is more
suitable for the whole fault zone across the workshop,
and is favorable to simulate the bond, slip and detachment
between surrounding rock and fault during the earthquake.

4 Seismic response analysis of cavern

4.1 Project overview

Jinchuan hydropower station is one of the most
important hydropower projects in the Dadu River region
in Southwest China. The main workshop size is 124.5 mx
25.8 mx64.25 m (lengthxwidthxheight), with large spans
and high sidewalls. The geological survey found that a
steeply dipped fault F31 cuts diagonally into the main
workshop. Its occurrence is NW324° NE /85, and it
is a grade II structural plane with an extension length
of more than 500 m and a width of about 2.0 m. The fault
is filled with mylonite, fault gouge and a small amount
of fragmental rock. The strike of fault F31 is inclined to
the axis of the workshop at 36° and crosses the whole
workshop. As is suggested by the geological survey, fault
F31 greatly influences the stability of high sidewall sur-
rounding rock in the upstream and downstream of the
workshop. The basic intensity of earthquake is rated as
7, and the fault zone is the weak link of seismic resistance
of the underground cavern.
4.2 Computation model and conditions
4.2.1 3D finite element model

Figure 2 presents the finite element model of the
underground powerhouse with the F31 fault, which is
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excavated in 9 stages. The x-axis is perpendicular to the
axis of the workshop and points to the west, y-axis points
to the south along the axis of the workshop, and the
z-axis is straight up. The model size in three directions is
180.0, 224.5 m and 160.0 m, respectively. The calculation
model is mainly composed of hexahedral isoparametric
elements and locally supplemented by degenerate elements,
subdividing into 170 282 elements and 125 781 nodes.
The maximum element size does not exceed 6 m to meet
the requirements of dynamic calculation accuracy. Before
calculation, the common nodes of the surrounding rock
and the fault are separated to form the contact surface
to establish the initial contact pair.

2242
Excavation
2200
£ 1
N
2
2 150 3
:
2 100 P
7
8
9

90 =78 =50

Fig.2 Finite element model

Monitoring points P1 and P2 are respectively arranged
in surrounding rock and fault at an elevation of 2 148 m
in the middle of the downstream sidewall of the main
workshop, as shown in Fig.3. For the convenience of
analysis, the contact surface between the fault and its
hanging wall surrounding rock is marked as face 1, while
the contact surface between the fault and its footwall
surrounding rock is marked as face 2.

Fault F31
NW324°NE /85°

Upstream sidewall

Main workshop
P1

P2

Surrounding rock

Elevation of 2 148 m

Fig.3 Layout of monitoring points

4.2.2 Computation conditions

The computation program is based on the self-
developed dynamic analysis platform!], and embedded
in the dynamic contact force algorithm, which takes
complex shear strength and multiple contact states into
account. According to the suggested values in the geological
survey report, the initial rock mass mechanical parameters
of surrounding rock and fault are listed in Table 1. The

https://rocksoilmech.researchcommons.org/journal/vol42/iss9/9
DOI: 10.16285/j.rsm.2020.6886

relevant parameters of the contact surface cannot be tested
due to the limited conditions, and are selected according
to the geological survey data and relevant empirical
formulas, as shown in Table 2. Among them, JCS is chosen
as the compressive strength of the fault. The value of JRC
is 16.0 based on experiences because of the rough and
slightly undulating contact surface between fault and
surrounding rock. As for the values of Ry and &, according
to the initial calculation, it is known that the contact surface
has at least 10 cycles of shear and the maximum amplitude
exceeds 15 mm. In combination with the test curve in
reference [28], Ro = 0.8, &= 5.0. m, g and p are evaluated
according to the experimental fitting curves in literature
[27]. The tensile strength of the contact surface is assumed
to be mainly provided by cohesion and is set at 0.1 MPa.

