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1. Introduction 
 

Core wall rockfill dams, using compacted rockfill 

materials within the dam body and a vertical or inclined 

clay core wall as the impermeable system, are a widely used 

dam type around the world (Oldecop and Alonso 2007, 

Ameen et al. 2017, Pramthawee et al. 2017). In addition, 

rockfill materials, which are widely used in rockfill dams, 

usually undergo many complicated conditions (Tao et al. 

2019, Sukkarak et al. 2018). Investigations involving the 

rockfill material have focused primarily on its mechanical 

and engineering behavior using a saturated triaxial test 

(Xiao et al. 2017, Raksiri et al. 2018, Memduh and Murat 

2019, Javad et al. 2019). It is well recognized that the 

rockfill materials of the upstream dam shell will experience 

“dry” to “wet” conditions during and after water storage. 

Progressive weathering, breakage and rearrangement of the 

rockfill particles will occur during wetting, which may 

subsequently lead to additional deformation in the dam 

body even if the stress is kept constant (Fu et al. 2011). 

Significant deformation occurs due to the wetting effect of 

the rockfills, which is known as “wetting deformation” 

(Chen et al. 2011). 
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New constitutive models have been proposed to model 

the wetting effect, such as modeling the wetting 

deformation of stressed and moisture-sensitive weathered 

rockfill materials in a simplified manner by degrading the 

solid hardness (Escuder et al. 2005, Bauer et al. 2010, Fu et 

al. 2011). These constitutive models, capable of predicting 

the stress and deformation behavior during loading and 

creeping in a unified manner, are more theoretical and 

undoubtedly reasonable. However, many researchers and 

engineers have been accustomed to using classical and well-

known constitutive models in the numerical analysis of 

dams, such as the Cam-Clay and Duncan-Chang’s E-B and 

E-v models, which cannot consider the wetting deformation 

of rockfills. Therefore, another widely used method is to 

establish mathematical wetting models through a wetting 

test. The stress and strain components can be estimated by, 

e.g., Duncan-Chang’s E-B model, and translated into the 

initial stress condition, which are further applied to the 

finite elements to obtain the wetting deformation of the dam 

by adding the mathematical wetting model. Despite the 

ignorance of the physical background underlying wetting 

deformation in the mathematical wetting models, this 

method is still widely used in dam engineering in China due 

to its practicality. Some wetting models obtain stress 

relaxation in the wetting process, such as the study of Reza 

et al (2015) and Zhou et al (2019), and the relaxation stress 

is regarded as the initial stress to simulate the wetting 

deformation. Meanwhile, some other wetting models are 

strain-based, and the wetting strain is regarded as the initial 

strain to simulate the wetting deformation. For example, the 

typical and widely used wetting model in China is 

expressed as follows (Li et al. 2004): 
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the potential of the model in dam engineering.  
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(1) 

where cw, nw and bw are the material constants, σ3 is the 

confining pressure, pa is the atmosphere pressure, and Δεvw 

and Δεsw are the wetting volumetric strain and wetting shear 

strain, respectively. The stress level s is known as the ratio 

of the current deviatoric stress q and the peak deviatoric 

stress qf:: 

 
(2) 

where 0 ≤ q ≤ qf, that is, 0 ≤ s ≤ 1, and q=σ1-σ3 under 

triaxial stress states. 

Taking Eq. (1) as the example, the wetting volumetric 

strain Δεvw was only related to the confining pressure σ3, 

and the wetting shear strain Δεsw was only related to the 

stress level s, while it is experimentally evident that Δεvw 

and Δεsw are both highly dependent on σ3 and s (Zhao et al. 

2018, Zhou et al. 2019). In summary, these mathematical 

wetting models, e.g., Eq. (1), are simple and practical (Li et 

al. 2004) but are not sufficient to characterize the behavior 

of the wetting deformation of rockfills. 
Therefore, in this paper, a series of wetting triaxial tests 

based on a rockfill were carried out using a large-sized 
triaxial apparatus. Then, the relationship between the  

 

 
 

wetting strains and stress conditions was investigated with a 
mathematical wetting model employed to simulate the 
wetting axial strain and volumetric strain under various 
confining pressures and stress levels. In addition, the 
wetting deformations of a core wall rockfill dam were 
analyzed by using the proposed wetting model and finite 
element method. 
 

