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Abstract

25 The mechanical behavior at soil-structure interface (SSI) has a crucial influence on the safety
and stability of geotechnical structures. However, the behavior of SSI under constant normal
30 stiffness condition from micro to macro scale receives little attention. In this study, the
32 frictional characteristics of SSI and the associated displacement localization under constant
35 normal stiffness condition are investigated at both macro- and microscales by simulating a
37 series of interface shear tests with discrete element method (DEM). The algorithm to achieve
10 a constant normal stiffness is first developed. The macroscopic mechanical response of the
42 interface shear tests with both loose and dense specimens at various normal stiffness is
discussed in terms of shear stress, normal stress, vertical displacement, horizontal displacement
47 and stress ratio. Then the microscopic behaviors and properties, including shear zone formation,
49 localized void ratio, coordination number, force chains and soil fabric are investigated. The

52 effect of normal stiffness is thus clarified at both macro- and microscales.
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1. Introduction

The behavior of soil-structure interface is important in many situations in geotechnical
engineering, such as pile foundations, geosynthetic-reinforced structures, underground
structures, off-shore structures, and retaining walls [1-5]. Therefore, a good understanding of
the shearing mechanism is essential for geotechnical design and construction. In previous
studies, a variety of interface shear tests with different equipment, including direct shear,
simple shear, ring shear and large-scale inclined plane shear devices, were conducted to
investigate the shear strength and frictional angle of soil-structure interface [6-10]. Specifically,
the effects of surface roughness, relative density, dilatancy angle, degree of saturation, particle
size, normal stress, loading rate, cyclic load on the shearing behaviors at soil-structure interface
were investigated by many researchers [11-20]. Within the framework of continuum mechanics,
different constitutive models were proposed to model the interface shear behavior, such as the
nonlinear elasticity model, elasto-plasticity model, damage model and two-surface plasticity
model [21-26]. In order to numerically simulate the interface behavior, the interface finite
element was developed, which includes three ingredients: a contact constraint scheme, a
contact discretization method and a constitutive model [27-31]. In recent years, the soil-
structure interface was investigated using discrete element method (DEM) to further explain
the macroscopic behaviors as well as analyze the failure mechanism at microscale [32-39]. The
advantage of using DEM lies in that it can capture the movement and contact of each particle
and thus allow us to analyze the fabric evolution and progressive shear localization at the

interface on a microscopic level.

In the early research on the soil-structure interface, specimens were usually sheared under the
conditions of constant normal stress or constant volume. The condition of constant normal

stress is widely used because a constant load is applied at the top of the specimen in traditional
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experiments such as direct and simple shear tests [12,18,39-41]. The constant volume condition
was also adopted in some studies to study the effect of fully restrained volume change.
However, in many practical problems, neither the normal stress nor the soil volume remains
constant, such as the interface between a pile shaft and the surrounding soil, where the volume
change at the interface is constrained by the soil beyond this zone [42]. The normal stiffness,
defined by the incremental normal stress over the incremental normal displacement, is a more
stable value in such conditions. And the constant normal stress and constant volume conditions
are two limiting cases with the normal stiffness respectively equal to zero and infinity [43].
Therefore, by modifying traditional shear devices, the effect of normal stiffness is studied with
both monotonic and cyclic shear tests, and the macroscopic interface behaviors and
microscopic observations based on particle image velocimetry are presented [42,44-47].
However, previous experimental studies on the soil-structure interface with constant normal
stiffness mainly focus on macroscopic behaviors and observations, while ignores the micro-
mechanical analysis and micro-mechanism, such as the evolutions of local void ratio, force
chains and contact fabric. In terms of numerical analysis with DEM, although the soil-structure
interface has been simulated at both 2D and 3D, the general condition of constant normal
stiffness has not been investigated. Therefore, in this study, a series of interface shear tests are
simulated with DEM at the constant normal stiffness condition. An effective algorithm to
achieve the condition of constant normal stiffness is developed. Both loose and dense
specimens are generated for simulations. The normal stiffness has a wide range representing
different interface conditions. The macroscopic interfacial behaviors are investigated first, and
the microscopic properties, including shear zone, global and localized void ratio, coordination

number, and soil fabric are also discussed.

It is important to mention that numerical tests in this study are performed using two-

dimensional (2D) DEM code PFC2D because a large number of particles raise the problem of
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calculation efficiency in 3D, particularly in this model with an iterative process. In a previous
study, by comparing with the results of 3D simulations, 2D models have been confirmed to be
able to predict the qualitative nature of soil particles, although quantitative difference still exists
[48]. Some successfully 2D DEM simulations can also be found in [33,34,49,50]. Therefore,
although the 2D DEM model was not quantitatively calibrated against with experimental
results, it is validated through similar evolution trends of shear stress, normal stress and stress
ratio at the macroscale. In addition, a 3D model with the same model parameters is presented

in Section 4.3 and yields realistic stress ratios, which indirectly validates the 2D model.

2. DEM simulation

2.1. Sample preparation and soil properties

In order to investigate the behavior of soil-structure interface under constant normal stiffness
condition, a series of interface shear tests are simulated using DEM. The DEM was first
introduced by Cundall for modeling jointed rock masses in the1970s and now is widely used

in simulating the behavior of soils and rocks [51-53].

