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The Lianghekou earth core rockfill dam to be built in China will be the third highest rockfill dam in the world. This study presents
the results of a series of direct shear tests between high plastic clay and concrete to study the shear behavior of contact clay-
concrete cushion interface of Lianghekou dam. Results showed that water content and normal stress are significant factors
affecting the shear behavior of the interface. The higher shear strength is related to lower water content and higher normal stress,
and the shear strength can be formulated by the bifold-line type Mohr-Coulomb strength criterion. It is also found that the
interface exhibits mainly two kinds of shear failure modes, that is, sliding failure along the concrete surface and shear failure in the
clay matrix nearby the interface. Moreover, a nonlinear elastic model is proposed to simulate the shear behavior of the interface, of
which parameters can be quickly estimated by water content. The simulation of the model is compared with the experimental

results, and the results show that the model is reasonable and practical.

1. Introduction

Earth core rockfill dam (ECRD) is widely used in the world
due to its low cost, adaptability to complex geological
conditions, and fewer restrictions in climate conditions.
ECRD will occur with large shear stress and discontinuous
displacement on the interface between the earth core and the
concrete cushion due to their different properties [1-4]. In
order to reduce the risk of leakage and uneven deformation
on the interface between the core wall and concrete cushion
due to direct contact shear deformation, contact clay needs
to be installed between the core wall and concrete cushion, as
shown in Figure 1. High plastic clay is a common soil
material for contact clay in ECRD because of its good
plasticity, shear strength, and impermeability.
Experimental methodology is a significant mean to in-
vestigate the stress and strain state of the soil-structure
interface. Major experimental studies have shown that
surface roughness, structural material, mean particle size,

soil relative density, magnitude of normal stress, tempera-
ture effects, and rate of shearing influence the soil-structure
interaction behavior [5-14]. Previous researchers have
mainly focused on interface friction between soil and
construction materials and demonstrated that soil volume
deformation greatly influences soil-structure interaction
behavior [15-20]. Tatsuoka and Haibara [21] performed a
series of direct shear tests to evaluate the shear strength
between sand and various kinds of smooth or lubricated
surfaces. Feligha and Hammoud [22] also carried out lab-
oratory tests to investigate the effect of roughness interface
and texture models on friction angle between cohesive soils
and steel by direct shear tests. These results indicate that the
interfacial shear strength is independent of the texture
surface for a given roughness. In addition, the properties of
soil have an important influence with respect to interface
behavior. Taha and Fall [23] results showed that OCR, dry
density, and salt content of sensitive marine clay significantly
affect the interface shear behavior. Hamid and Miller [24]
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FiGure 1: Typical section of the Lianghekou earth core rockfill dam. (a) Maximum cross section. (b) Maximum axial section.

concluded that peak shearing resistance is influenced by
matric suction for the interface between unsaturated soil and
steel plates. Furthermore, the stress path characteristic is an
important issue for interfaces subjected to repeated loads
[25]. Al-Douri and Poulos [26] investigated the shear be-
havior of various sands and sand-metal interfaces under
monotonic and cyclic loading by direct shear tests. Pra-Ai
and Boulon [27] described the behavior of sand-rough steel
interfaces under constant normal load (CNL) and constant
normal stiffness (CNS) conditions. These tests indicated that
the interface shows complex sliding behavior with different
factors, which is referred to as shear failure. Tsubakihara
et al. [28] classified three sliding modes, namely, full sliding
at the interface, shear failure within the soil, and mixed
behavior. Yin et al. [29] identified three forms of slide de-
formation on the sand-concrete interface. The first form is a
slide, which takes place along the wall surface. The second
form is a slide surface located in the soil adjacent to the wall,
and the third form is a failure area that consists of a lot of
slide surfaces. Dejong et al. [30] found three distinct regions
of deformation for sand-construct interface by monotonic

and cyclic shear tests, which are slip between the interface
and shear zone, shear zone itself, and the region above the
shear zone. Although slide deformation of the interface is
classified into three failure modes, there is still controversy
over the region where the failure occurred, and how to
quantitatively determine the failure mode is still
inconclusive.