Table 1 Mechanical parameters of rockmass

Deformation

. Compressive
Poisson's P

Density ~ Cohesion Friction

T 1 . - N th
ype m;)é:l;aus ratio  /(g+cm?) /MPa  angle/(°) st/l;[npga
Surrounding g 5 027 27 10 435 70
rock
Fault 1.1 0.35 2.7 0.1 233 40

Table 2 Mechanical parameters of interface

jCs Friction  Geismic deterioration coefficient ~ Tensile
/MPa JRC angle strength
) R & m q p /MPa
40 16 30.0 0.8 5 0.883 0.02 0.032 0.1

The dynamic elastoplastic yield criterion based on
Mohr—Coulomb criterion is adopted for rock element!®!),
which is formulated as

f*=0,-0,N,+2(1-D)c(£),[N,=0

f'=0,-0'=0

Q27

where f* and f' are the shear and tensile yield functions,
respectively; o, and o, are the maximum and minimum
principal stresses after damage; o' is the tensile strength;
N,=(-sing) [(1+sin@); c(€) is the cohesion related
to strain rate; and D is the damage coefficient, and its
value is

D, =1—exp(—Rye’e’) (k=1,2,3)

D=./D}+D?+D?

where D, is the damage coefficient of the k-th principal
strain direction, k =1, 2, 3; & is the plastic deviatoric
strain in the &-th principal strain direction; and R is the
damage constant.

The numerical simulation includes two steps: static

(28)

excavation and dynamic calculation. In the first step,
according to the in-situ stress test, the coefficients of
lateral pressure in x, y and z directions are 1.1, 0.9 and
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1.0, respectively. The maximum embedment depth of the
main workshop is 250 m. The overburden weight is applied
at the top of the model, the bottom is fixed, and the
lateral normal constraint is applied. The main workshop
is excavated in 9 stages from top to bottom. The static
calculation is also based on the dynamic analysis platform,
which is solved by setting non-viscous damping. The
dynamic contact force algorithm is used to solve the contact
state between the surrounding rock and fault.

The second step is dynamic calculation. The stress
field and contact state after static excavation are the initial
conditions of dynamic analysis. The model adopts a free
field artificial boundary at the side and a viscoelastic
artificial boundary at the bottom. The viscoelastic artificial
boundary is also adopted at the top, and the propagation
of outer wave and reflected wave in the semi-infinite
domain is considered®?. Local damping is used and the
critical damping ratio is 5%, with a damping coefficient
of 0.157 183,

The Kobe wave of Hanshin, Japan, is selected as the
seismic wave in the north—south direction, of which 15 s
with strong seismic fluctuation is truncated as the incident
wave. According to the seismic fortification intensity of
the Jinchuan hydropower project, the peak acceleration
of the incident wave is adjusted to —1.5 m/s%, pointing
to the negative direction of the coordinate system. The
acceleration time-history curve and Fourier spectrum curve
obtained after filtering and baseline correction are shown
in Fig.4. The seismic wave is the shear wave incident
vertically from the bottom of the model, and the vibration

2 -
The peak ground acceleration is —1.5 m/s?
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Fig.4 Time-history and Fourier spectrum of input
seismic acceleration
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direction is x—direction perpendicular to the axis of the
workshop.

In this study, three working scenarios are set up for
comparative analysis: (1) the contact surface is not con-
sidered; (2) the contact surface is considered, but the
deterioration effect is not considered; (3) both the contact
surface and the deterioration effect are considered.

4.3 Results analysis
4.3.1 Displacement characteristics of the surrounding rock

Under cyclic seismic loading, complex dynamic contact
behavior occurs on the contact surface between the surt-
ounding rock and fault, resulting in relative displacement.
As reflected from the x—direction time history curves of
relative displacement of P1 and P2 under three working
scenarios (Fig.5), the relative displacement is very small
when the contact surface is not taken into account, but
the surrounding rock and fault are obviously misaligned
when the contact surface is considered (scenarios 2 and
3), and the relative displacement increases rapidly between
1.0 s and 8.3 s. The maximum relative displacement of
scenario 3 is 20.5 cm, which is 4.4 cm larger than that
of scenario 2. The results highlight that the dynamic contact
force algorithm can effectively simulate the discontinuity
of surrounding rock and fault, and the relative dislocation
is intensified by considering the seismic deterioration
effect.

- - - Scenario(
25 | ——Scenario®
w0k T Scenario® ... _._..._..

Relative displacement /cm

Time /s

Fig.5 Time-history curves of relative displacement in x
direction of monitoring points P1 and P2

Figure 6 depicts the time-history curve of the seismic
deterioration coefficient of contact surface near the mon-
itoring points. Subjected to cyclic shear load and shear
deformation rate, D(f) tends to decrease exponentially
with time. Between 1.0 s and 8.0 s, D(¢) decays rapidly
and fluctuates violently affected by the shear deformation
rate of the contact surface, with a minimum value of about
0.75. After 8.0 s, due to the attenuation of input seismic
acceleration, D(¢) fluctuates from 0.77 to 0.81, mainly
affected by the shear deformation rate. The time-history
curve of the seismic deterioration coefficient D(¢) directly
reflects the deterioration degree of the interface between
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surrounding rock and fault at different time.