The schematic diagram of the interface shear test model is shown in Fig. 1. The length (L) and
height (H ) of the model are respectively 100 mm and 40 mm. The periodic boundary condition
is adopted on both sides of the model. Under the periodic boundary condition, when the
centroid of a particle falls outside of one side of the boundary, it will be translated back to the
opposite side with the same velocity. Therefore, the side walls and the associated boundary
effect are eliminated in the simulations. Another advantage of using the periodic boundary
condition is the low computational cost which is achieved by reducing the shearing length and
number of particles. A sawtooth plate is placed at the bottom of the soil sample, which is made
of inclined saw teeth with inclination alternatively equal to 45° and 135°. The surface roughness

of the bottom plate is quantified by the parameter R , which is defined as R, / Dy, , where
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R, 1S the absolute vertical distance between the highest peak and lowest valley along with

the surface profile over a length equal to D,,. To transfer shear localization into the adjacent

soil packings [54], a rough surface with R, equal to 0.7 is used for all simulations. It was
reported by Wang and Gutierrez [55] that a minimum value of 40 for H/D,, should be used

as optimal for direct shear testing. Therefore, the H/D,, for interface shear test should be
greater than 20 to eliminate the box scale effect. In this study, the height of the sample is chosen
as 40 mm so that the value of H/D,, is around 50. It is also worthwhile to mention that in

order to focus on the effect of normal stiffness, dry sand is used in this study, and the pore

pressure and capillary cohesion in unsaturated soils are not considered [56].

Both loose and dense specimens with relative densities (D, = (€, —€)/(€nax —Emin ) ) OF 20%

and 80% are simulated in this study, where €, , €,,and e are respectively the maximum,
minimum and current void ratios of a soil sample. The method proposed by Wood and Maeda
[57] is used to determine the €., and €., in which the loosest and densest samples are
generated by setting initial particle friction coefficient and void ratio respectively as 1.0 and
0.3 to get €,,, and 0.0 and 0.1 for €_;,. Then with a given relative density, the soil sample is

created as follows: (1) the top and sawtooth walls are created with a dimension of 100 mm x
40 mm; (2) the number of soil particles is calculated based on the particle size distribution
(PSD) and relative density, and then non-overlapped particles are generated within the domain

using the Multi-layer with Undercompaction Method (UCM) [58]; (3) the particle assembly is
subjected to a compressive stress of o, by moving the top wall towards soil particles. Note

that because particles are in disc shape in 2D DEM, it is difficult to prepare a very loose

specimen. Therefore, the loose specimen with a relative density of 20% may also experience

6/45



OCoO~NOUAWNE

some dilation during shearing. The minimum and maximum particle diameters are respectively
0.374 mm and 0.781 mm. During the particle generation process, the size range of particles is
divided into ten intervals, and the number of particles in each interval is calculated based on
the corresponding mean particle size of the interval. Therefore, a quasi-linear PSD is obtained

with the average diameter, D, equal to 0.578 mm. The density of particles is 2650 kg/m?®.

o s
The particle interactions are governed by the linear contact model in which the linear elastic
frictional behavior for both normal and shear directions is provided. The normal stiffness of
both walls and particles is set as 5.0x10” N/m according to previous DEM studies [59,60],
which ensures small overlaps (less than 1% of average particle diameter) between contacting
particles. The ratio of normal and shear stiffness is 2.0, which is within the recommended range
for soil particles [61,62]. An empirical value of friction coefficient 0.5 is used for particle-
particle contacts according to previous studies [63,64], and a higher value of 0.9 is adopted for
particle-wall contacts to ensure that shear localization occurs within the soil zone. In order to
numerically account for the effect of particle shape, the rolling resistance method is applied. In
this method, an artificial rotational torque is provided at the contact, and its direction is against
the direction of the relative rotational increment [65-67]. This method is able to reproduce both
macro- and micro-scopic behaviors of slightly elongated granular material when the rolling
resistance coefficient is smaller than 0.3 [68-70]. In this study, a low rolling resistance
coefficient of 0.1 is adopted to simulate rounded particles with slight elongation according to
a series of biaxial tests with DEM conducted by the authors [71]. The model parameters are

summarized in Table 1, which were validated in previous DEM studies by the authors [2,34,72].

2.2. Development of constant stiffness control of interface shearing
As discussed in several studies [44,42,45], the condition of constant normal stiffness is likely

to prevail in many geotechnical practices such as pile foundations, because any volume change
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at the interface is constrained by the soils beyond this zone. Therefore, to better understand the
soil-structure interfacial behavior under the condition of constant stiffness, a series of interface

shear tests are conducted on specimens prepared in previous section.

It was proposed by Boulon and Foray that the normal stiffness of the soil surrounding a pile is
given as k =4G/d, where G is the shear modulus of soil and d is the pile diameter. Therefore
to consider soils of different types and modulus, the values of constant stiffness are chosen as
0 kPa/mm, 100 kPa/mm, 1000 kPa/mm and 10000 kPa/mm. The shear tests are conducted

incrementally in the DEM model, and the following relationship between normal stress
increment, Ao, , and vertical displacement increment, Au, is fulfilled in each increment

through a back-calculation process.

