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The strong ground motion of the 2008 Wenchuan earthquake in China caused considerable damage to the
Zipingpu concrete face rockfill dam (CFRD). The maximum crest settlement was approximately 1.0 m,
and compressive failure and joint dislocations were observed in the face slabs. This damage has made
it necessary to understand the damage pattern and safety of high CFRDs subjected to strong earthquake
shaking, and the response of the Zipingpu CFRD during the Wenchuan earthquake can be used as a bench-
mark for this purpose. In this study, a 3D dynamic procedure was employed to simulate the dynamic
responses of the Zipingpu CFRD. The rockfill materials were described using a generalized plasticity
model, while the interfaces between the face slabs and cushions were modeled using zero-thickness
interface elements that follow a perfect elasto-plastic stress–strain model in the tangential direction
using Coulomb’s friction law. Dam deformation, face-slab stress, and face joint dislocations were simu-
lated, and the results were compared with the field measurements. Using the generalized plastic model,
the residual deformation of the dam during the earthquake could be directly obtained without being
complemented by separate, semi-empirical procedures. The rockfill materials shrank to the center of
the valley due to the strong shaking, causing crushing damage in the zone of the slabs. The dislocation
of construction joints was also duplicated by the numerical procedure. The results of this study indicate
that a 3D finite element procedure based on a generalized plasticity model can be used to evaluate the
dynamic responses of CFRDs during strong earthquakes.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

A large earthquake (Ms = 8.0) occurred on May 12, 2008, in
Wenchuan in the Sichuan Province of China, which is located
approximately 17 km west of the Zipingpu concrete face rockfill
dam (CFRD). The Zipingpu dam is the only CRFD (higher than
150 m) that has ever been subjected to such strong shaking, which
caused obvious damage to the dam structure [1,2]. It is of great sig-
nificance to the CFRD community to understand the damage pat-
tern of this particular dam during the Wenchuan earthquake, and
the response can also serve as a benchmark for the evaluation of
CFRD safety during strong earthquakes. Although the damage to
the Zipingpu dam has been summarized and analyzed according
to field investigations, most of these summaries [1,2] focused on
the phenomenon of the damage; few numerical studies have been
012 Published by Elsevier Ltd. All
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conducted to fully understand the damage to the Zipingpu dam
and its causes.

Numerical analysis has been a well-accepted tool for the seismic
safety evaluation of earth and rockfill dams. Mejia and Seed [3]
compared the 2D and 3D dynamic responses of earth dams. Gazetas
and Dakoulas [4] discussed the design principles and seismic defen-
sive measures of earth-core dam and CRFD based on the case of an
actual rockfill dam in a narrow valley. Uddin and Gazetas [5] ana-
lyzed the high accelerations in the near-crest area of 2D CRFDs. A
procedure for the dynamic analysis of CFRDs under strong shaking
was proposed in a study by Uddin [6], in which an equivalent linear
model was applied to the rockfill materials; the slab-rockfill inter-
face was also considered. Elgamal et al. [7–9] used a sliding-block
model to analyze the observed deformation and acceleration re-
sponses of the La Villita Dam, which was subjected to six major
earthquakes. Recently, several researchers investigated the seismic
behavior of CFRDs in narrow canyons using nonlinear 3D dynamic
analysis [10,11]. Seiphoori et al. [12] studied the effect of a spatially
variable input excitation applied along a canyon boundary based on
rights reserved.
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Fig. 1. Plan view of the Zipingpu CFRD.

112 D. Zou et al. / Computers and Geotechnics 49 (2013) 111–122
a scaled boundary finite element method considering the scattered
motion of P, SV and SH waves. Arici [13] studied the state of stress
and slab cracking during long-term impounding and earthquake
loading. After the Wenchuan earthquake, Zhu et al. [14] performed
back analyses on the static and dynamic characteristics of the Zip-
ingpu CFRD according to the site investigations. Kong et al. [15,16]
performed equivalent linear analyses to study the damage mecha-
nism and the seismic performance of the Zipingpu CFRD.