 

2. Test program and test results 
 

2.1 Rockfill material 
 

For the present study, the rockfill material was obtained 
from a dam located in the Henan Province in Central China 
(the rockfill material is hereafter called the HPR), which is 
rounded or subrounded sand gravel. The initial particle size 
distribution of the HPR is shown in Fig. 1. According to the 
Standard for geotechnical testing method in China (GB/T 
50123, 2019), the maximum particle size used in the test 
should not be larger than 1/5 of the specimen diameter. 
Since the specimen diameter is 300 mm, the maximum 
particle size used in the test was set as 60 mm, and the HPR 
had a uniformity coefficient (Cu) of 35.6 and a curvature 
coefficient (Cc) of 2.26. The dry density of the specimen 
was 2260 kg/m3.  
 

2.2 Test results 
 

The wetting triaxial test is usually adopted with two 

methods named “single-line” and “double-line” (Nobari and  
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Fig. 1 Particle size distribution of the HPR 

  
(a) Single-line method (b) Double-line method 

Fig. 2 Commonly used wetting triaxial test methods 
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Duncan 1972, 1973) The “single-line” method is adopted as 

follows: (1) apply the required consolidation pressure to the 

dry specimen; (2) add axial pressure and shear the dry 

specimen to the designed deviatoric stress (or stress level), 

when the change of axial strain is less than 0.01% in 30 

minutes, this step is completed, as point A shown in Fig. 

2(a); and (3) wet the dry specimen to the saturated 

condition, and then maintain the stress condition and 

saturated condition until the deformation of the specimen is 

stable (i.e., the change of axial strain is less than 0.01% in  

 

 

 

 

30 minutes), as point B shown in Fig. 2(a).  

The axial strain increases from point A to point B is 

thought to be induced by the wetting effect, which is named 

the wetting axial strain, Δε1w, as shown in Fig. 2(a). The 

“double-line” method is adopted as follows: conduct the 

triaxial compression test both on the dry specimen and on 

the saturated specimen, as shown in Fig. 2(b), and the axial 

strain difference (from point C to point D) between the dry 

specimen and the saturated specimen at the designed 

deviatoric stress (or stress level) is regarded as the wetting  

  
(a) Triaxial apparatus (b) Specimen 

Fig. 3 Large-scale triaxial compression test 

Table 1 Wetting test results of the specimens 

σ3 (kPa) Items Results 

300 

Stress level s 0.00 0.22 0.42 0.79 0.90 

Δε1w (%) 0.056 0.177 0.307 1.058 1.320 

Δεvw (%) 0.169 0.217 0.243 0.269 0.280 

600 

Stress level s 0.00 0.17 0.41 0.78 0.90 

Δε1w (%) 0.074 0.305 0.478 1.539 1.850 

Δεvw (%) 0.223 0.270 0.352 0.385 0.400 

900 

Stress level s 0.00 0.19 0.40 0.77 0.90 

Δε1w (%) 0.094 0.345 0.593 1.677 2.200 

Δεvw (%) 0.281 0.345 0.436 0.495 0.520 

1200 

Stress level s 0.00 0.19 0.40 0.81 0.90 

Δε1w (%) 0.100 0.452 0.651 1.981 2.400 

Δεvw (%) 0.300 0.389 0.473 0.527 0.540 

  
(a) Stress deviator in function of wetting axial strain (b) Volumetric strain in function of axial strain 

Fig. 4 Wetting test results of the specimens under σ3=900 kPa at various stress levels 
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axial strain, Δε1w. 

Since the loading and wetting steps during the “single-

line” method are more similar to the construction and water 

storage sequences of the rockfill dam (Zuo and Shen 1989), 

a series of single-line wetting triaxial tests were conducted 

by a large-scale triaxial apparatus. Fig. 3(a) shows the large-

scale triaxial apparatus. The specimen sizes were 700 mm 

in height and 300 mm in diameter. The HPR for one 

specimen, as shown in Fig. 3(b), was divided into five equal 

parts, and each part was compacted with a vibrator at the 

frequency of 60 cycles/s. The procedure was evolved after 

several trials to obtain the designed initial dry density. 

