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Abstract
The instantaneous loading and time-dependent creep deformations occur simultaneously during the lifetime of rockfill

dams, but their proportions in monitoring records are still unclear. In previous works, loading and creep were generally sim-
ulated independently in turn. This uncoupled method may induce misleading conclusions in interpreting dam behaviors. In
this paper, an advanced elastic–plastic–creep model is applied to capture the interaction of loading and creep under complex
conditions with varying loading rates based on a benchmark example of 295 m high Lianghekou core wall rockfill dam. The
instantaneous elastic–plastic parameters of rockfills are calibrated by large-scale triaxial tests (including 300 and 800 mm in di-
ameter) and the time-dependent creep parameters are obtained by back analyses on monitoring records. A series of numerical
analyses on the dam are conducted. The loading-creep coupling process of rockfills is successfully captured and the instanta-
neous and time-dependent creep deformations are explicitly separated. The 800 mm diameter triaxial test weakens the size
effect and provides an acceptable representation for the instantaneous behaviors of prototype rockfills. The good agreement
between the calculations of the elastic–plastic–creep coupling analysis and measurements indicates creep contributes about
8%–15% to total construction deformation. The work provides guides for properly interpreting and evaluating actual dam
behaviors.
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Introduction
In recent decades, a large number of rockfill dams higher

than 200 m and up to 300 m have been built and planned
(Zhou et al. 2011; Xu et al. 2012; Wen et al. 2018), such
as Nuozhadu core wall rockfill dam (CRFD) (261.5 m),
Lianghekou CRFD (295 m), and Shuangjiangkou CRFD (314 m)
in China. Compared with low dams, the instantaneous load-
ing and time-dependent creep deformations of high rockfill
dams are much more significant with high internal stresses
(up to several megapascals). The difficulty of dam defor-
mation control and the safety risk of anti-seepage control
system increase significantly with dam height (Hunter and
Fell 2003a, 2003b; Wen et al. 2017, 2018). Numerous sur-
face cracks and high leakage rates have been observed in
some in-service high rockfill dams due to excessive differen-
tial deformations (Cetin et al. 2000; Hunter and Fell 2003b;
Lin et al. 2017), such as Ataturk CRFD (169 m), El Infiernillo
CRFD (148 m), Cougar CRFD (159 m), and Pubugou CRFD
(186 m). However, the roles of instantaneous loading and
time-dependent creep deformations in these differential de-
formations are still unclear, which is unfavorable for dam
safety assessment.

Actually, loading and creep occur simultaneously during
the whole lifetime of a rockfill dam due to the dam construc-
tion, reservoir impoundment, and seasonal reservoir fluctua-
tions. To reproduce the time-dependent creep deformation
of high rockfill dams is a very difficult subject. The creep
behavior of rockfills was often neglected in the early pre-
diction works of dam deformation, results showing a signif-
icant underestimation of actual values (Naylor et al. 1997;
Lollino et al. 2005). With the development of experimental
techniques and computational methods, numerous experi-
mental investigations and creep models have been developed
to describe the time-dependent behavior of rockfills in re-
cent years (Oldecop and Alonso 2007; Zhou et al. 2011; Fu
et al. 2019). A large number of scholars (Zhou et al. 2011;
Wen et al. 2017; Jia et al. 2018) have established the relation-
ships between creep and stress state and time using empir-
ical formulas to fit creep test curves under a single loading
path, and applied them to engineering predictions. The cal-
culation started by obtaining the instantaneous strains and
stresses under the current loading increment by common
numerical analysis techniques (for example, mid-point incre-
mental method (Zhou et al. 2011; Wen et al. 2017)); then,
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the incremental creep strains under the current stress con-
dition and elapsed time were computed based on the empiri-
cal creep model used; finally, the virtual nodal forces equiva-
lent to these incremental creep strains were applied and com-
puted using initial strain method. The procedure has been ex-
tensively used in recent works (Feda 1992; Zhou et al. 2011;
Wen et al. 2017; Jia et al. 2018). The method is only approx-
imate even if the numerical results showed good agreement
with measurements, because it neglects the effect of loading
history and the interaction of loading and creep. The mul-
tistage loading-creep tests on coarse-grained soils showed a
clear strain-hardening phenomenon during post-creep load-
ing (AnhDan et al. 2006; Zhang et al. 2017; Liu et al. 2023).
This idea is not incorporated in these empirical creep mod-
els. The deviation of model theory from physical reality may
lead to misinterpretation of monitoring records and control
factors of dam damage.

The development and implementation of a more realis-
tic constitutive model are required to take into account the
complex stress–strain–time coupling relationship in rockfills.
In recent years, the theoretical exercises of the constitutive
model considering the elasticity, plasticity, and creep of ge-
omaterials have made great progress based on multi-stage
loading-creep tests (Fu et al. 2019; Yao and Fang 2020; Liu
et al. 2023). The emphasis of such models is that the stress
point initially at yield would fall into the expanded yield sur-
face as the creep strain increases and the stress–strain curve
during post-creep loading stage shows the hardening char-
acteristic similar to unloading–reloading path. However, the
application of these models in engineering is still very scarce.
The creep model proposed by Liu et al. (2023) allows for
reproducing the loading-creep coupling hardening behavior
of rockfills under complex conditions (including monotonic
and cyclic loading) with varying loading rates. The model
can be easily implemented into the finite element calcula-
tion program by the modified Newton–Raphson method (Ma
and May 1986). Therefore, the model is adopted in this study,
seeing later Section “Unified Elastic–Plastic–Creep Model”.