So far, the majority of the seismic finite element analyses of
earth and rockfill dams assumed the equivalent linear behavior of
soils [17]. This method is convenient and accepted by design engi-
neers because of the extensive work conducted in the determina-
tion of the model parameters and the capacity to capture the
dynamic properties of earth and rockfill dams when seismic excita-
tion is modest. However, the equivalent linear analysis cannot be
used to reasonably evaluate the seismic residual deformation of
the dam, which is important for the seismic design of high CFRDs.
To overcome this disadvantage, two approximate approaches have
been used to evaluate the seismically induced residual deformation
of embankment dams. One approach is the well-known Newmark
sliding block analysis [18], and the other is the global deformation
method based on the strain potential concept proposed by Serff
et al. [19]. However, neither of these approaches can properly esti-
mate the residual volumetric compression of rockfill materials.

Nonlinear elasto-plastic analysis of rockfill dams would better
simulate the behavior of rockfill materials under dynamic loading.
Among the elasto-plastic soil models, the generalized plasticity mod-
el [20,21] has been successful in modeling the behavior of sandy soils
under cyclic loading, including both the deviatoric and volumetric re-
sponses. In the framework of generalized plasticity, yield and plastic
potential surfaces are not directly specified. Instead, direction vectors
are used, and the hardening rule is explicitly described by a hardening
modulus function. Recently, several improvements to the generalized
plasticity model have been proposed [22–25]. Pastor et al. [22] con-
sidered the incorporation of anisotropy, whereas Sassa and Sekiguchi
[23] proposed the inclusion of principle stress rotation effects. In
addition, Ling et al. [24,25] adopted pressure-level dependency and
the critical state concepts.

Based on the work of Pastor et al. [22] and Ling and Liu [24], the
generalized plasticity model for sandy soil was modified to better
consider the pressure dependency of rockfill materials under
monotonic and cyclic loading conditions. The modified generalized
plasticity model [26] was used successfully to simulate the defor-
mation of the Zipingpu CFRD during the construction and
impounding processes.

In this study, the modified generalized plasticity model for rock-
fill materials was adopted to investigate the seismic responses of
the Zipingpu CFED subjected to loading from the Wenchuan earth-
quake. Dam deformation and the slab stress during the Wenchuan
earthquake were numerically simulated and compared with the
field measurements. The causes of slab damage were analyzed
based on the numerical simulation results. The same numerical
procedure in the accompanying study [26] was used to obtain the
initial conditions for the seismic analysis, considering the reservoir
level at the time of the earthquake.
2. Damage to Zipingpu dam during the Wenchuan earthquake

The Zipingpu CFRD is located in the southern section of the fault
zone in the Longman Mountains between the Beichuan–Yingxiu
town and Guanxian–Anxian faults. A general view and typical sec-
tion of the Zipingpu dam is shown in Figs. 1 and 2. Detailed infor-
mation about the dam has been previously provided by the authors
[26]. The locations of the Zipingpu CFRD and the epicenter of the
Wenchuan earthquake are indicated in Fig. 3. The dam was de-
signed for an intensity of VIII (Chinese scale) with a peak ground
acceleration (PGA) of 0.26 g. Although the ground motion observa-
tion network at the site failed to record the acceleration time his-
tory on the bedrock during the Wenchuan earthquake, the bedrock
peak ground acceleration (PGA) was estimated to be greater than
0.5 g [27].

The Zipingpu CFRD was clearly damaged during the Wenchuan
earthquake [2,3]. The maximum crest settlement was approxi-
mately 1.0 m, as shown in Fig. 4a. Crushing damage to the #23
and #24 slabs occurred from the dam crest to EL. 790 m at the cen-
ter of the valley, as can be observed in Fig. 4b. Significant disloca-
tion damage also occurred between the stages II and III slabs at EL.
850 m, as depicted in Fig. 4c and d.
3. Constitutive model

In this study, the modified generalized model was used for the
rockfill materials, and a perfect elasto-plastic interface model with
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pressure-dependent shear stiffness was employed to simulate the
interfaces between the face slabs and cushion gravel. Brief descrip-
tions of these two constitutive models are provided in Appendices
A and B, respectively.