Seismic deterioration coefficient D(7)

Time /s

Fig.6 Time-history curves of seismic deterioration
coefficient

After the earthquake, the x—direction displacement
along the axis in the middle of the upstream and down-
stream sidewalls of the main workshop is shown in Fig.7.
The deformation stability of the workshop is primarily
controlled by the steeply dipped fault. Seismic activity
evidently magnifies the deformation of rock mass in the
fault zone. After considering the contact surface, obvious
discontinuous deformation occurs near the surrounding
rock and fault interface. Because the downstream sidewall
is far away from the end wall and the height of the sidewall
is larger, the relative displacement of the downstream
sidewall is more significant than that of the upstream
sidewall.
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Fig.7 Displacement distribution of sidewalls along axis x
direction after earthquake

4.3.2 Damage characteristics of the surrounding rock
During the earthquake, the plastic failure volume and
tensile failure volume of the surrounding rock gradually
accumulate. The time-history curves of rock failure volume
under three scenarios are plotted in Fig.8. During the period
of 1-8 s with severe fluctuation, the seismic damage
volume of rock increases obviously, and the failure volumes
of scenarios 2 and 3 are significantly larger than that of
scenario 1, with an increment of about 10.6x10* m®. The
main reason is that the mutual restraint between the sur-
rounding rock and fault is weakened after the slip or

https://rocksoilmech.researchcommons.org/journal/vol42/iss9/9
DOI: 10.16285/j.rsm.2020.6886

detachment failure of contact surface caused by seismicity,
which leads to the increase of damage and failure. The
failure volume of scenario 3 is slightly larger than that
of scenario 2. The volume difference between them
fluctuates and the final volume difference is about 360 m>.
It is confirmed that seismic deterioration aggravates the
failure of the rock mass. It can be seen that considering
the contact surface and seismic deterioration effects, the
damage range of cavern increases and accumulates during
seismicity process.
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Fig.8 Failure volume time-history curves of rockmass

Figure 9 shows the distribution of surrounding rock
damage coefficient on the upstream and downstream
surfaces of the main workshop after the earthquake in
scenario 3. The failure zone of surrounding rock is mainly
concentrated around the cavern, and the rock mass near
the fault zone is seriously damaged. The failure zone
develops deeply along the fault, and the damage coe-
fficients of the fault footwall at the upstream sidewall
and the hanging wall at the downstream sidewall are larger,
with the maximum damage coefficient approaching 1.0.
The result is similar to the deformation shown in Fig.7.
Cut by the fault with a small incline angle and steeply
dipped angle, the surrounding rock on one side of the
high sidewall is thinner. The damage and deformation
of this region are more severe than that of the other side
and are significantly affected by seismic disturbance.
4.3.3 Detachment and slip of contact surface

In order to further study the failure rule of the contact
surface between the surrounding rock and fault under
seismic event, Fig.10 shows the detachment and slip dis-
tribution of the contact surface face 1 between the fault
and surrounding rock on the hanging wall and face 2
between the surrounding rock on the footwall before and
after the earthquake. Before the earthquake, the unloading
caused by excavation makes the contact surface separate
and slip at a certain depth of the free face. The detachment
zone mainly occurs in the middle of the downstream
sidewall of face 1 and the middle of the upstream sidewall
of face 2, and the depth is between 3—8 m along the strike
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Fig.9 Damage coefficient distributions of upstream and
downstream faces
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Fig.10 Detachment and sliding zone distributions of
interfaces before and after earthquake

of the fault. During the earthquake, the slip and detachment
zone of contact surface changes dynamically, along with
increasing damage range. After the earthquake, the slip
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and detachment zones of the contact surface of the fault
hanging wall and footwall are similar. Along the fault
strike, the maximum slip depth of the upstream sidewall
is 24.4 m, and the maximum detachment depth is 12.2 m.
The maximum slip zone depth along the fault strike of
the downstream sidewall is 36.6 m and the maximum
detachment zone depth is 18.2 m. The damage depth of
the contact surface of the downstream sidewall is more
profound than that of the upstream sidewall. Under the
influence of stress concentration and earthquake, the
detachment zone depth of the contact surface between
the arch and anchor beam is enlarged. It can be concluded
that the seismicity intensifies the discontinuous deformation
and failure of surrounding rock and fault accompanied
by continuous extension to the interior.