Besides the constitutive model adopted, the success of fi-
nite element simulation of rockfill dams depends on the
model parameters. Coarse-grained soils with particle sizes
ranging from 0.2 to 1.0 m have been widely used as dam
shell rockfills (Varadarajan et al. 2006; Seo et al. 2009; Alonso
et al. 2012). It is impossible to test prototype rockfills due
to the physical limitations of laboratory equipment. In gen-
eral, the rockfill specimens with reduced gradations, such as
those with a maximum particle size between 40 and 80 mm,
are tested to estimate the prototype properties (Varadarajan
et al. 2006; Costa and Alonso 2009; Seo et al. 2009; Alonso
et al. 2011; Mahinroosta et al. 2015; Zhou et al. 2018). The
impact of particle size on rockfill behaviors has been inves-
tigated through laboratory tests of various size specimens
(Marsal 1967, 1973; Marachi 1969; Marschi et al. 1972; Hu et
al. 2011; Mahinroosta and Alizadeh 2012; Ovalle et al. 2014;
Liu et al. 2021; Ning 2022), particle fracture-mechanics anal-
ysis (Frossard et al. 2012; Zhou et al. 2018), discrete-element
method (Alonso et al. 2012), and empirical method (Hunter
and Fell 2003a; Xu et al. 2012; Zou et al. 2013). These works
have demonstrated the strong particle size dependence of

rockfill behaviors. Some scaling relations between rockfill be-
haviors (i.e., compressibility, shear strength, and fracture en-
ergy) and particle size have been developed. However, few of
them are verified by in-situ measured data from practical en-
gineering. Meanwhile, the influence degree of particle size
on deformation and strength parameters varies among rock-
fills. How to eliminate the particle size effect in numerical
simulation remains an open question.

The paper presents an application of the unified elastic–
plastic creep model of Liu et al. (2023) in the 295 m high
Lianghekou CRFD in China, currently the second-highest
CRFD built in the world. The dam was well instrumented
with a detailed monitoring system and massive continuous
deformation records were obtained during construction and
impoundment. Large-scale triaxial tests (including 800 and
300 mm in diameter) are conducted to model the particle
size effect and calibrate the instantaneous elastic–plastic pa-
rameters of rockfills. Back analyses on monitoring records
are conducted to calibrate the time-dependent creep param-
eters due to the poor representativeness of laboratory creep
tests completed within several hours or days (Zhang et al.
2017; Zhu 2017). Then, a series of three-dimensional finite el-
ement analyses are performed to simulate the dam construc-
tion and impoundment. A separation of instantaneous and
time-dependent creep deformations is made based on com-
parison studies between the calculations and measurements.
Finally, the post-construction performance of the dam is pre-
dicted and discussed.

Lianghekou CRFD

General
Lianghekou CRFD is located in Yajiang County, Ganzi Pre-

fecture, Sichuan Province, China, constructed for electricity
generation and flood control. The power station’s installed
capacity is 3000 MW, with an annual energy output of 110 bil-
lion kW·h. The normal water level of the reservoir is 2865 m
and the total storage capacity is 107.67 billion m3. The layout
of the dam is shown in Fig. 1a. The dam has a height of 295 m
and a bottom elevation of 2580 m, with a crest of 16 m width
and 668 m length. The integrated upstream and downstream
slopes are 1:2.0 and 1:1.9, respectively. The material zones are
depicted in Fig. 1b. There are six material zones in total, in-
cluding rockfill I, II, and III zones, transition, filter, and core
wall. The dam shell rockfills (including rockfill I, II, and III
zones, transition, and filter) are mainly composed of quar-
ried slate and sandstone. The central core wall is composed
of low-plasticity clayey gravels, with a slope of 1:0.2 on both
up and downstream sides. The dam is built on bedrock and a
grout curtain is designed to control foundation seepage. The
slopes in left and right abutments are 1:1.3 and 1:1.1 above
the elevation of 2725 m, respectively, and 1:0.9 below 2725 m,
as shown in Fig. 1c.

Construction and impoundment schemes
The dam construction began in July 2016 and was com-

pleted in March 2022, nearly 6 years. The actual construc-
tion and impoundment schemes are presented in Fig. 2. The
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Fig. 1. Lianghekou core wall rockfill dam (elevation in meters): (a) layout of dam; (b) maximum cross-section and layout of
electromagnetism-type settlement gauges; and (c) maximum longitudinal section.

(a)

(b)

(c)
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Fig. 2. The dam construction and impoundment processes (elevation in meters).
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filling heights of different material zones differed before
June 2020 but coincided after that. The water level remained
below the elevation of 2620 m (0.14H, H = 295 m) before
November 2020. Subsequently, the reservoir was rapidly im-
pounded to 2680 m (0.34H) within the first 22 days of Decem-
ber 2020 and maintained the level for the next 5 months.
The water level continued to rise to 2788 m from June to
September 2021 and then remained stabilized until the dam
completion.

Deformation monitoring system
A comprehensive and detailed monitoring system with nu-

merous instrumentation has been established to track the
dam behaviors. Electromagnetism-type settlement gauges,
horizontal displacement gauges of tensional wire, and flex-
ible inclinometers were installed in five cross-sections of
the dam. The layout of 91 electromagnetism-type settle-
ment gauges in the maximum cross-section (0 + 340 m)
is shown in Fig. 1b. The three monitoring verticals of
DC3 (upstream), DC4 (core), and DC5 (downstream) locat-
ing these gauges are 178, 0, and 184 m from the centre-
line of the cross-section, respectively. Eight horizontal dis-
placement gauges of tensional wire (C60–C67) located at the
elevation of 2675 m in the downstream shell of the maxi-
mum cross-section and 34 flexible inclinometers (IN-R5–IN-
R7) at the elevation of 2760 m along the longitudinal axis
of core wall are presented in the later Section "Results and
Analyses".

