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Stress and Deformation Property of Geomembrane Surface
Barrier for High Rock-fill Dam
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Abstract. Based on the direct shear test results of interface between a composite geomembrane
and cushion material, nonlinear elastic, perfectly plastic model was used to describe the interface
behaviors. The interface model was incorporated into the Geogrid element of a fast Lagrange
analysis of continua in three dimensions (FLAC3D) procedure through a user-defined program in
the FISH. Then a geomembrane surfaced rock-fill dam on thick pervious foundation was
numerically analyzed using the incorporated model. The numerical results showed that only
small tension deformation can be found in the most area of geomembrane on the dam surface.
However, large tension deformation of geomembrane appeared close to the anchorage in the
peripheral zone of the barrier. The anchorage structure of geomembrane in this area should be
carefully designed to avoid tension failure of geomembrane.
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1 Introduction
Due to better characteristics in watertight, stronger
ability to adapt differential deformation, shorter
construction period and lower cost than traditional
barriers such as compacted clay, cement concrete and
asphalt concrete as water tightness of earth and rock fill
dam, geomembrane surfaced rock-fill dam is thus
especially suited to be constructed on thick pervious
foundation[1]. The typical cross section of geomembrane
surfaced rock-fill dam is shown in Figure 1.

Fig. 1. Typical cross section of geomembrane surfaced rock-fill
dam

The stress-deformation behavior of geomembrane
surface barrier is important guarantee for security of the
whole dam seepage prevention system. The stressdeformation of the geomembrane barrier for rockfill dam
is usually analyzed using numerical methods including
finite element method and finite differential method.
*

However, the key of the numerical analysis of
geomembrane barrier is how to simulate the mechanical
behavior of flexible geomembrane and geomembranecushions interaction. As a flexible polymer material,
geomembrane is generally simulated by two-dimensional
cable (bar) elements or the three-dimensional membrane
elements, which can only bear tensile load rather than
bending and compressing load[2,3]. However no
reasonable unified calculating model has been developed
to simulate the interaction of the geomembrane and
cushion materials yet. The differences in elasticity
modulus of geomembrane and cushion like soils are
large and materials on both sides of the interface will
experience discontinuous deformation like dislocation
and slippage under load, thus larger shear stress is
generated on the interface. The shear stress will
redistribute the stress and strain of the soils near the
interface on the one hand, and it is also the source of the
stress and deformation of geomembrane at the same time.
Therefore, the issue whether the simulation method for
interaction between geomembrane and soil is proper
directly affects the reliability of stress-deformation
calculated results of geomembrane in working state.
At present, the researches on numerical methods of
geomembrane barrier for rockfill dam are limited. Even
in rare available literatures, the adopted methods are
unreasonable in simulation method. The flexible cable
element or membrane element was adopted to simulate
the geomembrane, but no simulation of interactions
between the geomembrane and cushion[2,4]. Neither
flexible geomembrane element was adopted, nor
interaction between the geomembrane and cushion was
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considered. Only the strain of soil mass on surface of
earth-rock dam was set as the strain of geomembrane,
and the theoretical basis of this equivalent method is
obviously inadequate[5-7]. Given all the mentioned above,
the numerical method for geomembrane surface barrier
of rockfill dam requires further improvement.
Aiming at the existential questions of numerical
analysis method for geomembrane surface barrier of
rockfill dam, proper interface constitutive model is
selected to describe the mechanical behavior of
geomembrane-cushion interface according to direct
shear test results. The interface constitutive model was
incorporated into Geogrid element of FLAC3D, and the
simulation of the interaction between geomembrane and
cushion is achieved. Then the incorporated interface
numerical model is adopted to conduct the calculation
and analysis of geomembrane barrier surfaced rockfill
dam built on thick pervious foundation. The numerical
results reveal the stress-deformation behavior of
geomembrane barrier and corresponding design
suggestions were presented.

geomembrane-cushion interface, direct shear tests of the
interface was conducted specifically[10]. Figure 2 shows
the relation curves between shear stress and shear
displacement of composite geomembrane-cushion
interface. The data fitting suggests that the relationship
between shear stress and shear displacement presents a
typical nonlinear elastic characteristic in early stage,
while plastic yield happens in later stage, and the shear
stress did not increase continually with the shear
displacement.
2.3 Constitutive
cushion interface

model

of

geomembrane-

The above interface direct shear test results indicate that
the relationship between shear stress and shear
displacement of this interface can be expressed by the
nonlinear elastic - perfectly plastic model as shown in
Figure 3. The model is mainly divided into a nonlinear
elastic stage and a perfectly plastic stage. Its
mathematical expression is presented as follows.
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2 Numerical simulation method
geomembrane-cushion interaction