Nowadays, numerical methods are widely used in geo-
technical engineering for design, while the reliability of
numerical results depends significantly on the suitability of
the constitutive model for dam materials [31]. Clough and
Duncan [32] introduced a hyperbolic nonlinear elastic
model to predict interfaces shear behavior. Gémez et al. [33]
improved the Clough and Duncan model for arbitrary stress
path directions, while it does not incorporate a better for-
mulation for the volumetric interface behavior. Therefore,
new models should be developed to model the important
volumetric normal behavior of interfaces. In recent years, a
large number of elastoplastic models have been proposed.
Navayogarajah et al. [34] adopted the hierarchical single
surface approach and the elastoplastic theory to simulate
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associative, nonassociative, and strain-softening behavior
during monotonic and cyclic loading. Shahrour and Rezaie
[35] proposed an elastoplastic constitutive model with two
bounding surfaces to be checked over cyclic tests. Liu et al.
[36] developed an elastoplastic constitutive model for the
soil-structure interface that uses critical state concept and
generalized plasticity approach. These results showed that
interface shear behavior during monotonic and cyclic
loading could be predicted reasonably. However, all the
aforementioned constitutive models are based on the two-
dimensional behavior of the interface, whereas there are
many soil-structure systems that can undergo complex
three-dimensional loading [37]. Fakharian and Evgin [38]
extended the Navayogarajah et al. model [34] to predict the
three-dimensional behavior of the interface under both
constant normal stress and constant normal stiffness con-
ditions. The elastoplastic model was modified to capture the
three-dimensional (3D) behavior of soil-structure interfaces
by Liu et al. [39]. Rehman and Zhang [40] developed a three-
dimensional elastoplastic damage model that takes into
account coupling effect, volumetric change behavior, and
aeolotropy.

Up to now, there has been very limited study on contact
clay-concrete cushion interface in the ECRD. For the ECRD,
concrete cushion roughness, stress state, soil density, and
water content have a great influence on the shear behavior of
interface, so it is necessary to test the behavior of high
plasticity clay-concrete with different water content. In this
study, high plasticity clay from Lianghekou dam is selected
as a test object, which is located in Sichuan province, China.
A series of monotonic direct shear tests are conducted on the
clay-concrete interface to study the shear behavior of the
clay-concrete interface. A nonlinear elastic model is mod-
ified to simulate the shear stress and normal deformation of
the interface. The aim of this study is to comprehensively
analyse and clarify the frictional behavior between high
plasticity clay and concrete and the influence of water
content on contact clay-concrete cushion interface shear
behavior. The current study is helpful to better under-
standing of clay-concrete interface in ECRD.

2. Description of Tests

2.1. Apparatus. The interface tests adopt three-dimensional
shear apparatus. The test equipment is mainly composed of a
shear box, thrust driving equipment, normal stress loading
device, and control measurement system, in which the normal
stress can reach 1.2 MPa, the maximum shear thrust of the
controller is 2.4kN, the maximum stroke is 10 cm, and the
shear rate is 05 mm/s. The normal stress is applied to the top
surface of the sample, and a normal displacement sensor is
installed. The corresponding sensors can automatically
measure the stress and displacement with an accuracy of 2%
FS (full scale). Figure 2 shows a top view of the three-di-
mensional direct shear apparatus. For this study, the con-
ventional monotone shear path was adopted; that is, the
sample was shear along the X direction. The soil was placed in
the upper shear box, and solid was used to replace the lower
shear box as Chen et al. [41] suggested, as shown in Figure 3.

2.2. Material. The high plasticity clay is reddish-brown, and
the particles are subangular. Its grain size distribution is
shown in Figure 4, and the basic physical properties are
shown in Table 1. Through X-ray diffraction analysis, the
main component of the soil sample is SiO2, which is mixed
with a small amount of CaAl2Si208-4H20.

2.3. Test Programs. The effect of water content (12.5%,
14.5%, 16.5%, and 18.5%) and normal stress (200kPa,
400 kPa, 600 kPa, and 800 kPa) is included in the scope of the
present study. The reconstituted high plasticity clay speci-
mens were used, and specimens were compacted to a target
compaction degree of 98% at each water content. In order to
measure the normal deformation caused only by shear stress
in the direct shear test, normal load was applied to the upper
shear box until the normal deformation became stable. In
this study, the specified normal load is applied to the sample,
and the normal deformation is recorded. When the normal
deformation rate is less than 0.005mm/h, the sample is
considered to be stable, and the average consolidation time is
about 26.1 h. A shear deformation rate of 0.8 mm/min (shear
strain rate of 0.013%/min) was used in this study by ASTM
D5321 [42].