4. Identification of parameters

4.1. Slabs

A linear elastic model was used to model the concrete face
slabs. According to the available design information, the following
properties were used in the analysis: density q of 2.40 g/cm3, mod-
ulus of elasticity E of 2.55e10 Pa, and Poisson’s ratio m of 0.167.

4.2. Rockfill materials

The rockfill material parameters are provided in Table 1 [26].
The model parameters are consistent with those used in the simu-
lation of the static response of the Zipingpu CFRD, and the capacity
of the constitutive model in describing the virgin loading, unload-
ing and reloading responses of the Zipingpu rockfill material is
demonstrated in the accompanying paper [26]. Fig. 5 presents a
comparison of the predicted and tested responses of the same
rockfill material in a large-scale cyclic triaxial test.

4.3. Interface

The interfaces between the concrete slabs and cushion gravel
were experimentally investigated by Zhang and Zhang [29,30].
The perfect elasto-plastic interface parameters were calibrated
using their test results and are listed in Table 2. Fig. 6 compares
the test results and the model predictions under cyclic loading.
The compressive stiffness constant k2 was set to 10,000 MPa/m
to prevent interface penetration.

4.4. Slab joints and peripheral joints

The parameters of the slab joints and peripheral joints have not
been reported in the literature. In this study, the compressive stiff-
ness k2 of the joints was assumed to be 25,000 MPa/m, which is
equivalent to the compressive stiffness of the wood in the joints.
The shear stiffness in the two shear directions was assumed to
be 1 MPa/m. The parameters used in the dynamic analysis were
consistent with those in the static simulation [26].
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Table 1
Rockfill material parameters in the modified generalized plasticity model.

G0 K0 Mg Mf af ag H0 HU0 ms

1000 1400 1.8 1.38 0.45 0.4 1800 3000 0.5
mv ml mu rd cDM cu b0 b1

0.5 0.2 0.2 180 50 4 35 0.022
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4.5. Construction joints

In addition to the slab and peripheral joints, construction joints
also existed between the different construction stages of the con-
crete face slabs. However, unlike the slab and peripheral joints,
no water-stop materials were placed in the construction joints.
In this study, the constructions were simulated based on the re-
duced shear strength of concrete. According to Hofbeck [31], the
ratio of the shear strength to the compressive strength of concrete
is between 0.119 and 0.316. In addition, Li et al. [32] reported the
shear strength of concrete to be:

s0 ¼
1
2
�
ffiffiffiffiffiffiffiffiffiffi
fc � ft

p
ð1Þ

where fc is the uniaxial compressive strength of concrete and ft is
the uniaxial tensile strength. This formula was used in the present
study to calculate the shear strength of the face-slab concrete,
and a value of 2.73 MPa was obtained according to the concrete
grade (fc = 16.7 MPa, ft = 1.78 MPa).

A previous study demonstrated that the strength of concrete at
the construction joints is only approximately 50% of that of the
integral cast [33]. In addition, during seismic loading, the strength
of the concrete could decrease by up to 30% [34]. Therefore, the dy-
namic shear strength of the construction joints was assumed to be
0.545 MPa in the dynamic analysis and 1.365 MPa in the static
simulation.

5. Finite element analysis

5.1. 3D finite element program

To properly capture the 3D dynamic responses of CFRDs [35], a
3D dynamic finite element code, namely Geotechnical Nonlinear
Dynamic Analysis (GEODYNA), was developed by the first author
using the object-oriented programming method [36], and the mod-
ified generalized plasticity model was incorporated into the code
[26]. Construction simulation, seismic analysis and the stability
analysis of geostructures can be performed using GEODYNA.