Unified elastic–plastic–creep model
The constitutive model presented here adopts the unified

elastic–plastic–creep model proposed by Liu et al. (2023). In
the model, the total strain of soils is composed of recov-
erable elastic strain, instantaneous plastic strain, and time-
dependent creep strain. The total strain-rate tensor is ex-
pressed as:

.
ε= .

ε
e + .

ε
p + .

ε
t(1)

where the dot denotes rate in time or incremental quantity;
the superscripts e and p denote the time-independent elas-
tic and plastic components, respectively; the superscript t de-
notes the time-dependent creep component.

The constitutive relation is expressed as:

.
σ

′ = Dep

(
.
ε − .

ε
t
)

(2)

Dep = De − DengnTDe

hp
L/U + nTDeng

(3)

where
.
σ

′ is the effective stress rate tensor; Dep is the elastic–
plastic stiffness tensor; De is the elastic stiffness tensor; n is
the loading direction tensor; ng is the plastic flow direction
tensor; and hp is the plastic modulus. And loading and un-
loading are denoted by the subscripts L and U, respectively.

The criterion for distinguishing loading and unloading is
as follows:

nT .
σ

′sn > 0 loading

nT .
σ

′ = 0 neutral loading

nT .
σ

′sn < 0 unloading

(4)

where sn = 1.0 when hp ≥ 0 and sn= −1.0 when hp < 0.
The elastic shear and bulk moduli are expressed as

G = G0 pa

(
p′

pa

)n

(5)

K =K0 pa

(
p′

pa

)n

(6)

where G0, K0, and n are model constants; pa is one atmo-
spheric pressure; and p′ is the mean effective stress.

The plastic flow direction tensor ng is expressed as

ng =
(

d√
1 + dg

2
,

1√
1 + dg

2
,

qMgsin3θ

2
√

1 + dg
2

)T

(7)

in which dg = (1 + αg) (Mg − η); Mg = 6Mc
g/ (7 + sin3θ); θ is

the stress Lode’s angle; η = q/p′ is the current stress ratio; Mc
g

and αg are model constants; d = dg under virgin loading and
reloading paths and d = −|dg| under the unloading path.

The loading direction tensor is expressed as

n =
(

df√
1 + df

2
,

1√
1 + df

2
,

qMfsin3θ

2
√

1 + df
2

)T

(8)

in which df = (1 + αf) (Mf − η); Mf = 6Mc
f / (7 + sin3θ ); Mc

f and
αf are model constants.
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Fig. 3. The evolution of yield surface during loading and creep.

The loading/reloading and unloading plastic moduli are, re-
spectively, expressed as

hp
L = h0 pa

(
p′

pa

)m[
1 − αfη

(1 + αf ) Mf

]4

×
[

1 − η

Mg
+ β0β1exp

(
−β0ε

ir
s

)]
exp [γdm (1 − χ )]

(9)

hp
U = hu0 pa

(
p′

pa

)m(
Mg

ηu

)γu

(10)

in which χ = (η − ηun)/(ηmax − ηun) when η > ηum, and χ = ((η
− ηr) (ηum − ηun))/((ηum − ηr) (ηmax − ηun)) when η ≤ ηum; ηmax,
ηum, ηun, and ηr are the stress ratios at the maximum hard-
ening state, maximum reverse reloading–unloading stress
state inside maximum stress state, latest reverse unloading–
reloading stress state, and maximum unloading stress state,
respectively; εir

s = ∫ (
dε

p
s + dεt

s

)
is the sum of plastic and

creep deviatoric strains; h0, hu0, m, β0, β1, γ dm, γ u are model
constants.

The creep strain-rate tensor can be divided into the volu-
metric and deviatoric components

.
ε

t = .
ε

t
v
∂ p
∂σ

+ .
ε

t
s
∂q
∂σ

(11)

The volumetric and deviatoric creep strain rate expressions
are as follows:

.
ε

t
v = αvε

t
vf

(
1 − εt

vc

εt
vf

)c

(12)

.
ε

t
s = αsε

t
sf

(
1 − εt

sc

εt
sf

)c

(13)

in which αv and αs are the initial slopes between the creep
strains and time; c is the model constant.

The final volumetric and deviatoric creep strains are as fol-
lows:

εt
vf = c1

(
p′

pa

)m1

(14)

εt
sf = c2

(
p′

pa

)m2

ηm3(15)

in which c1, c2, m1, m2, and m3 are model constants.

The cumulative creep strain εt
c

[
εt

vc, ε
t
sc

]
expression is as fol-

lows:

εt
c = εhm

c − εit
c(16)

εit
c =

⎧⎨
⎩ εhm

c − phm
c − pc

phm
c − pm

c

(
εhm

c − εm
c

)
pc > pm

c

εm
c pc ≤ pm

c

(17)

in which pc is the current stress state; pm
c is the maximum

stress state under virgin loading corresponding to the size
of the yield surface fm; phm

c is the maximum hardening state
under current loading condition (monotonic, cyclic, or creep
loading) corresponding to the size of the yield surface fhm;
εhm

c is the current strain; εit
c is the strain in the virgin load-

ing curve at the current stress state; εm
c is the inelastic strain

corresponding to fm in the virgin loading curve. Considering
the loading path A–B–C–D–E–F–G–H in Fig. 3 as an example,
the yield surface fm is constant during creep (such as A→B,
D→F, and G→H) and varies with stress during loading (such
as O→A, B→D, and F→G), while the yield surface fhm varies
with time (such as A→B, D→F, and G→H). If the current
stress state is at point G, εhm