It should be noted that the roughness has a significant
influence on the mechanical properties of the soil-concrete
interface [43]. The smooth concrete plate was used in this
study to simulate the slip surface concrete cushion in the
field. To avoid complexity, concrete plates always have a
constant surface roughness throughout the experimental
program.

A series of direct shear tests were taken to measure the
shear strength of high plasticity clay, which comply with
ASTM D3080 [44]. The test schemes are listed in Table 2.

3. Test Results

3.1. Shear Behavior. Figure 5 shows test results of high
plasticity clay-concrete interface. The shear stress-shear
strain relationship of the interface shows a hyperbolic trend
and exhibits hardening for most specimens. The shear strain
at failure increases with increasing normal stress under the
same water content. In summary, higher water content is
related to lower shear strength, especially for higher normal
stress.

It is known that the positive normal displacement is
related to shear compression, and the negative normal
displacement is related to shear dilation. The test results
show that shear dilation appears to occur on specimens with
low normal stress and water content. The interface with
higher water content (>14.5%) subjected to a normal
pressure of over 400 kPa shows no dilation, while the in-
terface with 12.5% water content shows no dilation when it is
subjected to normal pressure of 600 kPa and 800 kPa. With
the increase of the normal stresses and water content, the
shear behavior exhibits a shear contraction trend, and the
contraction trend is more obvious than the dilation trend.

For interface tests, the interface dilation angle v is
calculated by [45-47]
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FIGURE 2: Top view of three-dimensional direct shear apparatus. (a) Picture of the apparatus. (b) Schematic view of the apparatus.
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FIGURE 4: Grain size distribution of clay used in the tests.
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where dv and du are increments of horizontal and normal
displacements, respectively. Dilation angles of the interface
were plotted versus shear strain in Figure 6. It can be seen
that dilatancy angle first increases and then decreases with

the increase of shear strain under low normal stress
(<400 kPa), while presenting an opposite trend under high
stress (>600 kPa). Compared to interface with water content
of 12.5%, interface with other types of water contents shows
a similar trend. The maximum dilation angles for interface
with water content of 12.5% under normal stress of 200 kPa
and 400kPa are 1525 and 13.74°, respectively. The
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TaBLE 1: Indices of the properties of high plasticity clay.
Optimal
Median diameter ~ Limit of particle Specific  Liquid limit Plastic limit  Plastic Maximum dry density water
ds3o (mm) size dgy (mm) gravity G (%) (%) index (%) Pdmax (g-cm3) content W,
(%)

0.006 0.026 2.71 37.5 15.9 21.6 1.80 16.5

TaBLE 2: Test schemes of this study. 4. Determination of Constitutive
Test group Water content w (%) Normal stress o, (kPa) Model Parameters
I 12.5 200, 400, 600, and 800 Desai et al. [49] proposed the thin-layer element formula-
12 145 200, 400, 600, and 800 tion, which can be written as
I3 16.5 200, 400, 600, and 800 ’
14 185 200, 400, 600, and 800 do, E, G, ][ de,
D1 12.5 200, 400, 600, and 800 el le ¢ Nal (3)
D2 14.5 200, 400, 600, and 800 T ns s i
D3 16.5 200, 400, 600, and 800
D4 185 200, 400, 600, and 800 where E,, and G; are the normal modulus and shear modulus

Note. 1 represents the direct shear test of high plasticity clay-concrete in-
terface; D represents the direct shear test of high plasticity clay.

maximum dilation angles for interface with water content of
14.5% and 16.5% under normal stress of 200 kPa are 11.69°
and 10.25°, respectively. In general, the maximum dilation
angles decrease with increasing water content.