2.1. The principle of geomembrane-cushion
interaction
As the surface seepage prevention system for rockfill
dam, Geomembrane was usually located between the
protection cover layer and cushion (basal support layer)
shown in Figure 1. Wu carried out the structural model
test on geomembrane surface barrier of high rockfill dam
on thick pervious foundation and reported that, when the
geomembrane barrier deformed, obvious friction
behavior will occur on the interface between
geomembrane and cushion[8]. The friction behavior
caused by the discontinuous deformation of the interface
is precisely the source of shear load acting on
geomembrane. So in the numerical analysis of
geomembrane surface barrier, the interface need to be set
between the geomembrane and cushion to simulate the
friction and shear actions. The friction behavior on
geomembrane-cushion interface can be simulated with
the improved zero-thickness interface element[9]. In the
normal direction of interface, the geomembrane is
dependent upon both sides of the grid for no bending
stiffness there no normal invasion and discontinuous
deformation
occurs
e.g.
separation
between
geomembrane and the material on both sides. In another
word, node normal stresses of solid element at one side
of the geomembrane passed directly to the solid element
at the other side, so stress in the normal direction of
interface is not involved in the iteration calculation.
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Fig. 2. Relationship of shear stress and displacement on
composite geomembrane-cushion interface

Fig. 3. Nonlinear-elastic perfectly plastic model of interface

In nonlinear elastic stage, shearing stress  and the
relative displacement u of the interface between
geomembrane and cushion had a nonlinear relationship,
which can be expressed in nonlinear hyperbolic form[11]:
u
(1)

a  bu
where a and b can be expressed with the following
formula:

2.2 Direct shear test results of geomembranecushion interface

n

  
a   k1 w  n  

 Pa  


To obtain the parameters and relation curves between
shear stress and shear displacement of composite
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Rf

(3)

 n tan   c

k1 , n , R f are the nonlinear parameters that
can be derived from interface direct shear tests；  , c
where

are shear strength parameters of the interface;  w is the
unit weight of water; Pa is the atmospheric pressure;
 n is the normal pressure of the interface.
After determine the corresponding parameters by
interface test, the expression of tangential shear stiffness
coefficient k s was obtained through Equations (1), (2)

Fig. 4. Three dimensional grids of numerical model

and (3):
2

n


 (4)

)n  1  R f
Pa 
c   n  tan  
The above nonlinear elastic-perfectly plastic
interface model has been incorporated into Geogrid
element in FLAC3D, to realize numerical simulation of
shear friction action between the flexible geomembrane
and cushion material[12]. It is proved that the average
interface shear stress and shear displacement relationship
calculated from the incorporated interface model is in
good agreement with that from theoretical model. That
verified the correction and reliability of incorporated
model. The interface model incorporated into Geogrid
element in FLAC3D can be used in the numerical analysis
of stress-deformation behavior of geomembrane surfaced
high rockfill dam on thick pervious foundation.
K s  K1   w  (

Fig. 5. Grids of geomembrane elements

3.2 Constitutive model and parameters
In the numerical analysis, The Duncan E-B nonlinear
elastic model was adopted for soil and rock materials in
the dam and foundation, while the linear elastic model
was adopted for rock mass in the dam foundation and the
bank slope[13]. Also the linear elastic model was adopted
for materials like concrete cutoff wall, plinth, cushion
and cover layers, and for geomembrane. The above
nonlinear elastic-perfectly plastic interface model was
adopted for the concrete- soil and rock interface and
geomembrane-cushion interface.
Parameters of soil and rock, concrete structures,
concrete-soil and concrete-rock interfaces were selected
according to the related test data of dam project and the
specific calculation parameters of soil, rock and concrete
structures are shown in Table 1[14]. The calculation
parameters of concrete-soil and concrete-rock interface
elements are shown in Table 2. The elastic modulus and
Poisson’s ratio of geomembrane were selected from the
tensile test results[15]; interface parameters of
geomembrane-cushion interface element were selected
from direct shear test results[10]. The calculation
parameters of the geomembrane element and
geomembrane-cushion interface element are shown in
Table 3.

