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Abstract: Based on the distinct element method, a numerical procedure is presented for simulation of creep behavior of jointed
slopes due to excavation unloading. The Kelvin model is used to simulate viscous deformation of joints. A numerical scheme is intro
to create incremental contact forces, which are equivalent to producing creep deformation of a rock-joint system. The correspo
displacement of discrete blocks due to creep deformation of contact joints can be calculated by equilibrium iteration. Compariso
results between the numerical model and theoretical solutions of a benchmark example show that the presented model has e
accuracy for analysis of creep deformation of rock-joint structures. As an application of the model, residual deformations of the high
slopes of the Three Gorges shiplock due to excavation unloading and creep behavior are investigated. By simulating the actual exc
process, the deformation history of a shiplock slope is studied. Good agreement has been achieved between numerical prediction a
measurements. It demonstrates the effectiveness of the presented model in analysis of the creep deformation due to excavation u
of high rock slopes.
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Introduction

Several numerical approaches have been developed over the
2 decades for studying the deformation and stability of high ro
slopes. The distinct element method, i.e., discrete element me
~DEM! ~Cundall 1980, 1988! is a powerful numerical tool for
evaluating the deformation behavior and collapse process
jointed rock slopes. The functions of DEM for solving problem
of deformation and stability of jointed rocks were discussed
Fairhurst and Lorig~1999!. An application of DEM in dynamic
analysis of high rock slopes confirms the applicability and effe
tiveness of DEM to predict the displacement history of a hi
rock slope during and after the excavation~Zhang et al. 1997!. In
that study, the unloading displacement histories due to excava
of the Three Gorges shiplock slopes were analyzed and comp
with field measurements, which were then available up to the
of 1995. However, the creep deformation of the slopes was
included in that analysis, resulting in a significant discrepan
between numerical prediction and field measurements. It is n
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essary and possible to reanalyze the problem because the exca
tion of the shiplock slopes has been finished. Field data record
from the measurements are now more complete, and the cre
deformation can now be properly modeled by the current proc
dure.

Creep deformation due to rheological behavior of rock slope
is commonly analyzed using the finite element method~Ding
et al. 1995! although three-dimensional finite difference modeling
was also conducted by investigators to predict mining stress co
ditions considering the crucial creep behavior of the host stra
~Gilbride et al. 2001!. The rock is usually assumed as an isotropic
or anisotropic continuum and only a limited number of majo
faults can be considered in the analysis. However, it is importa
to recognize that for a hard but jointed rock mass the domina
part of creep deformation is usually produced from numerou
rock joints. It is, therefore, of significance to evaluate rheologica
behavior by using the discrete element method, which is capab
of evaluating the discontinuous deformation of jointed rock. Ye
to the authors’ knowledge, little work has been devoted to cree
simulation in DEM for modeling deformation of high rock slopes.
Based on this consideration, a creep model for jointed rock slop
is presented herein. In this paper the Kelvin model is incorporate
into current DEM code and is used for creep deformation analys
of the Three Gorges shiplock slopes. For implementation of ca
culating creep displacements, a numerical scheme of creating
cremental contact forces, which are equivalent to producing cre
displacements, is developed. A detailed study on the residual d
formation of the shiplock slopes using the presented method, a
compared with comprehensive field measurements, has been
complished. The results confirm the applicability of the propose
model in predicting the deformation histories of high rock slope
due to excavation unloading and creep behavior. The results a
demonstrate that the unloading and creep deformation of t
Three Gorges shiplock is considered to be safe for normal ope
tion of the shiplock.
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Fig. 1. Deformable distinct element method system
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Fig. 2. Schematic flow chart of distinct element method creep mod
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Creep Model for Discrete Element Method

Deformable Discrete Element Method

The outstanding feature of the DEM is its ability to consider s
and separation behaviors as well as the deformation of s
blocks, in which any constitutive law for the material can b
implemented. Due to its explicit time marching scheme for so
ing dynamic equilibrium equations and their incremental form
lation of constitutive behavior in response to stress increme
DEM has an inherent suitability for nonlinear problems.

As shown in Fig. 1~a!, the system is divided into blocks by
contact joints. The interior regions of the deformable blocks
discretized into triangular difference meshes. The geometry of
joints can be specified individually or stochastically generated
a computer program according to statistical data from field inv
tigation.

It is assumed that the force-displacement relationship of
joints is represented by normal and shear springs as shown in
1~b!. Normal and shear dashpot elements are used for simula
of the damping mechanism of joints. The springs can be assu
to exhibit zero tension in the normal direction and follow Co
lomb’s friction law for shear.