5.2. Finite element mesh

The same 3D finite element mesh of the Zipingpu CFRD used in
the static simulation was adopted for the dynamic analysis [26]. In
total, 23,994 elements were included in the mesh, including 614
slab elements. The rockfill materials and slabs were simulated
using spatial eight-node isoparametric elements. The x, y and z
directions at the bottom boundary of the dam were fixed. Finally,
the hydrodynamic pressure acting on the face slabs was simulated
in the dynamic analysis using the adding mass method [37], the
mass element was defined by a single node, concentrated mass
components. The simplified Westergaard formula was used and
the added mass intensity on face-slabs can be expressed as
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Table 2
Parameters of the concrete-gravel interfaces of the Zipingpu CFRD.
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mwi ¼
u
90
� 7
8
� q �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
H0 � yi

p

where q is the water density, u is angle of upstream slope, H0 is
depth from the position of node i to the bottom of reservoir, yi is
the depth from the position of node i to the surface of reservoir.
During the dynamic analysis, the added mass under the water level
during earthquake can be computed by integrating mwi on the sur-
face of face-slabs, there are 317 added mass elements totally.

5.3. Input ground motions

Because the ground motion observation network of the Zip-
ingpu dam failed to record the acceleration time history on the
bedrock during the Wenchuan earthquake, the bedrock accelera-
tion time histories measured at Mao Town (located 75 km from
the Zipingpu dam) were scaled to a peak value of 0.55 g [1]. These
values were used as the horizontal input motions in the axial and
transverse directions, which were applied at the bottom of the
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mesh where the bedrock lies. The input acceleration time histories,
together with the amplification response spectrum, are plotted in
Fig. 7a–d. The predominant frequency of the input motion is
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approximately 5.5 Hz. The vertical input motion was assumed to
be 2/3 of the horizontal motion [16].
5.4. Damping

Similar to other hysteresis models for soils, the generalized
plasticity model can capture the material damping at finite strain
but predicts much smaller damping than that of actual soils at
infinitesimal strain. Rayleigh damping was used to compensate
for this deficiency. A viscous damping ratio of 5% was assumed
for the rockfill materials [38]. The same damping ratio was also as-
sumed for the concrete slabs.
6. Results and discussion

6.1. Acceleration response and deformation of the dam during the
earthquake

The transverse, vertical and axial acceleration time histories at
mid-crest are presented in Fig. 8a–c, with peak values of 0.82,
Settlement

Simulated
Field measured

1m

Fig. 14. Comparison of simulated and field-measured settlemen
0.54 and 1.15 g, respectively. The contour of the maximum acceler-
ation responses of section 0 + 251 was illustrated as Fig. 9a and b, it
indicated that the high peak accelerations developed in the mid-
crest area of the dam, the distribution was similar to the results
of Dakoulas by using equivalent linear method [11]. The measured
peak accelerations on the crest exceeded 2.0 g during the Wench-
uan earthquake [1,16]. However, the accelerometer was attached
to concrete elements, and the very high accelerations may have
been induced by the concrete guard column that fell during the
shaking (Fig. 10) [15].
6.2. Deformation of the dam

The time histories of the horizontal crest displacement and
the vertical settlement are plotted in Fig. 11. The settlement con-
tours of the Zipingpu CFRD are illustrated in Fig. 12. The horizon-
tal displacement (Fig. 11a) mainly developed in the downstream
direction during the shaking, and the settlement gradually in-
creased and reached 0.79 m at the end of the shaking. The shear
strain and volumetric strain of section 0 + 251 at the end of the
earthquake was given in Fig. 13. It can be seen that the shear
strain exceeds 3% in the shallow slope area, which is consisted
with the slope slide and slabs dislocation. Also, the volumetric
strain illustrated a contraction trend in a wide area with higher
confining pressure, and exhibited a dilatation trend in the shal-
low area.

A comparison of the measured and predicted residual settle-
ments at cross section 0 + 251 is illustrated in Fig. 14. The predicted
results exhibit a trend similar to that of the field measurement, and
the maximum settlement occurred at the same location. In general,
the numerical procedure was able to satisfactorily describe the
deformation trends of the Zipingpu CFRD during the earthquake,
indicating that the residual deformation of CFRDs during strong
earthquake loading can be obtained directly from the numerical
EL.850.00

EL.790.00

EL.820.00

EL.760.00

t of the dam section 0 + 251 at the end of the earthquake.
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procedure used in this study rather than from the decoupled
residual deformation model [19] to estimate permanent deforma-
tion after an earthquake.
6.3. Slab stress

After the Wenchuan earthquake, significant concrete crushing
damage was observed in the #23 and #24 slabs (from EL. 790 to
EL. 850 m). Based on the phenomena, it was postulated that the
horizontal stresses in these slabs exceeded the compressive
strength of the concrete (fc = 16.7 MPa).

