Creep Modeling in Excavation Analysis
of a High Rock Slope
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Abstract: Based on the distinct element method, a numerical procedure is presented for simulation of creep behavior of jointed rock
slopes due to excavation unloading. The Kelvin model is used to simulate viscous deformation of joints. A numerical scheme is introducec
to create incremental contact forces, which are equivalent to producing creep deformation of a rock-joint system. The corresponding
displacement of discrete blocks due to creep deformation of contact joints can be calculated by equilibrium iteration. Comparisons of
results between the numerical model and theoretical solutions of a benchmark example show that the presented model has excelle
accuracy for analysis of creep deformation of rock-joint structures. As an application of the model, residual deformations of the high rock
slopes of the Three Gorges shiplock due to excavation unloading and creep behavior are investigated. By simulating the actual excavatic
process, the deformation history of a shiplock slope is studied. Good agreement has been achieved between numerical prediction and fie
measurements. It demonstrates the effectiveness of the presented model in analysis of the creep deformation due to excavation unload
of high rock slopes.
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Introduction essary and possible to reanalyze the problem because the excava-
tion of the shiplock slopes has been finished. Field data recorded
Several numerical approaches have been developed over the patom the measurements are now more complete, and the creep
2 decades for studying the deformation and stability of high rock deformation can now be properly modeled by the current proce-
slopes. The distinct element method, i.e., discrete element methodlure.
(DEM) (Cundall 1980, 1988is a powerful numerical tool for Creep deformation due to rheological behavior of rock slopes
evaluating the deformation behavior and collapse process ofis commonly analyzed using the finite element mettBihg
jointed rock slopes. The functions of DEM for solving problems et al. 1995 although three-dimensional finite difference modeling
of deformation and stability of jointed rocks were discussed by was also conducted by investigators to predict mining stress con-
Fairhurst and Lorig(1999. An application of DEM in dynamic  ditions considering the crucial creep behavior of the host strata
analysis of high rock slopes confirms the applicability and effec- (Gilbride et al. 2001 The rock is usually assumed as an isotropic
tiveness of DEM to predict the displacement history of a high or anisotropic continuum and only a limited number of major
rock slope during and after the excavati@ang et al. 1997 In faults can be considered in the analysis. However, it is important
that study, the unloading displacement histories due to excavationto recognize that for a hard but jointed rock mass the dominant
of the Three Gorges shiplock slopes were analyzed and comparegpart of creep deformation is usually produced from numerous
with field measurements, which were then available up to the endrock joints. It is, therefore, of significance to evaluate rheological
of 1995. However, the creep deformation of the slopes was notbehavior by using the discrete element method, which is capable
included in that analysis, resulting in a significant discrepancy of evaluating the discontinuous deformation of jointed rock. Yet,
between numerical prediction and field measurements. It is nec-to the authors’ knowledge, little work has been devoted to creep
simulation in DEM for modeling deformation of high rock slopes.
Based on this consideration, a creep model for jointed rock slopes
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Deformable Discrete Element Method
By employing the central difference method for the accelera-

The outstanding feature of the DEM is its ability to consider slip tion on the left hand side of Eq1), one obtains

and separation behaviors as well as the deformation of solid
blocks, in which any constitutive law for the material can be  Ut*AV2=(4(t=AUD(1 — o At/2) +(F/m+g)At)/(1+aAt/2)
implemented. Due to its explicit time marching scheme for solv- 2

ing dynamic equilibrium equations and their incremental formu-  The new velocities and displacements, hence the new coordi-

lation of constitutive behavior in response to stress increments, nates, are updated at each time step by(BMore details about

DEM has an inherent suitability for nonlinear problems. the solution procedure can be found in references by Cundall
As shown in Fig. 1a), the system is divided into blocks by (1980 and Zhang et al(1997.

contact joints. The interior regions of the deformable blocks are

discretized into triangular difference meshes. The geometry of the . . .

joints can be specified individually or stochastically generated by Créep Simulation for Discrete Element Method

a computer program according to statistical data from field inves- pifferent models have been developed for simulation of creep

tigation. behavior of solids. Among them, viscoelastic and viscoelastic—
It is assumed that the force-displacement relationship of the pjastic constitutive relationships are the most common types for

joints is represented by normal and shear springs as shown in Fignumerical modeling of rocks and joints. Herein, for simplicity the