c is the strain at point G, εit
c is

the strain at point E′, and εm
c is the strain obtained by eq. 17

with the stress state at point E′.
Advanced models that consider salient features of soil be-

haviors under cyclic or creep loading seem to require more
parameters (Ling and Liu 2003; Ling and Yang 2006; Fu et al.
2019). In the present model, eleven constants are required to
describe the instantaneous elastic–plastic behaviors of rock-
fills under monotonic loading, including elastic constants
G0, K0, and n, plastic flow direction constants αg and Mc

g,
loading direction constants αf and Mc

f , and plastic modu-
lus constants h0, m, β0, β1, and three more plastic modu-
lus constants γ dm, hu0, γ u are required under cyclic load-
ing. Seven more constants are needed to describe the creep
behavior, including volumetric creep constants αv, c1, m1

and deviatoric creep constants αs, c2, m2, m3. These instan-
taneous elastic–plastic parameters are calibrated by triaxial
tests following the procedure of Liu et al. (2023). The time-
dependent creep parameters are obtained by back analyses
on monitoring records due to the poor representativeness of
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Table 1. Equipment parameters of super large-scale and large-scale triaxial devices.

Devices Large-scale triaxial test Super large-scale triaxial test

Specimen size (diameter×height, mm×mm) 300×700 800×1760

Maximum particle size (mm) 60 160

Maximum axial force (kN) 1500 10 000

Maximum axial displacement (mm) 150 500

Maximum confining pressure (MPa) 4 3

creep tests completed within several hours or days (Zhang
et al. 2017; Zhu 2017). Details have been described in the
next section.

Material parameters

Instantaneous elastic–plastic parameters
Two different sizes of large-scale triaxial devices in the

Earthquake Engineering Research Institute of Dalian Univer-
sity of Technology are used to test the dam shell rockfills to
model the particle size effect and identify their mechanical
properties. The equipment required to test the specimen of
300 mm in diameter and 700 mm in height is called large-
scale triaxial device and the equipment required to test the
specimen of 800 mm in diameter and 1760 mm in height
is called super large-scale triaxial device. These two triaxial
devices are capable of producing maximum axial forces of
1500 and 10 000 kN, respectively, and maximum confining
pressures of 4 and 3 MPa, respectively. The equipment pa-
rameters of super large-scale and large-scale triaxial devices
are listed in Table 1. More details can be found in Ning (2022).

Previous experimental studies showed that the loading rate
in constant strain rate tests has little effect on the stress–
strain relations of gravelly soils (AnhDan et al. 2006; Lade et
al. 2009; Liu et al. 2023). Hence, it is believed that only the
instantaneous deformation due to loading occurs during the
tests. The rockfill from the rockfill I zone is tested here at 0.5,
1.5, and 2.5 MPa confining pressures and the experiments are
conducted at the strain rate of 0.1%/min. The laboratory speci-
mens are prepared at standard test methods for soils in China
(CS 2019). The gradations of the specimens are scaled down
to be parallel to the prototype gradation curve, as shown in
Fig. 4. The scale ratio in maximum particle size is 10 and 3.75
for the 300 and 800 mm diameter specimens, respectively.
The ratio of specimen diameter to maximum particle size re-
mains 5 (Marachi 1969; Xiao et al. 2015; CS 2019). The initial
porosity for all specimens is 21%, which is consistent with the
prototype.

The deviatoric stress–axial strain–volumetric strain curves
from these two different sizes of triaxial tests are shown
in Figs. 5a and 5b. Within the general stress level of dam,
the stress–strain curves of 300 mm diameter specimen show
higher secant modulus and lower compressibility than the
800 mm diameter specimen. The volumetric strain for the
large-size specimen at a given stress condition is appreciably
larger than that for the small-size specimen. This can be ex-
plained by the dependence of particle breakage on particle

size (Xiao et al. 2020a; Ning 2022). The increase of particle
breakage ratio with particle size leads to an increase in the
content of fine particles and the volume of specimens shrinks
significantly when the pores between particles are filled (Xiao
and Liu 2017; Xiao et al. 2020b).

Two suites of instantaneous elastic–plastic parameters for
the rockfill are calibrated from the experimental results,
called large-scale triaxial test parameters (LTP) and super
large-scale triaxial test parameters (SLTP), as shown in Table 2.
The elastic constants G0 and K0 in LTP are slightly smaller and
larger than those in SLTP, respectively. The difference of the
two suites parameters mainly lies in the plastic parameters,
which dominate the particle size effect on rockfill behaviors.
For example, the value of h0 of the 300 mm diameter speci-
men is three times that of the 800 mm diameter specimen,
indicating a much lower plastic modulus of 800 mm diame-
ter specimen. The same critical stress ratio Mc

g from the two
different sizes of specimens is obtained.

Figs. 5a and 5b compare the deviatoric stress–axial strain–
volumetric strain curves from the two sizes of specimens
with the curves simulated using the parameters. The model
reproduces well the general trend of these experimental
curves at different confining pressures. The same instanta-
neous elastic–plastic parameters as the rockfill I zone are as-
sumed for all dam shell rockfills due to the similar physical
properties of rockfill I, II, and III zones and the small filling
volume of filter and transition. The dry density of rockfill I,
II, III zones is 2250, 2230, and 2230 kg/m3, respectively, and
their in-situ gradation curves have a maximum difference of
only 3%.