3.2. Shear Strength Analysis. Figure 7 shows the shear
strength of high plasticity clay-concrete interface and high
plasticity clay. It can be seen that the shear strength of the
interface is obviously smaller than that of clay at a normal
stress of 200kPa and 400 kPa. With the increasing normal
stress, the shear strength of the interface basically coincides
with the shear strength of clay itself. This indicates that the
interface makes sliding failure along the concrete surface
when normal stress is relatively low, while shear failure
occurs in a clay matrix with high normal stress. Liu et al. [48]
also obtained similar test results and proposed that the
stress-strain relationship of the interface is accordingly
determined by the failure mode. Figure 8 shows pictures of
failed samples in interface tests and direct shear tests.

The shear strength of interface could be expressed as
bifold-line type Mohr-Coulomb strength criterion:

c-c, 9= q)icr
0,<0y,
7p = o tang + C, (2)
c-c,”” (Pccr
g,>0,,

where ¢; and ¢ are the friction angle of interface and clay, C;
and C. are the cohesion of interface and clay, and o¢' is the
critical normal stress at the intersection of two shear failure
modes.

of the interface, which are controlled by normal stress,
construction materials, types of soil, and initial density of
soil; E,, and Gy, are the coupling terms. Tangential strain
caused by normal stress is generally not considered in simple
shear test and direct shear test; thus, G, =0 [50, 51]. With
the hypothesis that the moduli are stress path independent,
E, G, and E,; can be determined by the oedometric
compression test and direct shear test [52-54].

For thin-layer interface element, normal strain and shear
strain can be expressed by

de, 1/t 0 dv
= , (4)
dy 0 1/t](du
where t is the thickness of the interface element.

4.1. Shear Modulus G, Shear modulus reflects the shear
characteristics of the interface, and a hyperbola is used to
approximate empirical experimental data from interface
tests:

_ 7
te a, +by (5)
where a; and b; are the parameters of the hyperbolic model.
Similar to the model of Clough and Duncan [32], a; and b,
can be expressed by

1 1
a,T =—=——
! Gsi Klpa (onn/Pa)nl
R (6)
1
b =—=—1,

Ty Tf
where Gg; is the initial shear modulus, 7, is the shear strength
corresponding to the ultimate state, and Kj, n;, and Ry are

soil parameters.
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FIGURE 5: Test results of high plasticity clay-concrete interface. (a) w=12.5%, (b) w=14.5%, (c) w=16.5%, and (d) w=18.5%.
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There are 7 parameters required to describe the relation 7, and Ry. All the parameters can be defined by the direct
of shear stress and shear strain, which are ¢;, ¢, C;, C,, K, shear test subjected to different normal stress.
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4.2. Normal Tangent Modulus E,.. Based on direct shear test
results, the relation curve of normal strain and shear strain
can be fitted in the subsection of hyperbolic function and
quadratic function:

fi ky
e, 2 In) m g, <ot
1 Pa Pa y y > n=>xn>
Ens = (8)
14 ,> 0",

(0,/P2) + £ (0,/P,)"y
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where ey, 5, f1, f, k1, k2, and n, are model parameters and oﬂ
is critical normal stress of normal deformation. Shear di-
lation appears to occur at the interface under normal stress
less than critical normal stress, and the interface appears as
shear contraction under normal stress greater than critical
normal stress.

Further, the relationship of incremental strains in
normal and tangential directions can be derived as
follows:

i fi ky fi
o, g, - g, ,
(elnz<P—u) (P_a) Y e (g + 1)(P_a) Y >d% 0,0,
de, =1 9)
P,
(Gn/ a) p 5 dy, O.n > 0.5.
(1 - fZ(Un/Pa) ZY)
E, can be deduced as follows: where H,;, H,, M;, and M, are defined as follows:
H,/M, o0,< O'Z
= dT ﬂ ﬂ cr (10)
“S_de dy de. H,/M, o0,<0,<0,>
H,/M, o,>0,
2 n
o,tan @, + C;)T o, \ " o
(1S ()
H, - (1 0, tan (pC+C)T) quﬂ(ﬂ) 0,50
Pﬂ
1 (1)
o ky o fi B p
en —" R +1)<"> y" 0,500,
1 2 Pa) 1 91 P, n
(1= f2(0/P)Ry) p
M, = >0, -

(0,/P,)*

The analysis above shows that 7 parameters are required
to describe the relation of normal strain and shear strain.
These 7 parameters are e;, ey, f1, fo, k1, ko, and n,.