Ao
k = ettt ettt rereeeeeaeereaieeeaseerastertatereaeereatttrh.tera.trtatreateeattrhrera ettt rr et erararrans 1
A (1)

For a given Ao, , the determination of Au needs special attention because any vertical

movement of the loading platen will change the normal stress as well as the normal stiffness

of the soil body k_, . Asaresult, Eq. (1) no longer holds. In order to solve this issue, an iterative

process is adopted to calculate Au in each shear increment, and the flowchart is shown in Fig.
2. At the beginning of each shear increment, a constant shear velocity of 0.1 m/s is applied to

the sawtooth wall, and the sample is sheared with a displacement Ad, equal to 0.01 D_,. An
increment of normal stress, Ao/, is generated due to the shear process in this increment. Then

the shear is paused and the iterative process to adjust the position of loading platen is initiated.

By envisioning the soil sample as a spring with stiffness of k_, working in parallel with the

loading spring with a constant stiffness k , the displacement of the loading platen Au' is given

by
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And the desired normal stress after the vertical movementis &' +kau'. However, because k_,

is not a constant and affected by particle arrangement, the true normal stress after movement,

o', may not equal to the desired normal stress. If the convergence criterion of constant stiffness

is satisfied or the total iterative trials is greater than 20, the model continues to the next shear

increment. Otherwise, the iteration is repeated with updated values of & and k_, . The
interface shear test stops when the shear displacement reaches 20 D, . It takes about 40 hours
on a workstation (Inter Xeon E5-2690A CPU and 128 GB RAM) to simulate one test. The
relationships of Au and Ao, in the interface tests for both loose and dense specimens with

various k are shown in Fig. 3 and Fig. 4. As shown in Fig. 3 and Fig. 4, the condition of
constant stiffness is successfully maintained in all the interface shear tests. The slight
fluctuations in loose specimens with k equal to 0 kPa/mm may come from the convergence
issue in a few shear increments, except which the condition of constant normal stiffness is

satisfied reasonably well.

3. Results and discussion of interface tests

3.1. Macroscopic behaviors

Fig. 5 shows the shear stress versus shear displacement obtained from DEM simulations and
experiments performed on both loose and dense specimens at different normal stiffness. For
loose specimens in Fig. 5(a), the increase of the normal stiffness causes a significant reduction
of the shear stress. Particularly, the shear stress in the test with k =10000 kPa/mm decreases

to zero after a shear displacement of 16 D,,, which is due to the detachment of the specimen

and the loading platen. Contrary to the loose specimens, the shear stress increases with the

increase of the normal stiffness for the dense specimens as shown in Fig. 5(b). When the normal
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stiffness is low (100 kPa/mm), the shear stress is very close to that in the constant normal stress
condition (k =0 kPa/mm). As k continues to increase, the shear stress increases significantly.
At the condition of k =10000 kPa/mm, the simulation is stopped much earlier because of the
large overlaps induced by the high normal stress at the particle contacts. These large overlaps
contradict the small-overlap assumption of DEM and make the simulation results no longer

reliable [73]. Compared with the experimental results at similar conditions (R, =0.95, k =0-

1250 kPa/mm) from DeJong and Westgate [43] in Fig. 5(c), the effect of normal stiffness on
the shear strength of dense specimens is qualitatively similar, i.e. the shear stress increases with
normal stiffness. However, the shear stress also increases with normal stiffness for loose
specimens in the experiments, compared with a decreased stress ratio in the DEM simulations
(Fig. 5(a)). The seemly opposite results can be explained by the different relative densities in
the DEM simulations and experiments. A lower relative density of 20%, compared with 35%
in experiments, is adopted in the DEM simulations, which leads to an overall contraction or
very slight dilation of the soil specimens. As a result, shear stress decreases with the increase
of normal stiffness. In another experimental study with very loose specimens, the interface

shear stress is also found to decrease with the increase of normal stiffness [42].

The evolutions of normal stress are presented in Fig. 6. In general, the normal stress decreases
with the increase of normal stiffness in tests with loose specimens, and increases for dense
specimens. The different evolution trends of the loose specimens in the DEM simulations (Fig.
6(a)) and experiments (Fig. 6(c)) can also be explained by the different initial relative densities
and volume changes, similar to the difference for shear stress in Fig. 5. As expressed in Eq. (1),
the negative vertical displacement of the loose specimens in DEM simulations leads to a
decrease in normal stress. Particularly, the normal stress decreases to zero in the test with

k =10000 kPa/mm (close to the undrained constant volume condition) in Fig. 6(a) due to the
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static liquefaction which refers to the phenomenon that the deviator stress of loose specimens
drops significantly under underained/constant volume shearing [74,75]. Besides, due to the
lack of controllability (instability of sand) [76,77], the specimen experiences some fluctuation

of stability before totally losing it at a shear displacement around 16 D,,. The above

observations are consistent with the experiment results of the pile skin friction at the condition
of constant normal stiffness reported in [42]. It is also noticeable that obvious fluctuations occur
in Fig. 5 to Fig. 8, especially those of the loose specimens. In fact, these fluctuations can be
attributed to the 2D simulation, and 3D simulations significantly decrease the fluctuations, as
shown in Section 4.3. However, these fluctuations don’t affect the evolutions of the

macroscopic properties, and has only very slight effect on the simulation results.