1(b). Normal and shear dashpot elements are used for simulationkelvin viscoelastic creep model and a numerical scheme are pro-

of the damping mechanism of joints. The springs can be assumedhosed to simulate the rheological behavior of rock joints. The

to exhibit zero tension in the normal direction and follow Cou- response of contact joints due to excavation un|oading is com-

lomb’s friction law for shear. prised of instantaneous deformation and time-dependent vis-
The technique by Cundall988 to determine the deformation  coelastic deformation. The former can be easily obtained by using

of the interior region of the blocks employs triangular finite dif-  the current DEM code. For time-dependent viscoelastic deforma-

ference elements of the constant-strain type. The inertial mass oftion, the Kelvin element is introduced and incorporated into the

each element is equally distributed to the three vertices of the pgm.

element, called grid points. The elastic forces of the triangular  Figs. 3a and b, respectively, represent the Kelvin element and

element can be obtained from the displacements of the grids ac4pading process. When the contact forEg is a constant and

cording to the constant strain assumption and constitutive law of gpplied atT,=0, the viscoelastic deformation of the Kelvin ele-

the blocks. mentd,, can be expressed &Blugge 1975; Creus 1986

In DEM solutions, damping is regarded as the dissipater of
vibration energy for both static and dynamic loading. In both 5 (T)=E[1—exp< _ ET” 3)
cases, mass- and stiffness-proportional damping may be used ve E m

separately or in combination.
The solution procedure of DEM is illustrated briefly in Fig. 2.
For each time step, the incremental forces acting at each grid due
to deformation of the surrounding contact joints and the internal
deformation of the blocks are determined from the increments of
adjacent joint deformations and grid displacements as shown in
the force—motion relationship box of Fig. 2. The summation of
the forcesF, including the stiffness damping forces, goes to the F. = - F,
dynamic equilibrium box, where the dynamic equilibrium equa-
tions are applied, namely 7

Ty Tu T Tw T
mu+amu=F+m g (1) (a) Kelvin element (b) Approximation of loading process

wherem=mass of the grid; andi=grid displacementmg and

amu represent the gravity and mass damping force, respectively. Fig. 3. Kelvin creep element
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where E and n=elasticity modulus and viscosity coefficient of
the Kelvin element, respectively.

For an arbitrary contact force history shown in Figo)3if the
amplitude of the contact forcE(T;) is assumed to be a piece-
wise constant within the time intervAlT and thus the hereditary
integral (Flugge 197%can be adopted to calculate the accumulat-
ing normal/tangential viscoelastic deformation of joidis as fol-
lows:

T dJ(T—t")

Fc(t’)mdt'

8ve(T)=J(0)Fc(T)+f 4

0
whereF.(t") =normal/tangential component of the contact force
at time instantt’; and the integral represents the accumulating
contribution of system deformation due FQ(t") within the time
interval (OT); whereJ(T) =creep compliance of the element and
has the form
1
IM=z(1-eD) ®)

in whichA=E/n.

Since the contact force and the parameEens are assumed to

be constant during each creep time sé€pas shown in Fig. &),
Eqg. (3) can be expressed as

E\)ve(TiJrl):ave(-l—i)e_}\m—"_ éFc(Ti)(l_e_}\AT) (6)

and the incremental form as
1
Aave(TH—l):Aave(Ti)e_)\AT"'EAFC(Ti)(l_e_)\AT) (7)

A3,(Ty)=0 8)

where
AF(T)=F(Ti) = Fe(Ti-1)
ABye(Ti) =8y Ti) —dye(Ti—1)
AT=Ti1—T;

Solution Scheme

In the equilibrium iteration of the discrete element system, as
described in Cundal{1980 and Zhang et al(1997, the main
calculation cycle consists of applying the law of motion to all grid
points followed by the calculation of force increments from dis-
placement increments for all spring-like elementsontact
springs, continuum triangle meshes,)efo maintain the conver-
gence of such an explicit time marching scheme, the timestep
for equilibrium iteration normally falls into the range of
10 3-10"° s. However, the creep deformation of rock joints is a
much longer time process and one time step for creep calculation
AT may be days, weeks, or even months. Thus, the calculation
cannot be efficiently conducted by simply using the same iteration
process. HereinAt denotes the explicit time marching step for
discrete rock deformation due to unloading, anif stands for the
time step for computation of creep deformation.