Fig. 15 shows the predicted stress developments during seismic
loading in the slab elements, which are located in the area where
concrete crushing was observed (where the tension stress is nega-
tive). The maximum compressive stress in the horizontal direction
reached 22.0 MPa and occurred in the #23 and #24 slabs at EL.
810 m. During the earthquake loading, the rockfill materials shrank
to the center of the valley, causing horizontal friction to the slabs,
which resulted in large compressive stresses to the slabs in the
area. Fig. 16 illustrates the contours of the slab stresses along the
slope and the dam axis direction at the end of shaking. In slabs
#22–#25 between EL. 790 and EL. 830, the compressive stresses
along the dam axis exceeded 17.0 MPa. The tensile stress along
the dam axis is no more than 1 MPa, and mainly distributed near
the side slopes. In summary, the numerical simulation of the slab
stresses agreed well with the observed slab damage during the
earthquake.
6.4. Slab dislocation

During the Wenchuan earthquake, the reservoir water level
was at 828.76 m, which was lower than the construction joint
elevation (EL. 850 m) between the stages II and III slabs. The
authors have investigated that water elevation has greater im-
pact on the dislocation of face-slab during strong shaking based
on Newmark slide method [41], and pointed out that the con-
struction joint of face-slab is easier to dislocate with water ele-
vation below the joint elevation. In this paper, the simulated
dislocation distribution of the construction joints between the
stages II and III slabs, at the end of the earthquake shaking, is
illustrated in Fig. 17, and the maximum dislocation reached
7.98 cm. Fig. 18 reveals the development of the dislocation his-
tory of a typical construction joint element during earthquake
shaking. The maximum simulated dislocation was less than the
measured dislocation (17 cm). This result could be because only
shear failure was considered in this study, while in reality, ten-
sile damage may have contributed to the dislocation due to the
separation of the slabs from the cushion layers.
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7. Discussion and conclusions

The Zipingpu dam is the highest CFRD over 150 m to be sub-
jected to strong earthquake shaking. This event provides a rare
opportunity to verify the seismic design of and safety evaluation
procedures for high CFRDs. The 3D dynamic response of the
Zipingpu dam during the Wenchuan earthquake was simulated
based on a modified generalized plasticity model for rockfill
materials. The numerically simulated results were compared with
the field measurements, and the following conclusions were
drawn:

(1) The modified generalized plasticity model is capable of
describing the properties of rockfill materials under mono-
tonic and cyclic loadings. It can be used for the dynamic
response analysis of CFRDs.

(2) Deformations of the Zipingpu CFRD during the Wenchuan
earthquake were satisfactorily reproduced using the pro-
posed numerical procedure. The residual dam deformation
can be directly obtained from the 3D dynamic analysis
instead of using a decoupled approach [19].

(3) The rockfill materials shrank to the center of the valley dur-
ing the earthquake shaking, inducing large compressive
stresses in the slabs and resulting in crushing damage to
the center slabs. Appropriate measures for controlling the
horizontal stresses of slabs during earthquake loading may
be necessary in the design of CFRDs.

(4) The dislocation distribution of the construction joints
between the stages II and III slabs was simulated, and the
maximum dislocation value was 7.98 cm. The dislocation
phenomenon that occurred during the Wenchuan earth-
quake was successfully captured by the proposed numerical
procedure; however, the calculated magnitude was smaller
than the measured magnitude. This discrepancy may have
arisen from the linear elastic assumption of the concrete
slabs and the simple shear failure model of construction
joints employed in this study.

(5) The possibility of considerable rockfill compression under
high confining pressure and strong seismic loading may
need to be considered in the seismic design of high CFRDs.
At the same time, reinforcement at the construction joints
should be enhanced to restrain the dislocation damage of
the slabs.