Four different confining pressures (σ3=300, 600, 900, 

and 1200 kPa) were used in the wetting triaxial test. For 

each given confining pressure, five typical stress levels 

(s=0, 0.2, 0.4, 0.8 and 0.9) were conducted. The test results 

were shown in Table 1. 

It is noted that, even the stress levels were designed to 

be s=0, 0.2, 0.4, 0.8 and 0.9, respectively, the actual testing 

s values are only close to but not strictly equal to the design 

values, as shown in Table 1. Specimens under σ3=900 kPa 

at s= 0.2, 0.4, 0.8 and 0.9 were taken as the examples, with 

the observed q-ε1 curves and εv-ε1 curves shown in Fig. 4.  

In addition, the test results of the specimens under s=0.8 

at σ3= 300, 600, 900, and 1200 kPa are shown in Fig. 5. Fig 

4 shows that when the confining pressure is constant, the εv-

ε1 curves corresponding to various s values are not same, 

which indicates that the wetting strains may be affected by 

the stress level s. Similarly, Fig. 5 shows that the wetting 

strains are may be affected by σ3. In fact, the wetting test 

results shown in Table 1 shows that the wetting strains are 

affected by s and σ3 simultaneously. Therefore, since the 

wetting volumetric strain Δεvw is only related to σ3 and 

wetting shear strain Δεsw is only related to s in Eq. (1), it is 

not as satisfactory to express the wetting deformation 

behavior of rockfills. 
 

 

3. Wetting deformation model 
 

3.1 Wetting axial strain 
 

Based on the wetting test results of all the specimens, 

the observed data were rearranged in terms of Δε1w -s, as 

shown in Fig. 6. The relationship between Δε1w and s was  

 

 

Fig. 6 Relationship between the wetting axial strain and 

stress level 

 

 

Fig. 7 Relationship between the parameter a and 

confining pressure 

 

 

found to be well expressed as follows: 

 
(3) 

where a and β are parameters that will be discussed below, 

and Δε1w,0 is the wetting axial strain under the certain 

confining pressure when s= 0. 

The parameter β, which is 1.8 for the HPR, can be 

regarded as a material constant independent of the confining 

pressure. Meanwhile, the parameters a and Δε1w,0 were 

found to be related to the confining pressure. The observed 

parameter a and confining pressure σ3 were plotted in the a- 

Fitted equation:
Δε1w=a·sβ+Δε1w,0
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Fig. 5 Wetting test results of the specimens under s=0.8 
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Fig. 8 Relationship between the wetting axial strain at 

s=0 and confining pressure 

 

 

(σ3/pa) plane, as shown in Fig. 6, which can be expressed as 

follows: 

 

(4) 

where a0 (unit: %) and d (dimensionless) are the material 

constants. In particular, when σ3=0, a=0; when σ3 is large 

enough, a=a0, as the simulation line shown in Fig. 7. The 

material constants of the HPR are a0=3.64 and d=3.73, and 

the correlation coefficient R2 is 0.988. 

The observed Δε1w,0 and confining pressure σ3 were 

plotted in the Δε1w,0-(σ3/pa) plane, as shown in Fig. 8, which 

can be expressed as follows (Zhao et al. 2018): 

 

(5) 

where K1 (unit: %) and B1 (unit: %) are the material 

constants. The material constants of the HPR are K1=0.0051 

and B1=0.043, and the correlation coefficient R2 is 0.958. 

As a result, substituting Eqs. (4) and (5) into Eq. (2), the 

wetting axial strain Δε1w under various confining pressures 

and stress levels can be predicted as follows: 

 

(6) 

where a0, β, d, K1 and B1 are the material constants. 