4.4 Failure mechanism of cavern under steeply dipped
fault

According to the numerical simulation results, it is
found that the failure of surrounding rock prevailingly
occurs near the steeply dipped fault, and the stability
of the high sidewall of the main workshop is affected
observably. As shown in Fig.11, two typical sections of
fault F31 passing through the upstream and downstream
sidewalls of the workshop are selected to analyze the
deformation and failure mechanism of surrounding rock:

(1) Steeply dipped fault F31 with small incline angle
cuts a relatively thin surrounding rock region on the
high sidewall, including fault footwall at the upstream
sidewall and hanging wall at the downstream sidewall.
These areas are adjacent to the free face and fault zone,
and the 64.25 m ‘high sidewall effect’ provides the defor-
mation space, and the force and bending moment for
failure. The seismic load amplifies the broken surrounding
rock and fault zone with weak mechanical properties,
resulting in large deformation and damage, which weakens
its bearing capacity. When the bearing capacity is lower
than the force and bending moment, failure occurs. In the
upstream sidewall, the fault is an unfavorable occurrence
in the upstream of steep dip. The rock mass in the weak
zone and the rock mass in the fault zone are prone to
bending and toppling deformation into the cavern. There
is a possibility of slippage along the fault plane in the
downstream sidewall into the steep dip cavern.

(2) Under the seismic action, the surrounding rock
and fault interface failure occur at a certain depth, such
as slip and detachment. The mian reason is the seismic
amplification effect in the fault zone makes it inconsistent
with the deformation of surrounding rock on the hanging
wall and footwall. When the tensile stress generated by
the relative deformation exceeds the tensile strength of
the contact surface, it leads to detachment; similarly, when
the shear stress exceeds the shear strength, slip occurs.
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Meanwhile, the cyclic shear action and the relative shear
deformation rate of seismic load on the contact surface
also cause the deterioration of shear strength, and aggravate
the discontinuous deformation failure of the contact surface.
Most of the contact surfaces near the weak zone have
separating failure, which further exacerbates the damage
and deformation failure of the surrounding rock.
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Fig.11 Seismic damage characteristics of the main
workshop intersected by a steeply dipped fault

5 Conclusions

In this study, a complex nonlinear shear strength model
of surrounding rock and fault under seismic action is
established, and a 3D dynamic contact force algorithm
considering complex shear strength and multiple contact
states is proposed. The seismic failure characteristics of

https://rocksoilmech.researchcommons.org/journal/vol42/iss9/9
DOI: 10.16285/j.rsm.2020.6886

the Jinchuan underground powerhouse under steeply dipped
fault are studied. The following conclusions are drawn:

(1) The existence of fault enlarges the deformation
and failure range of the cavern, and the seismic response
becomes more severe after taking the seismic deterioration
effect of the contact surface into account. Under the
influence of earthquakes, the dislocation of surrounding
rock and fault is intensified, and slip and detachment
failure at a certain depth occur. It reveals that the proposed
algorithm can effectively reflect the seismic deterioration
effect of the contact surface and simulate the nonlinear
large slip phenomenon of surrounding rock and fault
under seismic action.

(2) The steeply dipped fault cuts the main workshop
obliquely, resulting in a weak zone with thin surrounding
rock thickness. The seismic response has a pronounced
amplification effect in these weak zones and fault zones,
causing a large deformation and damage. The weak zone
is prone to bending and toppling deformation in the
upstream sidewall and sliding along the fault plane in
the downstream sidewall.

(3) The distribution of the slip and detachment failure
zone on the interface evolves dynamically with the sei-
smicity process and extends to the depth of the surrounding
rock. The contact surface damage depth of the downstream
sidewall of the workshop through the steeply dipped
fault is more significant than that of the upstream sidewall,
and the detachment zone of the arch seat and anchor
beam is larger.

(4) The numerical simulation results highlight the
seismic response characteristics and failure mechanism
of the underground cavern intersected by a steeply dipped
fault, which can provide references for the seismic design
of similar projects.
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