3 Numerical analysis model
3.1 Finite difference grids of model
A built rockfill dam was selected as a case for numerical
analysis. 3D finite difference grids of dam and surface
geomembrane elements are presented in Figure 4 and
Figure 5, respectively. In the dam model, the dam is with
a width of 10m on the top, an upstream slope of 1:1.5, a
downstream slope of 1:1.8 and a maximum height of 108
m. The whole model is divided into 61894 solid
elements, 69436 nodes; 3762 geomembrane elements,
2015 nodes; 864 interface elements and 238 nodes.
Fixed constraints were applied at the bottom and roller
constraints were applied on the four sides of the 3D
model.

Table 1 Model parameters of soil and rock materials in the dam and foundation

materials
main rockfill of dam
secondary rockfill of dam
transition layer of dam
sand gravel of foundation
coarse sand of foundation
rock in foundation and bank slope
concrete cutoff wall
protection cover layer
cushion layer
concrete plinth

γ(kN/m3)
21.9
21.6
22.0
21.4
18.4
27.0
23.5
23.5
17.0
23.5

K
1260
930
1400
1200
850
29700
315000
280000
100
280000

3

Kur
1890
1395
2100
1800
1275
29700
315000
280000
100
280000

n
0.40
0.28
0.42
0.44
0.33
/
/
/
/
/

Rf
0.891
0.823
0.95
0.84
0.745
/
/
/
/
/

Kb
522
415
665
450
405
/
/
/
/
/

m
0.17
0.05
0.40
0.20
0.04
/
/
/
/
/

φ0(°)
53.2
51.4
51.2
48.5
46.5
/
/
/
/
/

Δφ(°)
10.4
9.3
7.9
7.2
3.2
/
/
/
/
/

MATEC Web of Conferences 275, 03003 (2019)
ACEM2018 and SBMS1

https://doi.org/10.1051/matecconf/201927503003

Table 2 Model parameters of concrete-soil and rock interface elements

K

n

1400

0.60

Rf

c



(Pa)

(°)

when compressed

when tensile

0.86

5000

9.0

1×108

100

k n (kN/m3)

Table 3 Model parameters of geomembrane elements and geomembrane-cushion interface

E
(MPa)
20

ν

K

n

Rf

0.475

2676

0.21

0.89

c



(Pa)
5630

(°)
32.9

3.3 The calculation procedure
The whole calculation process is divided into three steps:
firstly, build a dam foundation and rock mass of both
sides, calculate the initial force, and then clear the
displacement; secondly, establish the dam by layer, and
simulate the layered roller compaction construction of
the dam with 9 classes of the filling construction in all;
thirdly, clear the dam displacement upon the completion
of filling construction of the dam, save the stress,
establish geomembrane surface battier on the dam like
cushion, geomembrane and protection cover elements,
and then exert water pressure load on the upstream
surface of dam, foundation, bank slopes and concrete
cutoff wall to perform the calculations.
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Fig.7. Increment of horizontal displacement of dam and
foundation caused by water pressure (cm)

4.1.2 Principal stresses of geomembrane
Figure 8 shows the distribution of the major and minor
principal stresses of geomembrane on the dam. As
shown in the figure, the major and minor principal
stresses of geomembrane on the dam show symmetrical
distribution along a central axis of riverbed. Principal
stress is larger at the lower part of bank slope and near
the dam toe. Principal stress at the center of dam surface
is small. Maximum of major principal stress is 3.8 MPa,
and the maximum of minor principal stress is 1.8 MPa,
both of which are around the corner of bank slope. The
maximum of major and minor principal stresses near the
center of dam toe are 1.2 MPa and 0.4 MPa respectively,
while the major and minor principal stresses at most
parts of the dam surface are less than 0.05 MPa and 0.01
MPa, respectively.