 

3.2 Wetting volumetric strain 
 

The observed wetting volumetric strain data were 

rearranged in terms of Δεvw -s, as shown in Fig. 9. It is 

obvious that the magnitude of the volumetric strain induced 

by the wetting effect is larger under a higher stress level and 

a higher confining pressure, as shown in Fig. 9. It is easier 

to find out that the relationship between Δεvw -s is linear, 

which has also been pointed out by Zhao et al. (2018). All 

of these properties can be reproduced as follows: 

 
(7) 

 

Fig. 9 Relationship between the wetting volumetric strain 

and stress level 

 

 

Fig. 10 Relationship between the wetting volumetric 

strain at s=0 and the wetting axial strain at s=0 
 
 

where K is a parameter dependent on the confining 

pressure, and Δεvw,0 is the wetting volumetric strain under a 

certain confining pressure when s= 0. It is noted that s=0 

means that the specimen is under the isotropic compression 

condition (σ1 =σ2 =σ3, ε1 =ε2 =ε3); therefore, the value of 

Δεvw,0 is supposed to be three times that of Δε1w,0 as follows: 

 

(8) 

where the anisotropic property of the rockfill is not 

considered. 

Plotting the observed Δεvw,0 and Δε1w,0 of the specimens 

under various confining pressures in the Δεvw,0 - Δε1w,0 plane 

and fitting the observed data with Eq. (8), as shown in Fig. 

10, it is clear that the simulation curve of Eq. (8) can 

describe well the relationship of the observed Δεvw,0 and 

Δε1w,0, with the correlation coefficient of R2=0.988. 

The parameter K is the slope of the Δεvw- s curve, as 

shown in Fig. 9. On the one hand, Eq. (7) can fit well with 

the characteristics of the observed Δεvw- s, although some 

data deviate slightly from the simulation line. On the other 

hand, the slope K was found to be directly proportional to  

Fitted equation:
Δε1w,0 =K1(σ3/pa)+B1

constants：
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Observed Δε1w,0

0

0.03

0.06

0.09

0.12

0 3 6 9 12 15

W
et

ti
n

g 
ax

ia
l s

tr
ai

n
 Δ
ε 1

w
,0

(%
)

Confining pressure σ3/pa

Fitted

 
0

31+ a

a
a

d p


3
1 ,0 1 1=w

a

K B
p




 
   

 

0 3
1 1 1

31+ ( )
w

a a

a
s K B

d p p

 




 
     

 

,0vw vwK s     

Fitted equation:
Δεvw =K·s+Δεvw,0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.2 0.4 0.6 0.8 1

W
et

ti
n

g 
vo

lu
m

et
ri

c 
st

ra
in

 Δ
ε v

w
(%

)

Stress level s

300 kPa
600 kPa
900 kPa
1200 kPa
Fitted

Fitted equation:
Δεvw,0 =3Δε1w,0

R2=0.988

0

0.09

0.18

0.27

0.36

0.45

0 0.03 0.06 0.09 0.12 0.15

W
et

ti
n

g 
vo

lu
m

et
ri

c 
st

ra
in

 Δ
ε v

w
,0

(%
)

Wetting axial strain Δε1w,0 (%)

Observed

Fitted

3
,0 1 ,0 1 1=3 =3vw w

a

K B
p


 

  
     

  

523



 

Wanli Guo, Ge Chen, Yingli Wu and Junjie Wang 

 

Fig. 11 Relationship between the wetting volumetric 

strain at s=0 and the wetting axial strain at s=0 

 

Table 2 Wetting material constants of the rockfills 

Material a0 (%) β d K1 (%) B1 (%) Kv(%) Bv(%) 

HPR 3.64 1.8 3.73 0.0051 0.043 0.0176 0.075 

Upstream rockfill 6.35 1.65 2.92 0.016 0.0196 0.0132 0.046 

 

 

the confining pressure, as shown in Fig. 11. As a result, K is 

expressed as follows (Zhao et al. 2018): 

 

(9) 

where Kv and Bv are two material constants, and Kv =0.0176 

and Bv =0.075 for the HPR. 

Substituting Eq. (8) and Eq. (9) into Eq. (7), the wetting 

volumetric strain Δεvw under various confining pressures 

and stress levels can be predicted as follows (Zhao et al. 

2018): 

 

(10) 

where Kv and Bv are the material constants, and K1 and B1 

are the same constants relating to Δε1w. 