Fig. 7 shows the evolutions of the vertical displacements of loose and dense specimens during
the interface shear tests. During the tests, loose specimens contract at the beginning of the tests
and then become dilative, as shown in Fig. 7(a). Due to the low relative density, the total
dilation of loose specimens, indicated by the final vertical displacement, is less than 0.5%. The
final vertical displacement decreases with the increase of normal stiffness, except for the
simulation with k =10000 kPa/mm, which is due to the collapse of the specimen and
detachment of the soil from the loading platen. For the dense specimens in Fig. 7(b), soils are
always dilative and the magnitudes of dilation are much larger than those of the loose ones.
For example, the final vertical displacement is 0.5 mm at a dense state compared to 0.04 mm
at a loose state when k =100 kPa/mm. And the vertical displacement decreases with stiffness
for dense specimens. The evolution pattern of vertical displacement and the effect of normal

stiffness for dense specimens are similar to those in the experiments in Fig. 7(c) [43].

Evolutions of stress ratio (shear stress/normal stress) with respect to normalized shear
displacement are shown in Fig. 8. In simulations with loose specimens in Fig. 8(a), the stress
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ratio increases with shear displacement up to a stable state, similar to the loose specimens in
experiments in Fig. 8(c). For the dense specimens, the stress ratio increases much faster than
the loose ones until reaching the peak values, after which a softening process can be observed.
Results from Fig. 8 also indicate that the evolution of stress ratio is mainly determined by the
relative density of soil specimens, and the effect of normal stiffness is very slight. This
observation is consistent with the experimental results that the peak stress ratio of uncrushable
granular materials is insensative to normal stiffness [45,78]. In the tests by DeJong and
Westgate [43], however, it is found that the stress ratio decreases with the increase of normal
stiffness for dense specimens, as shown in Fig. 8(c). The exact reason for different observations
in above experimental tests is unclear and beyond the scope of this study, but may be explained
by the different amount of particle breakage in experiments, which significantly decreases the
shear resistance of granular material. This assumption is confirmed by the results of interface
shear tests of the sand-woven geotextile interface [79], in which the peak stress ratio of
uncrushable glass beads is insensitive to the normal stress, while the ratio of crushable sand
decreases with the increase of normal stress. The values of stress ratios at the end of the
simulations (residual stress ratios) are around 0.3 for both loose and dense specimens, which
can be explained by the constant slope of the failure envelope in the critical state soil mechanics.
Using the Mohr-Coulomb equation, the peak and residual friction angles are respectively given
as 23.8° and 17.2°. Note that because particles have a lower average coordination number in

2D than that in 3D, both of the two values are smaller than the tested results of sands [43].

3.2. Thickness of the shear and dilation zones

In the interface test, the strain localization arises at the rough surface and gradually develops
within the area a few times Dy, from the surface [80,81]. In the following context, this area

will be called the shear zone. Accurate measurement of the thickness of the shear zone is
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important for theoretical models and continuum-based numerical simulations, in which the
thickness of the shear zone should be given as a priori value. In this study, the formation and
development of the shear zone are investigated by monitoring the horizontal displacement of
particles at different heights. And the thickness is obtained by separating a discrete zone at the

interface in which particles have strong displacement localization [82].

In order to investigate the development of displacement localization, the evolution of average
normalized shear displacement of soil particles in the interface test with the dense specimen at
k =1000 kPa/mm is presented in Fig. 9. The normalized shear displacement is defined as the
ratio of particle displacement in the shear direction and the shear displacement of the bottom

rough surface (d, ). At the early stages of the shear test (d_ = 0.3D,, and d_ =1.4D,, in Fig. 9),

only slight displacement localization can be observed at the bottom, and the normalized shear
displacement shows a quasi-linear increase across the specimen. At the shear displacement of

3.4 D,,, which corresponds to the peak shear stress according to Fig. 5(b), the bending of the

50 !
curve at the bottom becomes more obvious indicating the initiation of displacement localization.

As the interface shear continues to 20.0 D,

., » the shear displacements of particles almost
completely localize at the bottom and a shear zone can be clearly identified. This evolution
pattern of shear zone is in good agreement with the experimental observations [82]. Noth that
the developments of displacement localization in other tests are similar and therefore not

presented here.

The horizontal displacements of particles at the end of interface shear tests are presented in Fig.
10. Particles at the bottom show much larger displacements than the upper ones, and a shear
zone with strong strain localization is well-developed in all loose and dense specimens. Above
the shear zone, the horizontal displacement gradually decreases to zero as the vertical position

increases. The loose specimens have lower strain localization, indicated by larger horizontal
13/45
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displacements of particles above the shear zone. This can be explained by the weaker
interlocking among particles in the loose specimens, which provides less contraints no the
movement of particles. Similar results were also reported in [83,84]. Slightly different and
almost identical horizontal displacements are observed respectively for loose and dense
specimens at different normal stiffness in Fig. 10, indicating the low effect of normal stiffness
and normal stress on the horizontal displacements of particles. In addition, particles at the
bottom have a similar magnitude of horizontal displacements with the shearing platen, i.e. very
slight interface sliding. This observation is consistent with previous interface studies with
rough surfaces, in which particles are trapped by the roughness and the interface failure is

induced by the internal failure of soil particles [43,84].