The technique by Cundall~1988! to determine the deformation
of the interior region of the blocks employs triangular finite d
ference elements of the constant-strain type. The inertial mas
each element is equally distributed to the three vertices of
element, called grid points. The elastic forces of the triangu
element can be obtained from the displacements of the grids
cording to the constant strain assumption and constitutive law
the blocks.

In DEM solutions, damping is regarded as the dissipater
vibration energy for both static and dynamic loading. In bo
cases, mass- and stiffness-proportional damping may be u
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
to deformation of the surrounding contact joints and the inter
deformation of the blocks are determined from the increments
adjacent joint deformations and grid displacements as show
the force–motion relationship box of Fig. 2. The summation
the forcesF, including the stiffness damping forces, goes to t
dynamic equilibrium box, where the dynamic equilibrium equ
tions are applied, namely

mü1amu̇5F1mg (1)

wherem5mass of the grid; andu5grid displacement.mg and
amu̇ represent the gravity and mass damping force, respectiv
id
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By employing the central difference method for the accele
tion on the left hand side of Eq.~1!, one obtains

u̇(t1Dt/2)5~ u̇(t2Dt/2)~12aDt/2!1~F/m1g!Dt !/~11aDt/2!
(2)

The new velocities and displacements, hence the new coo
nates, are updated at each time step by Eq.~2!. More details about
the solution procedure can be found in references by Cun
~1980! and Zhang et al.~1997!.

Creep Simulation for Discrete Element Method

Different models have been developed for simulation of cre
behavior of solids. Among them, viscoelastic and viscoelast
plastic constitutive relationships are the most common types
numerical modeling of rocks and joints. Herein, for simplicity th
Kelvin viscoelastic creep model and a numerical scheme are
posed to simulate the rheological behavior of rock joints. T
response of contact joints due to excavation unloading is co
prised of instantaneous deformation and time-dependent
coelastic deformation. The former can be easily obtained by us
the current DEM code. For time-dependent viscoelastic deform
tion, the Kelvin element is introduced and incorporated into t
DEM.

Figs. 3~a and b!, respectively, represent the Kelvin element a
loading process. When the contact forceFc is a constant and
applied atT050, the viscoelastic deformation of the Kelvin ele
mentdve can be expressed as~Flugge 1975; Creus 1986!

dve~T!5
Fc

E F12expS 2
E

h
TD G (3)
N

ue
l
f
in

y. Fig. 3. Kelvin creep element
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whereE and h5elasticity modulus and viscosity coefficient o
the Kelvin element, respectively.

For an arbitrary contact force history shown in Fig. 3~b!, if the
amplitude of the contact forceFC(Ti) is assumed to be a piece
wise constant within the time intervalDT and thus the hereditary
integral~Flugge 1975! can be adopted to calculate the accumula
ing normal/tangential viscoelastic deformation of jointsdve as fol-
lows:

dve~T!5J~0!Fc~T!1E
0

T

Fc~ t8!
dJ~T2t8!

d~T2t8!
dt8 (4)

whereFc(t8)5normal/tangential component of the contact forc
at time instantt8; and the integral represents the accumulatin
contribution of system deformation due toFc(t8) within the time
interval (0,T); whereJ(T)5creep compliance of the element an
has the form

J~T!5
1

E
~12e2lT! (5)

in which l5 E/h .
Since the contact force and the parametersE,h are assumed to

be constant during each creep time stepDT as shown in Fig. 3~b!,
Eq. ~3! can be expressed as

dve~Ti 11!5dve~Ti !e
2lDT1

1

E
Fc~Ti !~12e2lDT! (6)

and the incremental form as

Ddve~Ti 11!5Ddve~Ti !e
2lDT1

1

E
DFc~Ti !~12e2lDT! (7)

Ddve~T0!50 (8)

where

DFc~Ti !5Fc~Ti !2Fc~Ti 21!

Ddve~Ti !5dve~Ti !2dve~Ti 21!

DT5Ti 112Ti

Solution Scheme

In the equilibrium iteration of the discrete element system,
described in Cundall~1980! and Zhang et al.~1997!, the main
calculation cycle consists of applying the law of motion to all gri
points followed by the calculation of force increments from dis
placement increments for all spring-like elements~contact
springs, continuum triangle meshes, etc!. To maintain the conver-
gence of such an explicit time marching scheme, the time stepDt
for equilibrium iteration normally falls into the range of
1023– 1025 s. However, the creep deformation of rock joints is
much longer time process and one time step for creep calcula
DT may be days, weeks, or even months. Thus, the calculat
cannot be efficiently conducted by simply using the same iterat
process. Herein,Dt denotes the explicit time marching step fo
discrete rock deformation due to unloading, andDT stands for the
time step for computation of creep deformation.