4 Results and discussion
4.1 Numerical calculation results
4.1.1 Deformation of dam and foundation
Figure 6 shows the distribution of incremental vertical
displacement of dam and foundation caused by water
pressure. As shown in the figure, under the water
pressure load, the settlement of dam and foundation
decreased from upstream to downstream. Maximum is in
the foundation surface near downstream side of concrete
cutoff wall, and maximum settlement was -47.9 cm. The
settlement at the top of concrete cutoff wall was -15 cm.
So the maximum differential settlement between the top
of concrete cutoff wall and dam foundation was 32.9 cm.
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Fig.6. Increment of vertical displacement of dam and
foundation caused by water pressure (cm)
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Figure 7 shows the distribution of the incremental
horizontal displacement of dam and foundation caused
by water pressure. As shown in the figure, the horizontal
deformation of the whole dam and foundation caused by
water pressure decreased from upstream to downstream.
The maximum incremental horizontal displacement is in
the upstream dam toe, with maximum of 34.8 cm.
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geomembrane (MPa)
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distributed, and the maximum is 0.4%; while the
distribution of minor principal strain near the center of
dam toe is quite uneven, and the maximum is 2.85%.
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4.2 Analysis and discussion
It is revealed from the distribution of principal stresses
and strains of geomembrane obtained by numerical
analysis that, the stress and strain values of
geomembrane at the dam surface is small and its
distribution is even, the maximum tensile strain on the
dam is only 0.25%; but serious stress concentration of
geomembrane appears at the bank slope and near the
dam toe, and the principal strain values are larger. The
maximum tensile strain is 14.95%, and parts of the larger
stress and strain were located in the bank slope and near
anchorage at the corner of dam foundation. The
differential deformation between rigid anchoring
structure and dam, foundation were the main causes of
the stress concentration and great tensile stain near
anchorage of geomembrane.
Addition to the principle stress and strain,
distribution of biaxial principal stress ratio suggests that
the difference in biaxial principal stress is large,
maximum biaxial principal stress ratio in the bank slope
and near anchorage was only 0.5, namely the ratios of
the major principal stress to minor principal stress were
larger than 2. The biaxial tensile test result of the
geomembrane conducted by Wu indicates that, when the
biaxial principal stress ratio of the geomembrane is too
large or too small, where the ultimate strain of
geomembrane is small, ultimate tensile failure is more
likely to appear[8]. It can be deduced that the tensile
failure easily happened to geomembrane at the corner
between bank slope and dam toe.
Principal stress ratio at the dam surface is close to or
equal to 0, and the difference in biaxial principal stress is
bigger whereas the principal stress at the dam surface is
very small. Although the principal stress in most parts of
the dam surface is smaller, the geomembrane is still safe.
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Fig. 9. Ratio of minimum and maximum principal stress of
geomembrane

Figure 9 shows the distribution of the biaxial
principal stress ratio, which is equal to major principal
stresses divided by minor principal stresses of
geomembrane on the dam. The biaxial principal stress
ratio of geomembrane on the dam also shows
symmetrical distribution along a central axis of riverbed.
The biaxial principal stress ratio is larger at the lower
part of bank slope and near the dam toe, which is small
at center of dam surface. Maximum of biaxial principal
stress ratio is 0.5, and is around the corner of bank slope.
The maximum of biaxial principal stresses ratio near the
center of dam toe is 0.3, while the biaxial principal
stresses ratio at most parts of the dam surface is less than
0.01 or near 0.
4.1.3 Principal strain of geomembrane
Figure 10 shows the distribution of the major and minor
principal strains of geomembrane. As shown in the
figure, the distributions of major principal strains are
similar with major principal stresses above, and the main
deformation also focused at the lower part of bank slope
and near the dam toe. The maximum of major principal
strain is around the corner of bank slope and is 14.95%;
the maximum of major principal strain near the center of
dam toe is 5%; major principal strains at most parts of
the dam surface are less than 0.25%; The minor principal
strain at the upper part of bank slope is relatively evenly
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The interface model incorporated into Geogrid element
in FLAC3D is employed in the numerical analysis of
stress-deformation behavior of geomembrane surfaced
high rockfill dam built on thick pervious foundation. The
main conclusions are as follows:
(1) Due to water pressure load, large differential
settlement between the dam foundation and concrete
cutoff wall appears. As the area is the anchorage of
geomembrane, the differential settlement easily leads to
the stress concentration and tensile deformation of the
geomembrane.
(2) The principal strains of the geomembrane are mainly
in the bottom of bank slope and near dam toe. The
maximum tensile strain is up to 14.95% around the
corner near the bottom of bank slope, while the major
principal strains at most parts of the dam surface are less
than 0.25%.
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(3) For the geomembrane surfaced rockfill dam built on
thick pervious foundation, deformation of most
geomembrane on the dam surface is small, but larger
tensile strain of the geomembrane appears in nearby
anchoring area. Therefore, special anchoring structure
design is required in the peripheral area of geomembrane,
where nearby the bank slope and dam toe. Through
rational anchoring structure, the large tensile
deformation of the geomembrane caused by differential
deformation near bank slope and dam toe can be
eliminated, thus ensuring the security of geomembrane
barrier of the dam.
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