A simple method to obtain the thickness of the shear zone is proposed and showed in Fig. 11.
This method is based on the idea that the boundary of the localization zone is marked by an
abrupt change in the displacement gradient. After the interface test, the curvature of the
normalized shear displacement versus normalized vertical position curve is calculated, as the
red line shown in Fig. 11. The point with the maximum curvature (point A in Fig. 11) and the
vertical position of point A can be obtained. The shear zone is defined as the region below this
vertical position. As shown in Fig. 11, the shear zone thickness in the test with the dense

specimen at k =1000 kPa/mm is 8.29 mm which is equal to 14.2 D,;. The thicknesses of the

shear zones in the tests with different relative densities and stiffness are summarized in Table

2. For the loose specimens, the thickness of shear zone ranges from 18.5 D, to 20.2 D,,, not

507
showing a dependence on the magnitude of normal stiffness. For the dense specimens, the

thickness slightly decreases with normal stiffness from 15.0 D,, for k =0 kPa/mm to 14.2D,,

for k=1000 kPa/mm. In addition, the shear zone thickness decreases as the relative density

increases, which is consistent with the observation in Fig. 10 and in previous experimental
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results [85]. In previous studies, the thickness of shear zone, summarized in Table 3, varies

from 1D, to 25D, and is affected by many factors such as surface roughness and relative

density. The shear zone thickness in this study is within the range of previous studies, and close

to the upper bound values at high interface roughness.

The vertical displacements of particles in the simulations are presented in Fig. 12. For the loose
specimens, particles close to the interface tend to dilate and reach a maximum vertical

displacement at the position of 4 to 9 D,, depending on the normal stiffness. The position with

maximum vertical displacement divides the soil into two parts, i.e. the dilation zone below this
position and the contraction zone above it. Because of the initial loose state, the thickness of
the dilation zone is much smaller than that of the contraction zone. For the dense specimens in
Fig. 12(b), although the dilation still concentrates near the interface, the thickness of the
dilation zone is much larger than the corresponding loose ones. Specifically, the whole
specimen dilates in the simulation with k =0 kPa/mm (constant normal stress condition). A
similar method based on the maximum curvature is used to determine the dilation zone for the
dense specimens. The thickness of dilation zone is summarized in Table 2. The initial relative
density plays a more significant role in the thickness of dilation zone, i.e. the thickness
increases with the increase of relative density. The normal stiffness indirectly affects the
thickness of dilation zone by changing the normal stress, and the thickness is negatively

correlated with the normal stress.

3.3. Void ratio

During the interface shear test, the volume of the specimen changes (Fig. 7), which can be
attributed to the rearrangement of soil particles. At the same time, the void ratio also varies
according to the volume change. In order to understand the mechanism of volume change from

the microscopic perspective, the localized void ratio, which is the void ratio in a meso-loop, is
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investigated. The meso-loops are the polygonal loops that are enclosed by contact branches, as
shown in Fig. 13. For each meso-loop, the volume of solid particles, Vs, is obtained by the
summation of the areas of circle sectors within the meso-loop. And the volume of the meso-

loop, V;, can be calculated by knowing the positions of all vertices. Therefore, the localized

void ratio of the meso-loop is given as (V; —V;)/V;.

Fig. 14 shows the localized void ratios of the meso-loops before and after the interface shear
test in the dense specimen at k =1000 kPa/mm. In Fig. 14, each circle represents a meso-loop
whose center is the same as the sphere. The color and size of a sphere respectively indicate the
void ratio and void size of the corresponding meso-loop. Before the interface shear test, the
voids are randomly distributed both inside and outside of the shear zone, and no void
concentration can be observed (Fig. 14(a)). Although the localized void ratio ranges from 0.1
to over 1.0 in different meso-loops, the void sizes are relatively small. The random void
distribution indicates that the specimen is homogeneous. The localized void ratio after the shear
test is presented in Fig. 14(b). Outside of the shear zone, small voids are randomly distributed,
which is in a similar condition before the shear test. Within the shear zone, however, an obvious
concentration of large voids can be identified, indicated by large spheres in Fig. 14(b). Besides
the increased void size, the localized void ratios are also higher than those before the test. The
above observation confirms that interface shear induces significant changes in terms of void
size and localized void ratio for particles within the shear zone, but only has a slight effect
outside of the shear zone. Similar results are also observed in other tests and will not be shown

here.

The void ratios inside and outside of the shear zone in different tests with various normal
stiffness are presented in Fig. 15. For the loose specimens, the void ratios inside the shear zones

increase by around 10% at the beginning of the shear tests and then become stable at a shear
16 /45
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displacement of 6.8 D,,. While the void ratios outside of the shear zone slightly decrease at the
beginning and also stabilize at the shear displacement of 6.8 D,, . It is interesting to see that the

macroscopic shear behaviors, including the shear force, normal force and volumetric strain,

also plateau at the shear displacement of 6.8 D,, according to Figures from 5 to 7, which

exhibits a strong dependence on the microscopic behaviors. The influence of normal stiffness
is very slight in tests with loose specimens. For tests with dense specimens, both the void ratios
inside and outside of the shear zones increase at first and then become stable. The increase of
void ratio inside the shear zone (23% on average) is much higher than that outside of the shear
zone (less than 5%). In addition, the value of void ratio decreases with the increase of normal
stiffness, which can be attributed to the large normal stress generated during the shear test (Fig.

6).