Herein, a method is presented for calculation of incremental
contact forces, which are equivalent to producing the deformation
due to creep behavior.

Let us define the equivalent incremental contact force
AF(Tiy) atTi,

AF(Tiy)=—K-A8,«(Ti+1) ©)

- YWWAWA

K Spring

n

-

Kelvin Element

Fig. 4. Three parameter model for joint simulation

where Ad,(T,, ;) is determined by Eq(7); and K=normal or
shear stiffness of contact jointse., K, or K,).

For each creep time steAT;, the equivalent incremental
force from Eq.(9) is added to the previous contact foreg(T;),
ie.,

Fe(Tiv)=Fc(T)+AF(Ti.) (10)

and the equilibrium iteration will automatically be carried out to

produce the creep displacements for the whole system.

For DEM with unloading and creep deformation, the contact
joint is physically represented by a three-parameter model
(K,E,m) with a spring and a Kelvin element in series shown in
Fig. 4. The instantaneous deformation of the joint is simulated by
a K spring, which may slip or break or open under some condi-
tions. The Kelvin element therein accounts for the viscous creep
deformation although it is, in reality, calculated through the
equivalent incremental forces viaka spring-block node system.
The details of the solution scheme are illustrated in Fig. 2, and the
following computation steps are summarized:

1. Unloading deformation: At the initial time step, when the
prescribed forcesincluding excavation unloading and self
weight) are applied to the nodes, the system starts to move
due to these unbalanced forces and the dynamic equilibrium
Eqg. (1) is performed for each node of the system. Since the
unloading forces are imposed as step functions on the exca-
vation surface, the system starts with an oscillating response.
Thus, the computational steps are marching and the equilib-
rium iterations are repeated until the response becomes
stable(achieves new balangeThe new coordinates of nodes
are continuously updated and the instantaneous deformation
of the system due to unloading can be obtained. This step of
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Fig. 5. Comparison of displacements between numerical model and
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Fig. 6. Abrupt changes of displacements due to unloading and creep

computation proceeds within the dashed frame in Fig. 2 Verification

using a very small time stefit. . .
2. Creep deformation: For time step of creep deformafipto To demonstrate the validity of the proposed numerical model and

T..1, Egs.(7)—(10) are used to calculate the equivalent in- the_solution scheme for creep deformation, a ro_ck c_olum_n con-
cremental contact forceSF, and the corresponding updated ~ Sisting of four 10 mx 10 m square blocks shown in Fig(& is
contact forcesF (T,.) due to creep deformation. These studied. Each block is further divided into triangular elements to
abruptly changing forces bring the system into a newly un- account for elastic deformation. The rock parameters in the analy-
balanced status, and the dynamic equilibrium iterations are SiS are: mass densityy,=2,750 kg/ni; elastic modulusE,
again carried out until a new balance status is reached after a=4X 10" Pa; and Poisson’s ratio=0.22. The joint parameters
certain number of time stepst. The coordinates of the sys-  are: normal stiffnes,=6.9x 10° Pa; parameters for Kelvin
tem are then updated and the deformation due to creep be-creep element ar&=6.9x 10° Pa; andn=6.9x 10° Paday. An
havior can be obtained. This step of computation is accom- unloading and creep test is conducted as follows: assume that the
plished repeatedly in and out of the dashed frame of Fig. 2, first, second, and the third block are, respectively, removed at the
where the computation of the equivalent incremental contact very beginning instant of the 1st, 10th, and 20th day. The vertical
forcesAF proceeds outside the dashed frame using the time displacement histories of points, B, andC at the center of the
step AT for creep deformation. AfteAF. is obtained, it second, third, and fourth blocks, respectively, are examined. The
reenters into the dashed frame for further calculation until time stepAT for creep calculation is taken to be 1 day, while the
newly updated coordinates are reached. At used in the dynamic equilibrium iteration is 1.3480 * s.