The combination of Eq. (6) and Eq. (10) is the proposed 

mathematical wetting model, which is believed to express 

the influence of the confining pressure and stress level on 

the wetting strains simultaneously. There are seven material 

constants in the proposed wetting model, i.e., a0, β, d, K1, 

B1, Kv and Bv (the constants of the HPR are shown in Table 

2), which are easily determined using wetting triaxial tests, 

as discussed above. 
 
 

4. Case study 
 

4.1 Dam information 
 

In the following, the proposed wetting model and the 

finite element method are used to study the wetting 

deformation of a core wall rockfill dam. The rockfill dam 

example is also simulated by Lu et al. (2014). The 

maximum dam height is 160 m, the upstream and 

downstream of the dam slope are both 1:1.9, and the normal 

water level is 8 m below the dam crest. In the 3D finite 

element mesh, the height of the bedrock surface is 133 m, 

the height of the dam crest is 281 m, and the height of the 

normal water level is 273 m. The main material partitions 

are illustrated by the 2D typical cross section of the dam, 

which is shown in Fig. 12(a), and the 3D mesh for finite 

element analysis is shown in Fig. 12(b).  

 

4.2 Constitutive model 
 

Duncan-Chang’s E-B model (Duncan and Chang 1970, 

Duncan et al. 1980) was used to analyze the stress and 

deformation of the dam. The tangent Young’s modulus Et 

and bulk modulus B were formulated as follows: 

 

(11) 

where σ1 is the major principal stress, Rf is the failure shear 

stress ratio, φ is the internal friction angle, pa is the 

atmospheric pressure, and k, n, kb and m are material 

constants. Values of φ are better approached by a 

logarithmic function as follows: 

 

(12) 

where φ0 is the internal friction angle at σ3=100 kPa, and Δφ 

is the reduction in friction angle for a 10-fold increase in σ3. 

The main material constants of the constitutive model are 

listed in Table 3 after Lu et al. (2014). The contact behavior 

between the core wall and rockfill materials is simulated by 

using the Goodman element. In particular, relative 

penetration is avoided along the interface. 

 

4.3 Wetting material constants 
 

Eqs. (6) and (10) were used to simulate the relationship 

between the observed wetting strains and the confining 

pressure and stress level, which are illustrated in Fig. 13, 

with the obtained wetting material constants shown in Table 

3. Fig. 13 shows that the simulations of Eqs. (6) and (10) 

can estimate well the observed wetting strains of the 

upstream rockfill (sharp angular fill material), which 

indicates that the proposed wetting model is applicable to 

express the wetting deformation behavior of the rockfills. 

Furthermore, the determined wetting material constants are 

reasonable for use in finite element analysis. 

 

4.4 Wetting deformation 
 

The upstream rockfill is located inside the reservoir and 

is therefore subjected to the rising water level. The material 

of the core wall is compacte with highly plastic clay, and its 

permeability is much less than that of the rockfills. 

Meanwhile, the function of the core wall, which can be 

regarded as an impervious core, is to prevent seepage. Thus,  

Fitted equation:
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(a) Typical cross section and main material partitions of the 

dam 

(b) 3D mesh 

Fig. 12 Necessary information of the dam 

 
 

(a) Wetting axial strain (b) Wetting volumetric strain 

Fig. 13 Observed and simulated wetting strains of the upstream rockfill 

 
(a) Contours of vertical settlement 

 
(b) Contours of the minor principal stress in the upstream rockfill 

 
(c) Contours of the stress level in the upstream rockfill. 

Fig. 14 Results of the finite element analysis after water storage (without considering the wetting effect) 
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it is believed that the water in the reservoir cannot pass 

through the core wall, and as a result, it is assumed that the 

wetting effect only occurs in the upstream rockfill, and the 

core wall and downstream rockfill are not affected. 
Two numerical schemes were designed in the finite 

element analysis. The first scheme is the original one 
without considering the wetting effect. The horizontal 
expansion, vertical contraction and stress condition of the 
dam after adding a multistage water load (that is, the filling 
of the reservoir to a height of 273 m) were calculated using 
Duncan-Chang’s E-B model. The water level rose from 133 
m (Bedrock surface) to 273 m, and the rising height of 
water level is 140 m. Therefore, 14 water rising steps were 
designed to model the process of water level rising, and one 
step corresponds to 10 m increment in water level. In every 
step, the hydrostatic pressure (including water buoyancy) 
has been considered by acting at the upstream rockfill and 
upper boundary of the impervious core wall. 