3.4. Coordination number

The coordination number (inter-particle contact number per particle) is an important parameter
describing the packing and micro-structure of granular materials. It is has been proved useful
in the analysis of particle breakage, pore size distribution, soil fabric and force chains
[2,5,86,60,87]. Fig. 16 shows the evolutions of coordination number in the interface shear tests.
Before sharing, the coordination numbers of the loose specimens are around 2.6, compared
with 3.5 for the dense specimens. The higher coordination numbers in dense specimens indicate
a more compacted state with strong interlocking among particles. In the shear test with loose
specimens in Fig. 16(a), both the coordination number inside and outside of the shear zone
fluctuate within a small range, and the coordination number outside is always higher than that
inside the shear zone. Specimens with larger normal stiffness generally have lower
coordination numbers, which can be attributed to the decrease of the normal stress during the

shear test. However, contrary to the effect in the loose specimens, a significant increase of final
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coordination number is induced by increasing the normal stiffness, as shown in Fig. 16 (b). For
example, the coordination number inside the shear zone increases from 2.55 to 2.81 when the
constant normal stiffness is increased from 0 to 1000 kPa/mm. The increased coordination
number in dense specimens can be explained by the high normal stress in the test. It is also
noticeable that the coordination number decreases beyond the shear zone at the beginning of
shearing, which can be explained by the uniform shear deformation before localization [82]. In
summary, despite the huge difference in the normal stiffness, it is actually the normal stress

generated during the shear test that determines the coordination number in the soil specimen.

3.5. Force chain and soil fabric

One of the important advantages of DEM analysis is the ability to monitor and track the
orientation and force magnitude of particle contacts. The force chains and soil fabric are useful
micro-descriptors to understand the macroscopic behavior and to develop multi-scale

constitutive models [88-92].

The force chain distribution before and after the shear test in the dense specimen with k =1000
kPa/mm is shown in Fig. 17. Before the test, contacts have a preferential orientation in the
vertical direction, which can be explained by the vertical compaction in the sample preparation
process. The contact network is dense with a large number of weak contacts, indicating that
the applied external force is shared by a large number of particles, i.e. low force concentration.
In addition, the particle interlocking is weak and elastic energy among particles is low at this
state [70,93]. After the shear test, the initially vertically oriented weak force chains gradually
change their preferential orientation to align to the shear direction, as shown in Fig. 17(b). The
contact network is dominated by thick force chains. Strong anisotropy and force concentration
is generated. Compared with the initial state, the magnitude of the normal contact force also

increases significantly.
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In order to quantify the evolution of anisotropy and internal structure during the interface shear
test, three fabric descriptors are analyzed, i.e. particle contact orientation, normal contact force
and shear contact force. For a given contact between two soil particles, the contact orientation
is defined as the normalized vector connecting the centroids of the two particles. In a soil

specimen, the angular contact orientation distribution, E (@), is given by [94]

E(@):%[ﬂ ACOS2(F —0,)] . eiveireireiiiiiiei 3)

where a defines the magnitude of anisotropy and 6, defines the principal direction of

anisotropy. In the same way, the normal and shear contact force distributions, f, (&) and

f.(0), are respectively expressed as

f(0) =T o[1+8,C0S2(0 = 0,)]...coooieeeeiiieeees e s 4)
and
f(0) =—T08,SIN2(0 = 0,) 5 ..o Q)

where f, and f,, are the average normal and shear contact forces; &, and a, are the

anisotropy of normal and shear contact force; and 6, and 6, are the principal directions of the

normal and shear contact force. For detailed explanations of the three fabric descriptors, please

refer to [94].

The fabric evolutions in the dense specimen with k =1000 kPa/mm at different shear stages
are shown in Fig. 18, in which the black lines represent the data measured in the DEM
simulations and red lines are the analytical approximations based on Eq. (3) to (5). For all the
fabric descriptors from (a) to (l) in Fig. 18, their distributions can be well captured by the

analytical approximations. Before the shear test, the contact orientation and normal contact
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force concentrate in the vertical direction (Fig. 18(a) and (b)), and the peak shear force is around
45° to the horizontal direction (Fig. 18(c)). The low a and a, indicate very slight anisotropy
in terms of contact orientation and normal contact force. In the shearing process, significant

anisotropy is generated, as shown in Fig. 18(d) to (l). In the early shear stage at 0.7 D, the

magnitude of contact orientation anisotropy a is increased from 0.09 to 0.23, and the 6,

changes from 91.0° to 49.5° (Fig. 18(d)). Similarly, the normal and shear contact forces also
experience some rotation due to the shear process (Fig. 18(e) and (f)). However, as the shear
displacement continues to increase, both the magnitude of anisotropy and principal directions
of the three descriptors remain almost constant with very slight fluctuation, as shown in Fig.
18(g) to (). In other words, after the initial anisotropy induced at the beginning of the test, the

soil fabric keeps stable.

The evolutions of anisotropy in terms of contact orientation, normal contact force and shear
contact force are summarized in Fig. 19 to Fig. 21. Despite the difference in the relative density
(loose versus dense), the initial anisotropies are similar among all the specimens. Once the
shear starts, a sudden increase of anisotropy of contact orientation is induced, as shown in Fig.
19(a). The magnitudes of anisotropy in dense specimens quickly reach their peaks and then
slightly decrease to the final values. While for the loose specimens, the magnitudes of
anisotropy increase much slower and have similar values with dense specimens. Besides the
magnitude of anisotropy, the ultimate principal directions of dense specimens also change
faster than the loose ones (Fig. 19(b)). The effect of normal stiffness on the anisotropy is
negligible in Fig. 19(a) and (b), except for the anisotropy induced by the soil collapse in the
test with the dense specimen at k =10000 kPa/mm. The evolution pattern of anisotropy of
normal contact force is similar to that of contact orientation, as shown in Fig. 20(a-b). And the
difference between the loose and dense specimens can be explained by the magnitude of
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vertical stress induced during the shear tests, see Fig. 6. In Fig. 21(a), the magnitude of
anisotropy of shear contact force remains constant during the shear tests with various constant
stiffness, which indicates a constant principal stress ratio. And Fig. 21(b) shows that the
rotation of the anisotropy also happens at the early stage of the shear test. Still, the normal

stiffness has a slight effect on the anisotropy of shear contact force.