Previous experimental study showed that the maximum
particle size of coarse particles has a minor impact on the
strength and deformation characteristics of core-wall materi-
als when the percentage of fine particles smaller than 5 mm
is more than 50% (the coarse particles are suspended among
fine particles, failing to form a skeleton) (Zuo et al. 2020).
Therefore, the instantaneous elastic–plastic parameters of
core-wall material of Lianghekou dam are calibrated through
a set of 100 mm diameter triaxial tests (Li 2015), also shown
in Table 2. The simulated results using the parameters are
given in Fig. 6, showing a similar trend to the experimental
curves. In the simulation of core wall, the strategy incorpo-
rating porosity and saturation into the undrained method of
Naylor (1974) is applied to consider the compression of pore
fluid (Fredlund 1976). The measured porosity of 18.8% and
degree of saturation following the normal distribution with
a mean of 88% and variance of 0.001 at compaction of core
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Fig. 4. Gradation curves of the rockfill from rockfill I zone.
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wall are introduced as input data for analysis, as in Zou et al.
(2022).

Time-dependent creep parameters
Comparison of laboratory creep tests and field monitoring

data (Sowers 1965; Oldecop and Alonso 2007; Zhang et al.
2017; Zhu 2017; Liu et al. 2023) shows that it takes only a few
days for the creep strain to be stable in a laboratory rockfill
specimen, while it need take a few years in an actual rock-
fill dam. It is impractical to characterize the time-dependent
behavior of rockfill dams through laboratory creep tests.
Therefore, back analysis on monitoring data to identify time-
dependent creep parameters has been widely adopted. Early
studies provided the range of relevant coefficients of empiri-
cal equations by fitting the linear relationships between post-
construction settlement and logarithm of time (Sowers 1965;
Clements 1984; Maranha das Neves 1991). With the develop-
ment of viscoelastic models for soils, many parameter iden-
tification procedures were proposed (Ohkami and Swoboda
1999; Guo 2000; Yang et al. 2001), for example, the method us-
ing the elastic–viscoelastic correspondence principle and the
trial calculation method. In recent years, a multitude of intel-
ligent algorithms (particle swarm optimization (PSO), neural
networks, etc.) have been developed and applied to the back
analyses of complex constitutive models (Zhou et al. 2011;
Kong et al. 2016; Wen et al. 2017). The idea of the approaches
is to transform the parameter identification problem into an
optimization problem of an objective function by mathemat-
ical programming techniques of error minimization.

In this paper, the back-analysis method using the PSO al-
gorithm developed by Kong et al. (2016) is used. The time-
dependent creep parameters of the rockfill I zone and core

wall are inverted based on the field monitoring records from
the electromagnetism-type settlement gauges DC5-18 and
DC4-44. Likewise, the same time-dependent creep parame-
ters as the rockfill I zone are adopted for all of the dam shell
rockfills. For simplification, it is assumed based on previous
researches (Jia et al. 2018; Zhang et al. 2004) that the creep
strain rate (eqs. 12 and 13) is a linear function of remain-
ing creep strain (i.e., c = 1) and the volumetric and devia-
toric creep strain rate parameters are the same (i.e., αv =
αs). The volumetric creep strain of core wall is assumed to
be zero due to the core wall approaching undrained condi-
tions with a high average degree of saturation 88% (Hunter
and Fell 2003b).

On the other hand, the creep strain rate parameters (i.e., αv

and αs) from previous back analyses on many in-service rock-
fill dams were found to be about two orders of magnitude
smaller than those from laboratory tests (Zhu 2017; Jia et al.
2018; Liu et al. 2023). Meanwhile, the increase rate of final
creep strain with mean effective stress decreases when the
magnitude of pre-creep loading is large enough (Zhu 2017),
which indicates that the exponential parameters m1 and m2

in eqs. 14 and 15 must be less than 1. Based on these works,
a rough range of the parameters can be obtained: αv and αs:
0.0001–0.01; m1 and m2: 0.1–1; m3: 0–5; c1 and c2: 0.0001–0.01.
The time-dependent creep parameters of the Lianghekou
dam materials back-analyzed are listed in Table 2.

Finite element model
A three-dimensional finite element model including 57 754

elements and 61 230 nodes is established here to simulate
the Lianghekou dam behaviors, as shown in Fig. 7. Two
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Fig. 5. Triaxial tests on the rockfill from rockfill I zone: (a) large-scale triaxial test (300 mm in diameter) and (b) super large-scale
triaxial test (800 mm in diameter).
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Table 2. Model parameters used for Lianghekou core wall rockfill dam.

Instantaneous elastic–plastic parameters (triaxial tests)

Core wall Dam shells Time-dependent creep parameters (back analyses)

Symbol 100 mm diameter 300 mm diameter (LTPa) 800 mm diameter (SLTPb) Symbol Core wall Dam shells

G0 780 2000 2145 αs (10–3) 9.93 9.23

K0 800 2300 2200 αv (10–3) – 9.23

Mc
g 1.30 1.78 1.78 c1 (10–3) 0.00 0.27

Mc
f 1.00 1.65 1.20 c2 (10–3) 0.11 0.26

αf 0.25 0.15 0.18 m1 – 0.51

αg −0.10 0.20 0.45 m2 0.15 0.31

h0 500 600 200 m3 0.45 1.29

hu0 500 3000 1000

n 0.50 0.50 0.50

m 0.30 0.27 0.60

γ dm 15 10 10

γ u 3.50 5 7

β0 20 12 20

β1 0.01 0.02 0.02

n0
c 18.80% – –

S0
d N (88%, 0.001) – –

aLTP: large-scale triaxial test parameters.
bSLTP: super large-scale triaxial test parameters. cn0: initial porosity. dS0: initial degree of saturation.

Fig. 6. Triaxial tests on core wall material of gravel clay (Li 2015).

element types, the isoparametric element and the propor-
tional boundary polyhedron element (Chen et al. 2018, 2023)
with a maximum size of 10 m, are employed in the model.
The displacements (including horizontal and vertical dis-

placements) are fixed to zero at the dam bottom. Fig. 2
presents the dam construction and impoundment processes.
The simulation of construction is completed in 49 steps by
sequentially adding layers to the initial geometry of the dam
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Fig. 7. Finite element model of Lianghekou dam.