Because measured bedrock motions were not available at the
site, the earthquake shaking values used in this study may not be
accurate. In addition, the rockfill dams were assumed to be fixed
at the boundary with the bedrock, which led to seismic wave
reflection and increased the seismic loading on the dam. However,
the objective of this study was to reveal the deformation and dam-
age mechanisms of the Zipingpu CFRD during the Wenchuan earth-
quake rather than to exactly match the response magnitudes. The
proposed numerical procedure closely predicted the dam deforma-
tion trend, the development of large compressive stress in the slabs
that were subjected to crushing damage, and the dislocation of the
construction joints between the stages II and III slabs.
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Appendix A

Generalized. plasticity model for rockfill [21,26]

In plasticity theory, the strain increment can be decomposed
into two parts:

de ¼ dee þ dep ð1Þ

where dee is the incremental elastic strain tensor and dep is the
incremental plastic strain tensor.

The stress–strain relationship is expressed as:

dr0 ¼ Dep : de ð2Þ

In generalized plasticity theory, the elasto-plastic stiffness ten-
sor is expressed as:

Dep ¼ De � De : ng : nT : De

H þ nT : De : ng
ð3Þ

where dr0 is the incremental effective stress tensor; de is incremen-
tal strain tensor; Dep is elasto-plastic stiffness tensor; De is elastic
stiffness tensor; n is loading direction vector; ng is flow direction
vector; H is the plastic modulus.

The distinction between the loading and unloading directions is
described using the following criteria:

n : dre > 0 ðloadingÞ ð4aÞ

n : dre < 0 ðunloadingÞ ð4bÞ

where dre is the elastic stress increment.
The following generalized expression is proposed for the stress–

dilatancy relationship [39]:

dg ¼
dep

v

dep
s
¼ ð1þ agÞðMg � gÞ ð5Þ

where dep
v and dep

s are the incremental plastic volumetric and devi-
atoric strains, respectively. Mg is slope of the critical state line in the
p0 � q plane, g = q/p0 is stress ratio, and ag is a model parameter. Mg

is related to the angle of internal friction at the critical state /0g and
Lode’s angle h following the smoothed Mohr–Coulomb criterion
proposed by Zienkiwicz and Pande [40]:

Mg ¼
6 sin /0g

3� sin /0g sin 3h
ð6Þ

The flow direction vector in triaxial space is then defined as:

nT
g ¼ ðngv ;ngsÞ

with ngv ¼ dg=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ d2

g

q
and ngs ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ d2

g

q
.

The non-associated flow rule is assumed in the model, and the
loading direction vector is defined as:

nT ¼ ðnv ;nsÞ

with nv ¼ df =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ d2

f

q
, ns ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ d2

f

q
and df = (1 + af)(Mf � g).

Here, Mf and af are both model parameters.
The elastic behavior is defined by the shear and bulk moduli:

K ¼ K0
p0

p00
ð7Þ

G ¼ G0
p0

p00
ð8Þ

where K0 and G0 are the elastic volumetric and shear moduli,
respectively, p0 is the mean effective stress, and p00 is a reference
value.

The plastic modulus under loading and reloading is defined as:
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HL ¼ H0 � p0 � Hf � ðHv þ HsÞ � HDM ð9Þ

Hf ¼ ð1� g=gf Þ
4 ð10Þ

gf ¼ ð1þ 1=af ÞMf ð11Þ

Hm ¼ 1� g=Mg ð12Þ

Hs ¼ b0b1 expð�b0nÞ ð13Þ

HDM ¼
1max

1

� �cDM

ð14Þ

1 ¼ p0 � 1� 1þ af

af

� �
� g
Mf

� �1=af

ð15Þ

where H0 is the plastic modulus number; Hf, Hv, and Hs are the plas-
tic coefficients; n ¼

R
jdeq

s j is the accumulative plastic strain; and b0,
b1, and cDM are model parameters.