3. Repeat steps 1 and 2 until the unloading process is finishedFig. 5b) shows a comparison of displacement histories between
and the creep behavior vanishes in the sense of a prescribedhe proposed model and the theoretical solutions for the corre-

tolerance. sponding 1D column solved by hari@reus 1985
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Excellent agreement between the two has been observed, indi- Ayos Bt N
cating the applicability and accuracy of the method to account for @fozn p

# g il :
the unloading deformation and creep behavior. From Fik), 5 M‘F&V'W
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is interesting to see that the unloading displacements of pAints = T

B, andC, respectively, occur abruptly at the very beginning of Wl Do EH? l 4

the 1st, 10th, and 20th day, demonstrating the instantaneous pat- —-—-—-— S e e R T

tern of unloading displacements. However, the creep displace- zndstge chamber H 3'ds'ag6‘.khambef E [_'ﬁ

ments at each point increase gradually day by day showing con- —— " 1"—“E__I ————— 1— ’’’’ T ET'__‘_

tinuous creep deformation. ndSuge Chamber | ] Seseqee ) —-lj]—-—
To illustrate the solution scheme of the equivalent incremental ! Nos Gz Yo | Gate__g“

contact force method, Figs. 6 and 7 show the histories of displace- 8 -

ments of pointB and the contact stresses on the cross section 6’-\‘_—:;—;}-’—3 <

C-C after the removal of the first and second blocks of the col-
umn. Note that they are now drawn in a computational time scale
to examine the mechanism of the equivalent incremental contact
forces and the corresponding creep deformation. It is shown in B
Fig. 7 that in addition to the contact stress drops produced by Fig. 8. Plan view of excavation and field measuring poifstse Figs.
unloading blocks, ten small pulses of contact stress each between 3 and 14 for resuljs
the two unloading events are evident. These stress pulses repre=
sent the effects of equivalent incremental contact forces due to
creep deformation, and they all vanish after a new equilibrium sections along the channel are selected for installation of measur-
status is reached. Corresponding to these stress pulses, a numbérg apparatus. Two typical cross sectiohsA andB-B of the
of displacement increments occur as shown in Fig. 6, representingshiplock slopes are analyzed by the presented model. A plan view
the gradually occurring creep deformation, although they appearof the excavation of the shiplock and the field measurement
in a pattern of step increments in the computational time scale. points are shown in Fig. 8, and the excavation cross segtiof

and its joint discretization are shown in Figs. 9 and 10, where the

maximum height of the slope excavation reaches approximately
Application to Three Gorges Shiplock Slopes 120 m. According to field investigation and geological explora-
tion, the chief statistical parameters of the joint structures includ-
ing dip bearing, dip angle, and length were obtained. In the sta-
tistical process, normal and lognormal distributions are assumed
The shiplock is located on the left bank of the Three Gorges dam for dip parameters and length, and negative exponential distribu-
site on the central reaches of the Yangtze River in China. It is a tions are assumed for the space intervals. The resulting data al-
double-channel shiplock with five stages and a total length of lowed a system of joints to be generated using stochastic network
6,442 m, including the 4,800 m upstream and downstream ap-generation. To consider the strength difference between the joints
proach channels. Each shiplock chamber has dimensions ofand rock bridges, a weighted averaging method is employed to
240%x 34X 5 m (length< widthx minimum water depthsufficient obtain the overall shear strength of the equivalent continuous joint
to accommodate a 5,000 t barge fleet, with a total water head ofsystem shown in Fig. 10. Detailed information of the method and
113 m. More details of the project can be found in Zhang et al. parameters obtained can be found in Zhang et1897. Because
(1997. For evaluation of stability against sliding and deformation the residual deformation of the chamber wall due to static unload-
of the shiplock, Zhu et al(1999 also studied the problem using ing and creep may affect normal operation of the gate facilities
finite element method and DEM, but the time effects due to creep- and needs to be studied, a large amount of field deformation mea-
ing were not considered. In the field measurement, three crosssurements have been taken. As shown in Fig. 8, 12 measuring

@ Field measuring point

Basic Condition

Fault o

Solid ro:[

Fig. 9. Cross section of Three Gorges shipldekevation in m
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points at different elevations are chosen for comparison analysis
between the numerical results and field measurements. The me-

chanical properties of rock and joints are based on data from - . . .
thereK represents the joint stiffness, i.&,,, Kg, which are

comprehensive tests and measurements: both laboratory and fiel
The most important parameters used in the analysis are listed i
Table 1. A view of the excavated shiplock slope is shown in Fig.
11.