Table 3. Construction stages of Lianghekou dam.

Date Elevation (m) Loading step Elapsed time (days) Reservoir water level

July to October 2016 2585 1–9 122

Remaining at 2620 m

November 2016 to January 2017 2595 10–11 92

February to March 2017 2605 12 59

April to June 2017 2615 13 92

July to August 2017 2625 14 61

September 2017 2635 15 31

October 2017 2645 16 30

November to December 2017 2655 17 61

January to February 2018 2665 18 62

March 2018 2675 19 28

April to June 2018 2685 20 92

July to September 2018 2695 21 92

October 2018 2705 22 30

November 2018 to January 2019 2715 23 92

February 2019 2725 24 31

March 2019 2735 25 28

April to July 2019 2745 26 122

August to September 2019 2755 27 62

October 2019 2765 28 30

November 2019 to January 2020 2775 29–37 92

February to March 2020 2785 38–40 60

April to June 2020 2795 41 92

July to September 2020 2805 42 92

October 2020 2815 43 30

November 2020 to January 2021 2825 44 92 Rising to 2680 m

February to March 2021 2835 45 59
Remaining at 2680 m

April to June 2021 2845 46 92

July to September 2021 2855 47 92 Rising to 2788 m

October to December 2021 2865 48 91
Remaining at 2788 m

January to March 2022 2875 49 90

in a ramp loading manner. Simultaneously, the reservoir is
impounded to the water level 2788 m in the first 47 steps by
imposing hydrostatic pressure on the upstream face of core
wall and then keeps stable until the dam completion. The
elapsed time of each step is determined by the field construc-
tion and impoundment schemes and the time increment
is 10–30 days in the process of incremental solution. The

nonlinear finite element analysis program GEODYNA (Zou
et al. 2005, 2013; Xu et al. 2016), developed by Earthquake
Engineering Research Institute, Dalian University of Tech-
nology, is used in calculations. The dam construction pro-
cess and the setting of the corresponding loading steps and
the elapsed time of each step in GEODYNA are presented in
Table 3.

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

T
on

gj
i U

ni
ve

rs
ity

 o
n 

03
/2

9/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cgj-2024-0223


Canadian Science Publishing

Can. Geotech. J. 62: 1–19 (2025) | dx.doi.org/10.1139/cgj-2024-0223 11

Fig. 8. Settlement time histories in the upstream shell of cross-section 0 + 340 m (LTP: large-scale triaxial test parameters;
SLTP: super large-scale triaxial test parameters): (a) DC3-6 at EL.2647 m and (b) DC3-14 at EL.2729 m.

Results and analyses
The model performance and dam behavior are compared

based on the observation data. The maximum cross-section
(0 + 340 m) equipped with more gauges than others is se-
lected as the focus of investigation. The longest displacement
time series available is from December 2016 to March 2022,
covering the whole construction period.

Size effect
Two separate FE simulations are conducted to investigate

the influence of size effect using the LTP and SLTP for dam
shell rockfills in Table 2, known as Case 1 (LTP) and Case 2
(SLTP). The creep of all dam materials is assumed to be zero
in this part, which has been executed by turning off the creep
strain rate (i.e., αs = αv = 0 in eqs. 12 and 13).

The vertical and horizontal displacements of field records
and FE simulations within 2650–2750 m elevations inside the
dam shells of the maximum cross-section are plotted in Figs.
8–10. The filling process of upstream shell and the reservoir
impounding process are also given in Fig. 8. These moni-
toring records provide a fairly clear description of accumu-
lation process of the dam deformation with time. The con-
tinuous rise of filling height resulted in a large growth rate
of measurements during construction. The measured settle-
ments of the upstream shell (Fig. 8) were significantly affected
by the reservoir impoundment and tended to stabilize after
the monitoring gauges were flooded. However, the vertical
and horizontal displacement growth rates simulated in Case

1 (LTP) (pink dash line) are significantly smaller than mea-
surements, resulting in a considerable underestimation in
displacement values. By contrast, the FE simulation in Case
2 (SLTP) (blue dot line) captures the evolution of measure-
ments better although some divergence between them ap-
proximately after November 2019 is presented (which is re-
lated to the creep effect of rockfills and will be confirmed in
the next part).

Figs. 11a and 11b compare the settlement distributions sim-
ulated and measured in the dam shells at completion (March
2022). Due to insufficient monitoring data, Fig. 12 only shows
the horizontal displacement distribution at the elevation of
2675 m in the downstream shell in August 2021. The FE sim-
ulations in Case 1 (LTP) and Case 2 (SLTP) both capture these
general distribution rules of measurements, for example, the
bow-shaped settlement distribution along the dam height
and the overall trend of horizontal displacement. However,
the simulation in Case 2 (SLTP) shows a better agreement with
measurements in magnitude. Table 4 gives the maximum set-
tlements simulated and measured in different zones at com-
pletion. The underestimation in the maximum settlements
of dam shells drops from 43%–45% to 12%–13% from Case 1
(LTP) to Case 2 (SLTP). The change in dam shell material pa-
rameters also induces some improvements (about 15%) in the
settlement prediction of core wall, as shown in Figs. 11c and
13 and Table 4.

In summary, the rockfill dam behaviors present strong
dependence on rockfill particle size and the size effect is
clearly shown. The excessive scaling down of particle size
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Fig. 9. Settlement time histories in the downstream shell of cross-section 0 + 340 m: (a) DC5-7 at EL.2651 m and (b) DC5-12 at
EL.2702 m. LTP, large-scale triaxial test parameters; SLTP, super large-scale triaxial test parameters.