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

Let us define the equivalent incremental contact for
DFc(Ti 1) at Ti 1

DFc~Ti 1!52K•Ddve~Ti 11! (9)
JOURNAL OF GEOTECHNICAL AND GEO
whereDdve(Ti 11) is determined by Eq.~7!; and K5normal or
shear stiffness of contact joints~i.e., Kn or Ks).

For each creep time stepDTi , the equivalent incrementa
force from Eq.~9! is added to the previous contact forceFc(Ti),
i.e.,

Fc~Ti 1!5Fc~Ti !1DFc~Ti 1! (10)

and the equilibrium iteration will automatically be carried out t
produce the creep displacements for the whole system.

For DEM with unloading and creep deformation, the conta
joint is physically represented by a three-parameter mo
(K,E,h) with a spring and a Kelvin element in series shown
Fig. 4. The instantaneous deformation of the joint is simulated
a K spring, which may slip or break or open under some con
tions. The Kelvin element therein accounts for the viscous cre
deformation although it is, in reality, calculated through th
equivalent incremental forces via aK spring-block node system.
The details of the solution scheme are illustrated in Fig. 2, and
following computation steps are summarized:
1. Unloading deformation: At the initial time step, when th

prescribed forces~including excavation unloading and sel
weight! are applied to the nodes, the system starts to mo
due to these unbalanced forces and the dynamic equilibri
Eq. ~1! is performed for each node of the system. Since t
unloading forces are imposed as step functions on the ex
vation surface, the system starts with an oscillating respon
Thus, the computational steps are marching and the equ
rium iterations are repeated until the response becom
stable~achieves new balance!. The new coordinates of node
are continuously updated and the instantaneous deforma
of the system due to unloading can be obtained. This step
Fig. 4. Three parameter model for joint simulation
on
n
n

l
n

e

Fig. 5. Comparison of displacements between numerical model an
theoretical solutions
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Fig. 6. Abrupt changes of displacements due to unloading and creep
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computation proceeds within the dashed frame in Fig.
using a very small time stepDt.

2. Creep deformation: For time step of creep deformationTi to
Ti 11 , Eqs.~7!–~10! are used to calculate the equivalent in
cremental contact forcesDFc and the corresponding update
contact forcesFc(Ti 1) due to creep deformation. Thes
abruptly changing forces bring the system into a newly u
balanced status, and the dynamic equilibrium iterations
again carried out until a new balance status is reached aft
certain number of time stepsDt. The coordinates of the sys
tem are then updated and the deformation due to creep
havior can be obtained. This step of computation is acco
plished repeatedly in and out of the dashed frame of Fig
where the computation of the equivalent incremental cont
forcesDFc proceeds outside the dashed frame using the t
step DT for creep deformation. AfterDFc is obtained, it
reenters into the dashed frame for further calculation u
newly updated coordinates are reached.

3. Repeat steps 1 and 2 until the unloading process is finis
and the creep behavior vanishes in the sense of a prescr
tolerance.
852 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGI
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Verification

To demonstrate the validity of the proposed numerical model a
the solution scheme for creep deformation, a rock column co
sisting of four 10 m310 m square blocks shown in Fig. 5~a! is
studied. Each block is further divided into triangular elements
account for elastic deformation. The rock parameters in the ana
sis are: mass densityg r52,750 kg/m3; elastic modulusEr

5431010 Pa; and Poisson’s ration50.22. The joint parameters
are: normal stiffnessKn56.93108 Pa; parameters for Kelvin
creep element are:E56.93108 Pa; andh56.93109 Pa day. An
unloading and creep test is conducted as follows: assume that
first, second, and the third block are, respectively, removed at
very beginning instant of the 1st, 10th, and 20th day. The vertic
displacement histories of pointsA, B, andC at the center of the
second, third, and fourth blocks, respectively, are examined. T
time stepDT for creep calculation is taken to be 1 day, while th
Dt used in the dynamic equilibrium iteration is 1.31831024 s.
Fig. 5~b! shows a comparison of displacement histories betwe
the proposed model and the theoretical solutions for the cor
sponding 1D column solved by hand~Creus 1986!.
Fig. 7. Abrupt changes of normal contact stresses due to unloading and creep
NEERING © ASCE / SEPTEMBER 2003
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Excellent agreement between the two has been observed, i
cating the applicability and accuracy of the method to account
the unloading deformation and creep behavior. From Fig. 5~b!, it
is interesting to see that the unloading displacements of pointsA,
B, andC, respectively, occur abruptly at the very beginning o
the 1st, 10th, and 20th day, demonstrating the instantaneous
tern of unloading displacements. However, the creep displa
ments at each point increase gradually day by day showing c
tinuous creep deformation.