The other scheme is the so-called wetting scheme. It 

should be noted that the hydrostatic pressure and wetting 

effect occur simultaneously in the process of water storage, 

both of which influence the deformation of the dam. Based 

on the original scheme, each water rising step was followed 

by a wetting step, as a result, 14 wetting steps were 

designed in this scheme. For example, when the water level 

rises from 133 m to 143 m in the first water level rising 

step, the hydrostatic pressure will be calculated firstly, and 

then, the stress condition will be submitted into Eq. (6) and  

 

 

Eq. (10). The additional deformation induced by the wetting 
effect can be calculated, which is the so-called first wetting 
step. After the first wetting step, the stress and strain 
conditions will be Iterated to the second water level rising 
step, an in the same way, the other 13 wetting steps can be 
carried out orderly. 

The vertical settlement was taken as the example to 

show the deformation induced by the wetting effect. The 

contours of the vertical settlement after adding the water 

load, i.e., the results of first scheme, are shown in Fig. 

14(a), and the maximum settlement, 189.4 cm, occurs under 

the middle of the core wall. The contours of the minor stress 

σ3 and stress level s in the upstream rockfill after adding the 

water load are shown in Fig. 14(b) and Fig. 14(c), 

respectively. Fig. 14 shows that the minor stress and stress 

level both increase with increasing depth. The maximum 

stress level is approximately 0.8, and the maximum minor 

stress is approximately 1200 kPa, both of which occur 

around the bottom of the upstream rockfill next to the core 

wall. 
The contours of the vertical settlement considering the 

wetting effect, i.e., the results of wetting scheme are shown 
in Fig. 15(a), and the maximum vertical settlement 
increases to 202.8 cm according to the results. It is difficult 
to tell the difference induced by the wetting from Fig. 14(a) 
and Fig. 15(a) directly, except for the notably different 
maximum settlements. Therefore, the contours of -80 cm 
before and after wetting were taken as the example, as 

 
(a) Settlement of the dam 

 
(b) Contours of -80 cm before and after wetting 

 
(c) Additional settlement induced by the wetting effect 

Fig. 15 Deformation of the dam considering the wetting effect 
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shown in Fig. 15(b). On the one hand, in the upstream 
rockfill, it is clear that the contour of -80 cm after wetting is 
above that before wetting, which means that the vertical 
settlement of the upstream rockfill is increased after 
wetting. On the other hand, in the core wall and 
downstream rockfill, the contours of -80 cm before and 
after wetting are nearly the same because the wetting in 
these parts were not considered.  

In addition, to clearly show the influence of the wetting 

effect on the deformation of the dam, the displacement 

induced by the wetting effect on the dam is shown in Fig. 

15(c). The additional settlements are mainly concentrated in 

the upstream and core-wall parts; the maximum additional 

settlement, 37.2 mm, occurs near the upstream slope and the 

maximum vertical settlement occurs at the crest, which 

indicates that the influence of the wetting effect is 

considerable. In summary, the applicability of the proposed 

wetting model has been preliminarily verified, although 

there are no field measurements for comparison. 

 

 

5. Conclusions 
 

In this paper, the wetting deformation behavior of 

rockfill material was studied. The wetting strains, including 

the wetting axial strain and wetting volumetric strain, were 

both found to increase with increasing confining pressure 

and stress level. Therefore, the relationships between the 

wetting strain characteristics and stress conditions have 

been obtained, which is regarded as the wetting model. The 

wetting deformation of a core wall rockfill dam was studied 

by the proposed wetting model and the finite element 

method. On the one hand, the capacity of the proposed 

wetting model is shown by good agreement of the results 

obtained from the simulation with the wetting test data of 

the upstream rockfill of the dam. On the other hand, the 

wetting deformation predicted by the model is reasonable, 

which indicates the potential of the model in dam 

engineering. 
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