The plastic modulus under unloading is defined as:

Hu ¼ Hu0ðgu=MgÞ�cu jgu=Mg j < 1 ð16Þ

Hu ¼ Hu0 jgu=Mg jP 1 ð17Þ

The original model is mainly used for sand liquefaction analysis
with a small effective confining pressure. However, the confining
pressure varies from 0 to 3 MPa for high rockfill dams. In this pa-
per, to better consider the effects of the wide range of confining
pressures and the associated particle crushing on the response of
rockfills in the dam, which differs from the response of sandy liq-
uefaction sites, Eqs. 7, 8, 9, and (16) were modified as:

K ¼ K0paðp0=paÞ
mv ð18Þ

G ¼ G0paðp0=paÞ
ms ð19Þ

HL ¼ H0 � pa � ðp0=paÞ
ml � Hf � ðHv þ HsÞ � HDM � Hden ð20Þ

Hu ¼ Hu0 � pa � ðp0=paÞ
mu � ðgu=MgÞ�cu � Hden jgu=Mg j < 1 ð21Þ

where pa is the atmospheric pressure (100 kPa); HDM is modified as
eð1�g=gmaxÞ�cDM ; gmax is largest value of the stress ratio attained; and
Hden ¼ expð�cdevÞ is the densification coefficient, which takes into
account the effects of cyclic hardening as proposed by Ling and
Liu [24].

All of the exponents of K, G, HL, and Hu were defined as 0.5 for
sandy soils by Ling and Liu [24], which may not be appropriate
for rockfill materials. In particular, rockfill materials exhibit consid-
erable particle crushing under modest confining pressure and shear
stress, while most sandy soil particles are much less crushable.

The modified model lack the capability of predicting the rockfill
behaviors at small cyclic strains (10�6–10�4) as given in Fig. 19a
and b. However, the modified model can describe the modulus
decreasing and the damping increasing with the shear strain
increasing behaviors. Furthermore, the dynamic analysis emphasis
on the large deformation of the Zipingpu CFRD during the strong
excitation, which could be observed from the field damage
(Fig. 4) and the simulated shear strain and volumetric strain
(Fig. 13). The simulated cyclic stress–strain relationships and
stress-path of typical elements of section 0 + 251 during the earth-
quake were given as Fig. 20a–c and Fig. 21a–c, it revealed that the
dilatation under lower pressure and contraction characteristics un-
der higher pressure of rockfill materials. The modified model could
describe the characteristics, and is steady during dynamic analysis.
Appendix B

Interface. element and model behavior

Goodman contact elements [28] without thickness, as depicted
in Fig. 22, were applied between the face slabs and rockfills. The
same elements were also applied to simulate the slab and periph-
eral joints. The relationship between force and displacement of a
contact element is expressed as:

DFzx

DFzy

DFzz

8><
>:

9>=
>; ¼

kzx 0 0
0 kzy 0
0 0 kzz

8><
>:

9>=
>;

Ddzx

Ddzy

Ddzz

8><
>:

9>=
>; ð22Þ

where DFzx and DFzy are the incremental shear stresses, kzx and kzy

are shear stiffnesses, and Ddzx and Ddzy are incremental shear dis-
placements in the two shear directions. DFzz is incremental normal
stress, kzz is normal stiffness and Ddzz is the incremental normal
displacement.

The pressure-dependent perfect elastoplastic interface model
proposed was established for the interfaces between face slabs
and rockfills and peripheral and construction joints for construction
and seismic response analyses. The stiffness in the tangential and
normal directions of the 3D contact element can be expressed as:

kzx ¼ k1pa
rz

pa

� �n

ð23Þ
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kzy ¼ k1pa
rz

pa

� �n

ð24Þ

kzz ¼ k2 under compression ð25Þ

kzz ¼ 0 under tension ð26Þ
where pa is the atmospheric pressure, kzx and kzy are tangential coef-
ficients of shear stiffness in the two shear directions, k1 is contact
surface modulus factor, n is contact surface modulus exponent, Rf

is failure ratio, u is internal friction angle of the contact surface,
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rz is normal stress, szx and szy are shear stresses, c is interface cohe-
sion and k2 is the compressive stiffness.
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