To illustrate the solution scheme of the equivalent incremen
contact force method, Figs. 6 and 7 show the histories of displa
ments of pointB and the contact stresses on the cross sect
C–C after the removal of the first and second blocks of the co
umn. Note that they are now drawn in a computational time sc
to examine the mechanism of the equivalent incremental cont
forces and the corresponding creep deformation. It is shown
Fig. 7 that in addition to the contact stress drops produced
unloading blocks, ten small pulses of contact stress each betw
the two unloading events are evident. These stress pulses re
sent the effects of equivalent incremental contact forces due
creep deformation, and they all vanish after a new equilibriu
status is reached. Corresponding to these stress pulses, a nu
of displacement increments occur as shown in Fig. 6, represen
the gradually occurring creep deformation, although they app
in a pattern of step increments in the computational time scale

Application to Three Gorges Shiplock Slopes

Basic Condition

The shiplock is located on the left bank of the Three Gorges d
site on the central reaches of the Yangtze River in China. It is
double-channel shiplock with five stages and a total length
6,442 m, including the 4,800 m upstream and downstream
proach channels. Each shiplock chamber has dimensions
24033435 m (length3width3minimum water depth! sufficient
to accommodate a 5,000 t barge fleet, with a total water head
113 m. More details of the project can be found in Zhang et
~1997!. For evaluation of stability against sliding and deformatio
of the shiplock, Zhu et al.~1999! also studied the problem using
finite element method and DEM, but the time effects due to cree
ing were not considered. In the field measurement, three cr
JOURNAL OF GEOTECHNICAL AND GE
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sections along the channel are selected for installation of measur
ing apparatus. Two typical cross sectionsA–A and B–B of the
shiplock slopes are analyzed by the presented model. A plan view
of the excavation of the shiplock and the field measurement
points are shown in Fig. 8, and the excavation cross sectionA–A
and its joint discretization are shown in Figs. 9 and 10, where the
maximum height of the slope excavation reaches approximately
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
for dip parameters and length, and negative exponential distribu
tions are assumed for the space intervals. The resulting data a
lowed a system of joints to be generated using stochastic network
generation. To consider the strength difference between the joint
and rock bridges, a weighted averaging method is employed to
obtain the overall shear strength of the equivalent continuous joint
system shown in Fig. 10. Detailed information of the method and
parameters obtained can be found in Zhang et al.~1997!. Because
the residual deformation of the chamber wall due to static unload-
ing and creep may affect normal operation of the gate facilities
and needs to be studied, a large amount of field deformation mea
surements have been taken. As shown in Fig. 8, 12 measuring
Fig. 9. Cross section of Three Gorges shiplock~elevation in m!
O
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Fig. 8. Plan view of excavation and field measuring points~see Figs.
13 and 14 for results!
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Fig. 10. Joint discretization for cross sectionA–A ~south slope!
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Fig. 11. View of excavated shiplock slope
nts
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,
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points at different elevations are chosen for comparison anal
between the numerical results and field measurements. The
chanical properties of rock and joints are based on data fr
comprehensive tests and measurements: both laboratory and
The most important parameters used in the analysis are liste
Table 1. A view of the excavated shiplock slope is shown in F
11.

Determination of Creep Parameters

As mentioned previously, the total deformation of the system c
sists of two parts, namely:~1! the instantaneous deformation du
to the rock mass and joints, in which only the linear elastic p
tion is considered; and~2! creep deformation. As shown in Fig. 3
the total displacementsd0(T) can be described as

d0~T!5
Fc

K
1

Fc

E
@12e2lT# (11)

whered0(T) represents the total displacements and also has
form

d0~T!5de1dve~T! (12)

in which de anddve(T)5 instantaneous and creep displacemen
respectively. The form of the time history ofd0(T) may be de-
picted in Fig. 12, where we assume that the creep displacem
converge approximately atT5Tc , i.e.,

dve~Tc!'
•

dve~`! (13)
is
e-

m
ld.
in
.

-

-

e

,

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

Combining Eqs.~11!, ~12!, and~13! yields the following equa-
tion for creep parameterE:

E5K
de

d0~Tc!2de
(14)

where K represents the joint stiffness, i.e.,Kn , Ks , which are
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 500 mm3600 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 an
corresponding computational simulation for the tests, parameter
Kn , Ks can be obtained, and their mean values are listed in
Table 1.