5. Model Simulations

The model parameters are calibrated according to high
plasticity clay-concrete interface test results, and then the
results of the simulation are compared with the experimental
results. The parameters for interface tests are listed in Ta-
ble 3. The simulation results are show in Figure 9 together
with the experimental results. It can be seen that the

nonlinear elastic model could simulate the behavior of high
plasticity clay-concrete interface with good accuracy.

6. Discussions

Hereto, a nonlinear elastic model is completely defined to
describe the high plasticity clay-concrete interface defor-
mation behavior, and all parameters can be derived from
experimental tests. It can be seen from Table 4 that model
parameters have a significant correlation with water content.
The relationship between model parameters and water
content can be fitted in linear functions and exponential
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FIGURE 8: Pictures of failed samples. (a) Direct shear test of high plasticity clay-concrete interface. (b) Direct shear test of clay.
TaBLE 3: Model parameters of interface tests.
¢ () ¢ () G (kPa) C. (kPa) Ky n R¢
w =12.5%
34.64 26.34 11.07 113.58 0.13 0.38 0.84
€1 € h fa ky ky 53
0.31 0.94 -1.53 2603.27 1.35 -4.92 0.065
w =14.5%
29.16 20.96 6.41 97.99 0.09 0.494 0.83
€1 € h fa ky ky 12
0.065 0.97 -1.23 502.87 1.47 —4.56 0.16
w =16.5%
22.59 13.55 217 93.26 0.07 0.487 0.82
e e h 5 ky k, )
0.03 0.78 -0.98 191.52 1.52 —4.24 0.34
w =18.5%
13.44 9.03 1.33 43.24 0.01 1.34 0.86
€ € fl f2 k1 ka 12
— 0.58 — 47.36 — -3.55 —
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F1GURE 9: Comparison of test results with model simulations. (a) w=12.5%, (b) w=14.5%, (c) w=16.5%, and (d) w=18.5%.

TaBLE 4: Best-fitting relationship between model parameters and water content.

ag, bL ag bE RZ
@i -350.91 79.35 — — 0.98
Pc —296.55 63.43 — — 0.99
G -167.3 31.18 — — 0.93
C. -1078.8 254.22 — — 0.84
K; -1.9 0.37 — — 0.96
ny — — 113.66 2.8 0.77
R¢ 0 0.83 — — 0.92
e -7 1.15 — — 0.84
e —-6.35 1.8 — — 0.84
1 13.75 -3.24 - - 0.99
h — — 0.000003 -9.94 0.99
ky 4.25 0.83 — — 0.95
k, — — 22.15 =7.75 0.97
2 6.88 —-0.81 — — 0.97

functions, and the fitting results are listed in Table 4. a; and
by, are linear function fitting parameters, and ag and by, are
exponential function fitting parameters.

From Table 4, it can be noted that the values of corre-
lation coefficient R* are extremely high, which means that
model parameters can be quickly estimated by water
content.

7. Conclusions

This paper studied the shear behavior of contact clay-con-
crete cushion interface of Lianghekou dam. A series of direct
shear tests are conducted to examine the shear behavior
between high plasticity clay and concrete, and a nonlinear
elastic model is proposed for the clay-concrete interface. The
following conclusions can be drawn from the study:

(1) The water content and normal stress are significant
factors affecting the shear behavior of the interface.
The higher shear strength is related to lower water
content and higher normal stress. The shear behavior
exhibits a shear contraction trend with the increase
of the normal stresses and water content.

(2) By comparing the shear strength of interface and
clay, it is found that the interface makes sliding
failure along the concrete surface when normal stress
is less than critical normal stress, while shear failure
occurs in clay matrix when normal stress is greater
than critical normal stress.

(3) The shear strength of interface can be formulated by
bifold-line type Mohr-Coulomb strength criterion,
which is composed of shear strength of interface and
clay.
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(4) A nonlinear elastic model is proposed to predict the
shear behavior of the interface, which seems to be
simpler and easy to understand. The parameters of
the model have clear physical meanings and can be
quickly estimated by water content.
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