Fig. 10. Horizontal displacement time histories in the downstream shell of cross-section 0 + 340 m: (a) C64 at EL.2675 m and
(b) C50 at EL.2745 m. LTP, large-scale triaxial test parameters; SLTP, super large-scale triaxial test parameters.
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Fig. 11. Distributions of settlements in different material
zones of cross-section 0 + 340 m at completion: (a) DC3 in
the upstream shell; (b) DC5 in the downstream shell; and (c)
DC4 in the core wall. LTP, large-scale triaxial test parameters;
SLTP, super large-scale triaxial test parameters.

during the 300 mm diameter triaxial test has led to a severe
underestimation in dam performance. The parameters pro-
vided by the 800 mm diameter triaxial test are able to char-
acterize the instantaneous behaviors of prototype rockfills
within an acceptable range, especially in the early stage of
filling.

Time effect
Creep is an important time-dependent feature of rock-

fill dams. On the basis of the above analyses, the SLTP for
dam shell rockfills and time-dependent creep parameters
in Table 2 are used in the following FE numerical simula-
tion (Case 3 (SLTP + creep) for short). The construction dis-
placement time histories simulated in this case are also pre-
sented in Figs. 8–10 and Fig. 11. Compared with Case 2 (SLTP),
the FE simulation in Case 3 (SLTP + creep) (red solid line)
shows a superior agreement with the evolution of measure-
ments. The simulated displacements under these two cases
develop consistently during the early stage of filling (approx-
imately prior to November 2019 for the monitoring points
shown in the figures) but divert more and more as the filling
height continues to rise. It can be explained by the loading-
creep coupling mechanisms. Although the stress state re-
mains constant during creep, the increase of creep strain will
induce an expanded yield surface (i.e., strain hardening ef-
fect) (Zhang et al. 2017). If the stress state during post-creep
loading catches up with the expanded yield surface, the in-
fluence of previous cumulative creep strain is eliminated;
if not, the creep strain continues to be accumulated. The
process has been described by the two hardening state vari-
ables pm

c and phm
c in the model of Section “Unified Elastic–

Plastic–Creep Model”. From eqs. 16 and 17, when pm
c = phm

c ,
the expanded yield surface is caught up and the cumula-
tive creep strain is reset to zero, as the point C in Fig. 3.
When pm

c < phm
c , the accumulation of creep strain depends

on the distance between the corresponding yield surfaces fm

and fhm, as the distance between point E′ and point G in
Fig. 3.

The element A at the elevation of 2680 m in the down-
stream shell of Lianghekou dam in Fig. 12 is considered to be
an example to illustrate the process. Fig. 12 shows the evolu-
tions of (phm

c -pm
c ) and rockfill placement rate with time. The

rockfill placement rate is given to represent the magnitude of
filling load increment and elapsed time. During the construc-
tion period, the oscillations of (phm

c -pm
c ) show a clear negative

correlation with the placement rate, i.e., the increase of place-
ment rate followed by the decrease of (phm

c -pm
c ). In the early

stage of filling (before June 2020), the value of (phm
c -pm

c ) some-
times decreases to zero when large filling load increment is
imposed. In the late stage, the (phm

c -pm
c ) is always greater than

zero because of the longer filling period (as indicated by the
decreasing trend of placement rate) and the smaller filling
load increment due to dam geometry. After completion, pm

c
remains nearly constant and (phm

c -pm
c ) grows smoothly. The

example visualizes the interaction of loading and creep of
rockfills and reproduces the accumulation process of creep.
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Table 4. The maximum settlements measured and simulated at completion (unit: mm).

Locations Case 1 (LTP) Case 2 (SLTP) Case 3 (SLTP + creep) Measurements

Upstream (DC3) 1382 (45%)∗ 2198 (13%)∗ 2415 (5%)∗ 2531

Core wall (DC4) 2106 (35%)∗ 2582 (20%)∗ 2952 (8%)∗ 3228

Downstream (DC5) 1587 (43%)∗ 2510 (12%)∗ 2833 (−1%)∗ 2801

Note: LTP, large-scale triaxial test parameter; SLTP, super large-scale triaxial test parameter. ∗ The difference of the
settlements measured and simulated is in brackets.

Fig. 12. Distribution of horizontal displacements at 2675 m in August 2021 (positive horizontal displacement is downstream).
LTP, large-scale triaxial test parameters; SLTP, super large-scale triaxial test parameters.
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Fig. 13. Settlement time histories in the core wall of cross-section 0 + 340 m: (a) DC4-26 at EL.2708 m and (b) DC4-30 at
EL.2726 m. LTP, large-scale triaxial test parameters; SLTP, super large-scale triaxial test parameters.

The process is consistent with the divergence in the displace-
ment evolutions in Case 2 (SLTP) and Case 3 (SLTP + creep) in
Figs. 8–10 and Fig. 11.

The simulated vertical and horizontal displacement dis-
tributions in Case 3 (SLTP + creep) at completion are
also presented in Fig. 13 and 14. Moreover, the settlement
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Fig. 14. The evolutions of (phm
c -pm

c ) and rockfill placement rate in Lianghekou dam.
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distributions at the elevation of 2760 m along the longi-
tudinal axis of core wall under Case 2 (SLTP) and Case 3
(SLTP + creep) are compared with measurements in Fig. 15.
As expected, a significant improvement in consistency be-
tween the FE simulation in Case 3 (SLTP + creep) and mea-
surements is found compared with Case 2 (SLTP). Similarly,
the maximum settlements in different zones of the dam at
completion under Case 3 (SLTP + creep) are also given in Table
4. The underestimation in maximum measured settlements
drops from 12%–20% to 1%–8% from Case 2 (SLTP) to Case 3
(SLTP + creep). The difference in the settlements under the
two cases indicates the contribution of creep in total con-
struction settlement, about 8%–15%. It is worth mentioning
that the underestimation of the settlements in the upstream
shell is somewhat larger than that in the downstream shell
since no collapse settlement during impounding is modeled
in the present work.