Determination of Creep Parameters

As mentioned previously, the total deformation of the system con-
sists of two parts, namely1) the instantaneous deformation due
to the rock mass and joints, in which only the linear elastic por-
tion is considered; an) creep deformation. As shown in Fig. 3
the total displacemen®,(T) can be described as

Fe Fc
5o(T):?+E[1—67”] (11)

whered(T) represents the total displacements and also has the

form
SO(T):8e+ 6ve(T) (12)

in which 8, andd,(T) =instantaneous and creep displacements,
respectively. The form of the time history &f(T) may be de-

Fig. 11. View of excavated shiplock slope

According to the field measurements, it appears that the time
period of T, can be taken as 1 year, which is sufficient for con-
vergence of creep deformation.

Combining Egs(11), (12), and(13) yields the following equa-
tion for creep parametet:

de

E [ —
do(Tc)—de

K (14)

obtained from field or laboratory tests. The field tests for obtain-
ing joint stiffness were conducted in drainage adits at different
elevations. Rock columns with specific seams were excavated.
Compression plate tests with an area of 500600 mm were
performed. Normal and shear loads were imposed, respectively,
and corresponding displacements were measured and the load—
displacement relationships are obtained. From the test results and
corresponding computational simulation for the tests, parameters
K,, Ks can be obtained, and their mean values are listed in
Table 1.

Determination of another parametej depends on the
asymptotic behavior of creep displacement curve from the field
measurements. In situ and laboratory shear tests for rheological
parameters of the rock joints were comprehensively conducted
(Xia et al. 1996. It is concluded that the curve shapes of the
creep displacements depend on local rock joint conditions and the
normal and shear loading levels. Herein, considering the compli-
cated conditions of the Three Gorges shiplock slope, the DEM
back analysis from the field measurements of the displacement
histories of the slope are carried out for determination of the

picted in Fig. 12, where we assume that the creep displacements

converge approximately &t=T, i.e.,

Buel To) ~Buel ) (13)

Table 1. Mechanical Properties of Rock and Joints

Joint stiffnesses

Elastic Mass
Rock modulus Poisson’s  density (MP3)
type E, (GP3 ratiov p (kg/inP) K, K
Fresh and 20-40 0.22 2,750 690 280
microweathered
rock
Minor-weathered 12-17 0.24 2,700 240 96
rock

° F,_F,
5o(T)=?”+E”(1-e’”)

8, (T.) =6, ()

86(I)= 8, +6,(=)

-

0 1, T

Fig. 12. Displacement history for three parameter mode model
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Table 2. Creep Parameters of Joints equivalent parameterE and v. Since the data from the field
values measurements at the site of the shiplock slope are available dur-
ing the complete excavation process, repeated back analyses were

Parameter Tangential direction Normal direction . . .
g conducted to obtain equivalent creep parameters, which are thus
E (MP3 1,400 480 better fitted with the field measurements. The final creep param-
m (MPa day 168,000 57,600 eters are listed in Table 2.
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Comparison of Numerical Results with Field ducted, which included 144 surveying stations and 12 inclinom-

Measurements eter holes at different elevations of the slope and the drainage
The comparison of displacements of the shiplock slope betvveentunnels' Both the surf_ace and _|nter|or deformatlon of the slopt_as
numerical results and field measurements are shown in Figs. 13-were measured. Also included in the same figures are excavation
14, where the numerical results with and without considering histories from which the instantaneous pattern of displacements
creep deformation are presented for comparison with the field due to the unloading effects is vividly shown. Some observations

measurements. To investigate the residual and creep deformatio§an be summarized from the results. _ _

during the construction process, and monitor stability during the 1. The proposed model of creep deformation added into DEM

excavation stages, comprehensive field measurements were con-  code is applicable to analysis of creep deformation of jointed
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rock slopes provided the creep parameters from field mea- excavation unloading and creep behavior. The results also dem-

surements or tests are available for the analysis. onstrate that the unloading and creep deformation of the Three
2. Considering the complicated geological conditions and exca- Gorges shiplock is considered to be safe for normal operation of

vation process, the overall agreements between the numeri-the shiplock.

cal results and field measurements are very good when the

creep deformations are considered. However, a parallel dis-
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