Determination of another parameterh depends on the
asymptotic behavior of creep displacement curve from the field
measurements. In situ and laboratory shear tests for rheologica
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 th
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 displacemen
histories of the slope are carried out for determination of the
Table 1. Mechanical Properties of Rock and Joints

Rock
type

Elastic
modulus
Er ~GPa!

Poisson’s
ratio n

Mass
density

r (kg/m3)

Joint stiffnesses
~MPa!

Kn Ks

Fresh and
microweathered
rock

20–40 0.22 2,750 690 280

Minor-weathered
rock

12–17 0.24 2,700 240 96
N

Fig. 12. Displacement history for three parameter mode model
EERING © ASCE / SEPTEMBER 2003
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Table 2. Creep Parameters of Joints

Parameter

Values

Tangential direction Normal direction

E ~MPa! 1,400 480
h ~MPa day! 168,000 57,600
JOURNAL OF GEOTECHNICAL AND GE
equivalent parametersE and h. Since the data from the field
measurements at the site of the shiplock slope are available dur
ing the complete excavation process, repeated back analyses we
conducted to obtain equivalent creep parameters, which are thu
better fitted with the field measurements. The final creep param-
eters are listed in Table 2.
Fig. 13. Comparison of displacements between numerical results and field measurements~cross sectionA–A south slope!
OENVIRONMENTAL ENGINEERING © ASCE / SEPTEMBER 2003 / 855



Fig. 14. Comparison of displacements between numerical results and field measurements~cross sectionA–A north slope!
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Comparison of Numerical Results with Field
Measurements

The comparison of displacements of the shiplock slope betwe
numerical results and field measurements are shown in Figs. 1
14, where the numerical results with and without considerin
creep deformation are presented for comparison with the fie
measurements. To investigate the residual and creep deforma
during the construction process, and monitor stability during th
excavation stages, comprehensive field measurements were
856 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN
n
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d
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n-

ducted, which included 144 surveying stations and 12 inclinom
eter holes at different elevations of the slope and the drainag
tunnels. Both the surface and interior deformation of the slope
were measured. Also included in the same figures are excavatio
histories from which the instantaneous pattern of displacemen
due to the unloading effects is vividly shown. Some observation
can be summarized from the results.
1. The proposed model of creep deformation added into DEM

code is applicable to analysis of creep deformation of jointed
EERING © ASCE / SEPTEMBER 2003
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rock slopes provided the creep parameters from field m
surements or tests are available for the analysis.

2. Considering the complicated geological conditions and ex
vation process, the overall agreements between the num
cal results and field measurements are very good when
creep deformations are considered. However, a parallel
crepancy is evident for all measuring points between
DEM results and field measurements if the creep deform
tions are ignored in the analysis. This indicates that the cr
behavior must be taken into account in deformation analy
of a jointed rock slope.

3. As shown in Figs. 13 and 14, the excavation of the Th
Gorges shiplock slopes started from mid 1994 and was
ished around the end of 1999. Corresponding field meas
ments have been consecutively conducted for 3–5 ye
Since different elevations for measuring points are selec
the field measurements for a specific point can only be co
menced after the excavation reaches the elevation of
point. As observed from curves of black circles for fie
measuring displacements shown in Figs. 13–14, the rela
recorded displacements are in a range of 20–40 mm
different points of sectionA–A. Similar results for section
B–B are also obtained but not shown herein for space lim
tation. From the results, the total predicted displaceme
from numerical analysis reach 60–90 mm, in which d
placements of about 20–50 mm occur before the excava
reaches the corresponding elevation. Considering that
creep deformations have basically converged the enginee
significance of the relative measuring displacements is
important regarding the stability of the slopes and safe
eration of the gate facilities.

Conclusions

A creep model for analysis of jointed rock deformation is pr
sented and has been incorporated into the existing DEM co
The Kelvin element is employed to describe the behavior of cr
deformation, and a method of equivalent incremental cont
force is used for numerically triggering the occurrence of cre
displacements. Verification of an existing example shows that
cellent accuracy can be achieved in the prediction of the cr
development of jointed rock.

As an important engineering application of the propos
model, the displacement histories of the Three Gorges shipl
slopes due to excavation unloading are analyzed. The results
compared with the comprehensive field measurements. G
agreement between the two is confirmed when creep defor
tions are included in the analysis. This indicates the applicabi
of the proposed model for evaluation of slope deformation due
JOURNAL OF GEOTECHNICAL AND GE
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excavation unloading and creep behavior. The results also de
onstrate that the unloading and creep deformation of the Thr
Gorges shiplock is considered to be safe for normal operation
the shiplock.
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