4. Discussions

Besides the normal stiffness, it has been reported that the surface roughness and particle
characteristics also have a strong influence on the behavior of soil-structure interface.
Therefore, their effects are investigated in this section. In addition, one 3D DEM simulation is

conducted and the results are compared with the 2D simulations.

4.1. Effect of surface roughness

Three interface shear tests with R respectively equal to 0.3, 0.5 and 0.7 are simulated. Except
for the surface roughness, these tests are conducted with the same DEM parameters, sample
preparation method, and boundary conditions, as discussed previously in Section 2. A constant
normal stiffness of 0 kPa/mm is adopted for the tests. The effect of surface roughness on stress
ratio and vertical displacement is shown in Fig. 22. The peak and residual stress ratios, as well

as the dilation of the specimens increase with the increase of R . These observations are
consistent with previous studies with different R, [84,95]. In addition, as R, increases from

0.3 10 0.7, the stress softening becomes more significant, as shown in Fig. 22(a). In fact, when
the R, is low, a combination of internal failure and interface failure happens near the interface,
which results in an “elastic-perfectly plastic” failure pattern at the macroscale. On the other
hand, interface soil shear failure dominates the shear behavior in tests with rough surface (high

R.).This transition of failure mode matches well with the experiments by DeJong and Westgate
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[43], in which the “elastic-perfectly plastic” failure pattern is observed for tests with R equal

to 0.008 and 0.074, while softening behavior is found for rough surface with R, equal to 0.95.

4.2. Effect of inter-particle friction coefficient

It is well-acknowledged that the interparticle friction () influences the macroscopic shear
resistance and friction angle of granular materials. In the interface shear tests in this study,
because the interface failure is induced by the internal failure of soil particles, the inter-particle
friction coefficient plays a significant role in determining the peak and residual frictional angle.
Therefore, the effect of inter-particle friction coefficient is investigated with three interface

tests with k =100 kPa/mm and x ranging from 0.3 to 0.7, and the simulations results are

presented in Fig. 23. As expected, both peak and residual stress ratios increase with the increase
of u . The peak/residual friction angles for the tests with x equal to 0.3, 0.5 and 0.7 are
26.6°/19.3°, 24.0° /17.7°, and 18.8° /14.6°, respectively. Note that the low friction angles are
due to 2D condition of the simulations, which will be discussed in the following section. In
addition, as shown in Fig. 23(b), the vertical displacement also increases with the increase of

4, which is consistent with previous observations in [96]. At the microscale, the effect of u

on the vertical displacement can be explained by the fact that the self-stability of force chains

in a specimen is increased with g, thus resulting in a more dilative behavior [96].

4.3. 2D versus 3D simulations

In order to investigate the difference between 2D and 3D DEM simulations, one interface test
is conducted in 3D. The parameters in Table 2 are used in the 3D case, and the surface
roughness and normal stiffness are respectively 0.7 and 0 kPa/mm. The sample preparation
method in Section 2.1 is used to prepare a dense specimen. As stated in the Introduction, 3D

simulations are much more computationally expensive than the 2D ones because of the
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increased number of particles and higher degrees of freedom. To reduce the computational cost,
the parallel PSD method is adopted, in which the mean particle size is increased by 2 times to
1.156 mm while the shape of the new PSD curve remains the same. With this method, the total

number of particles in the 3D DEM simulation is around 100,000.

Fig. 24 compares the shear stress/normal stress ratio and vertical displacement in 2D and 3D
simulations. As shown in Fig. 24(a), the evolution trends of 2D and 3D simulations are
generally similar, and post-peak softening is observed in both tests. The peak and residual stress
ratios in 3D are respectively 0.83 and 0.65, which correspond to peak and residual friction
angles of 39.7° and 33.0°. Compared with the angles of 23.8°and 17.2° in 2D, the 3D specimen
has much larger shear resistance, even though the same DEM parameters are used. The
different shear resistance is also confirmed by the numerical study in [97], in which the peak
stress ratios in 3D and 2D are 0.76 and 0.32, respectively. Similarly in some other studies with
DEM, low shear strengths and friction angles are observed in 2D than 3D [5,35,84]. This
difference can be explained by a lower coordination number in 2D, which imposes less
resistance to particle movement at the microscale. As a result, the macroscopic frictional angle
is decreased. The dilation in 3D is also more significant than that in 2D (Fig. 24(b)), which is
consistent with the observations in [98]. In addition, the 3D simulation significantly decreases
the fluctuation of stress ratio compared with the 2D counterparts, as shown in Fig. 24(a). This
difference may be attributed to the high self-stability and the low possibility of force chain

buckling in 3D.

5. Conclusions

The condition of constant normal stiffness is likely to prevail in many soil-structure interfaces.
Therefore, in this study, the soil-structure interface behavior at the condition of constant normal
stiffness has been investigated with DEM. Soil-structure interface shear tests with both loose
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and dense soil specimens under constant normal stiffness condition are simulated. A wide range
of normal stiffness from 0 to 10000 kPa/mm has been adopted to account for soils with various
stiffness. The micro- and macroscopic mechanical responses of the interface tests have been
discussed in detail, and the effect of the magnitude of normal stiffness has been clarified.