Overall, the Case 3 (SLTP + creep) reproduces the loading-
creep coupling process of rockfills in situ and provides a sat-
isfactory estimate of dam deformation, suggesting the good
performance of the unified elastic–plastic–creep model.

Post-construction performance prediction
The further impoundment plan after completion (from the

water level 2788 m to normal water level 2865 m) and the
post-construction behavior of Lianghekou dam are unavail-
able. Based on the early impounding process of Lianghekou
dam and engineering experience (Hunter and Fell 2003b),
the impoundment scheme that the reservoir water level re-
mains at 2788 m in the first 12 months after completion
and rises to normal water level from April to June in 2023
is assumed and implemented in this section. Based on Case
3 (SLTP + creep), additional FE analysis is conducted to pre-
dict the post-construction deformation of the dam. The dam
deformation after completion still grows at a slow rate in
Figs. 8–10 and Fig. 11 and a moderate increment in vertical
and horizontal displacements can be observed in Figs. 13–15
(green dash-dot line). The sudden increase in horizontal dis-
placement growth rate at C64 and C50 in the downstream
shell, as indicated in red circles in Fig. 10, is caused by reser-
voir water level rising. The post-construction settlement in-

creases along the dam height due to the difference of un-
derlying earthfill thickness (Fig. 13) and hence the maximum
is placed at the dam crest in the middle of valley, as shown
in Fig. 16a. The predicted distributions of post-construction
crest settlement gradient parallel and perpendicular to the
dam longitudinal axis are also given in Fig. 16, as well as those
in Case 2 (SLTP) for comparison. The simulated results indi-
cate the continuous long-term creep deformation remarkably
increases the settlement gradient of dam crest. Some schol-
ars proposed the settlement gradient greater than 1% as an
indicator of cracking according to a large number of dam
case histories (Zhou et al. 2016; Lin et al. 2017). This work
provides an important foundation for further study on dam
cracking, especially when considering the collapse behavior
of upstream rockfills on wetting.

Conclusions
In this paper, a series of numerical analyses incorporat-

ing the loading-creep coupling effect have been performed
to reproduce the field observed deformations of Lianghekou
CRFD, currently the second-highest CRFD completed in the
world. A unified elastic–plastic–creep model applicable to
complex loading conditions (including monotonic, cyclic,
and creep loading) is adopted. Two sizes of triaxial tests (in-
cluding 300 and 800 mm in diameter) are conducted on rock-
fills to model the particle size effect and calibrate the in-
stantaneous elastic–plastic parameters. The time-dependent
creep parameters are back-analyzed using in-situ monitoring
data. A separation of the instantaneous deformation due to
loading and the time-dependent creep deformation has been
made by comparison studies of numerical results and mea-
surements. Furthermore, the post-construction performance
of the dam is predicted. Some conclusions can be drawn as
follows:

(1) The two suites of calibrations from the triaxial tests
on rockfills provide a quantitative representation for
the particle size dependence of rockfill behaviors. The
underestimation of measurements decreases from 35%–
45% to 12%–20% when the instantaneous elastic–plastic
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Fig. 15. The settlement distribution along the longitudinal axis of core wall at completion. SLTP, super large-scale triaxial test
parameter.
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Fig. 16. Crest settlement distributions predicted 15 months after completion: (a) parallel to the dam longitudinal axis and (b)
perpendicular to the dam longitudinal axis. SLTP, super large-scale triaxial test parameters.

parameters of rockfills vary from the 300 mm diameter
triaxial specimen calibration set to the 800 mm diameter
triaxial specimen calibration set. The 800 mm diameter
triaxial test provides a reasonable representation for the
instantaneous behaviors of prototype rockfills within an
acceptable range, especially in the early stage of filling.
The underestimation is mainly attributed to the fact that
the effect of creep is not included.

(2) The evolution of loading-creep coupling process of dam
materials is tracked and exhibited, which allows the ex-
plicit separation of the deformation components due to
loading and creep in monitoring records. In the early
stage of filling, the deformation of rockfills is mainly
caused by instantaneous loading because of the elimina-
tion of creep effect by large filling load increment. In the
later stage, the creep is gradually accumulated in total

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

T
on

gj
i U

ni
ve

rs
ity

 o
n 

03
/2

9/
25

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cgj-2024-0223


Canadian Science Publishing

Can. Geotech. J. 62: 1–19 (2025) | dx.doi.org/10.1139/cgj-2024-0223 17

deformation with the decrease of filling load increment
and the increase of filling period. The time-dependent
creep deformation contributes about 8%–15% to total dam
deformation at completion. The good agreement between
the measured and simulated deformations implies the
capability of the model to reproduce the loading-creep
behavior of high rockfill dams. The work is helpful for
distinguishing instantaneous deformation due to loading
from time-dependent creep deformation and provides in-
put for interpreting the behaviors of actual dams.

The underprediction of post-construction settlement in the
upstream side of Lianghekou dam crest is mainly attributed
to the effect of collapse deformation due to wetting which
is not modeled in the present work. In further study, a
finer analysis considering the coupled elastic–plastic–creep–
wetting behavior of rockfills will be conducted to investigate
the dam performance throughout its entire lifecycle.
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