Conclusions of this study are made as follows:

(1) An effective method has been developed to achieve the constant normal stiffness condition
in an interface shear test. In the simulation of a interface shear test, for a given stress increment,
the determination of displacement increment is adjusted iteratively based on the normal stress
and soil stiffness. With the proposed method, the condition of constant normal stiffness is

achieved with a wide range of normal stiffness.

(2) At the macroscale, both interface normal and shear stresses decrease for loose specimens
and increase for dense specimens with the increase of normal stiffness. These observations are
generally consistent with the experimental results and demonstrate the combined effects of
normal stiffness and volumetric strain. Particularly, the normal and shear stress of a loose
specimen at high normal stiffness may decrease to zero due to the strong volumetric contraction
and static liquefaction. While normal and shear stresses of a dense specimen significantly
increase (more than 10 times) at high normal stiffness. In addition, despite the difference in

relative density and normal stiffness, the residual stress ratios are always the same.

(3) The thickness of shear zone is around 18 to 20 D,, for loose specimens and 14 to 15 D,, for

dense specimens. Shear zone evolution is observed through the progressive development of
displacement localization of soil particles, which includes stages of uniform shear deformation,
initiation and growth of shear localization, and stabilized shear zone. The shear zone thickness
of loose specimens is not affected by the magnitude of normal stiffness in our case, while the

thickness for dense specimens slightly decreases with the increases of normal stiffness.
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(4) The thickness of dilation zone is sensitive to the void ratio and normal stiffness. The
thickness of dilation zone is 4 to 9 D,, for loose specimens, and 17 to 22 D, for dense

specimens, highly depending on the initial void ratio. Besides, the thickness of dilation zone is
also positively related to the magnitude of normal stress. As a result, the thickness of dilation

zone increases/decreases with normal stiffness respectively for loose and dense specimens.

(5) Within the shear zone, the void ratio increases by around 10% and 23% for the loose and
dense specimens, respectively. A strong concentration of large voids can be identified from the
meso-loops near the interface, which explains the macroscopic dilation. At the same time, the
coordination numbers of loose specimens fluctuate within a small range due to the combination
effect of shear zone dilation and force chain collapse. The coordination numbers of dense
specimens significantly decrease as a result of volumetric dilation. After the formation of a

stable shear zone, the void ratio and coordination remain almost constant.

(6) In the interface shear test, strong anisotropy and force concentration are generated. For
dense specimens, the magnitude of anisotropy quickly reaches a peak and then decreases to a
stable value, corresponding to the macroscopic softening behavior. While for the loose
specimens, the magnitude of anisotropy increases much slower and has a similar final value
with the dense specimen under the same normal stiffness. The effect of normal stiffness on the

anisotropy is very slight.
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Table 1 Parameters in DEM simulations

Parameter Value
Density o (kg/md) 2650
Normal stiffness of particle knp (N/m) 5.0 X 107
Shear stiffness of particle k! (N/m) 2.5X 107
Normal stiffness of wall K. (N/m) 5.0 X 107
Shear stiffness of wall ;' (N/m) 2.5X 107
Particle-particle friction coefficient i (-) 0.5
Particle-wall friction coefficient g, (-) 0.9
Rolling resistance coefficient i, (-) 0.1
Compressive stress o, (kPa) 100
Damping coefficient 0.1

Table 2 Thickness of shear and dilation zones

Specimens 0 kPa/mm 100 kPa/mm 1000 kPa/mm 10000 kPa/mm
Shear zone 19.8D,, 18.5D,, 20.2 D, 19.7D,,
Loose _
Dilation zone 44D, 44D, 6.6 D, 8.8D,,
Shear zone 15.0D,, 14.4D,, 14.2D,, -
Dense _
Dilation zone ~ 22.3D,; 20.3D,, 17.1D,, -

Table 3 A summary of shear zone thickness in previous studies

Reference

Shear zone thickness/ D,

Test method

Sadrekarimi and Olson [99] 10-14
Iwashita and Oda[100] 10
Uesugi et al. [101] 3-4
Gu et al. [83] 8-10
Grabowski et al. [85] 1-14
Rui et al. [102] 1-14
Chen et al. [103] 4.0-4.2
Ho et al. [104] 4-13
Zhao et al. [105] 8-14
Vangla and Latha [106] 5-25

Interface ring shear test

2D DEM simulation

Sand-steel interface tests

2D DEM simulation

3D DEM simulation

Interface ring shear test

3D DEM simulation

Sand-steel interface test
Sand-steel interface test
Sand-geomembrane interface test
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Fig. 15 Evolution of void ratio inside and outside of shear zone in interface shear test with (a) loose
specimens and (b) dense specimens
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Fig. 16 Evolution of coordination number inside and outside of shear zone during interface shear
test from (a) loose specimens and (b) dense specimens
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Fig. 18 Fabric evolution of particles in dense specimen with k =1000 kPa/mm
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Fig. 19 Evolution of anisotropy of contact orientation in interface shear tests: (a) magnitude of
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Fig. 23 Effect of inter-particle friction coefficient on the shear stress/normal stress ratio (a) and the

vertical displacement (b)
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