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Abstract

To determine the influence of soil-structure interface behavior on the bearing capacity and
deformations of geotechnical structures, suitable testing methods capable of simulating in situ
conditions are required. This article introduces a novel test method for soil-structure interface
tests. A hollow cylinder triaxial device is modified to conduct interface tests with four independent
control variables. This enables investigations of the influence of different anisotropic stress states
on the contact shear behavior of granular material. First test results on Karlsruhe fine sand are
presented with a variation of the lateral normal stresses acting on the plane orthogonal to the
shear (i.e., contact) plane. These tests are conducted in two modes: in mode A long samples
(d, = h) are used whereas in mode B short samples Z(do —d, ) =1/ h) are used. The results
of the test series in mode A show that the failure occurs either in the soil (on the plane with the
highest ratio of the shear and normal component of the stress vector 7 / o) or on the contact
plane (where the shear strength is reduced). The failure in the test series with mode B is restricted
to the horizontal plane due to sample geometry. The findings will be utilized in the future to

test and develop various modeling methods for soil-structure interfaces.

1. Introduction

To determine the loading capacity and serviceability
of a geotechnical structure, the shear strength and stiffness
of the soil must be tested. Many projects include rigid
structures such as piles, foundations, tunnels and retaining
walls (Figure 1a). In these cases, the contact shear behavior
between the soil and the rigid structure is crucial to the
system’s behavior: For example, the surface roughness of
a pile, which rules the contact shear behavior, has a major
impact on its load-bearing capability (Jardine et al., 1993).
Thus, a holistic understanding of the behavior of geotechnical
structures requires an in-depth understanding of soil-structure
interface behavior.

This inspired several authors to investigate the
soil-structure contact shear behavior (e. g., Potyondy, 1961;
Kishida & Uesugi, 1987; Stutz et al. 2018). The following
major contributing factors have been identified: normal stress
on the shear plane (Meier et al., 2023), soil density (Wernick,
1978) and ratio of the surface roughness to the grain size of
soil (Uesugi & Kishida, 1986). The maximum shear stress
which can be mobilized in interface tests increases with an
increasing surface roughness and is limited by the soil shear
strength (e.g., Kishida & Uesugi, 1987; Konkol, 2025).

If the surface roughness of an interface is so high that the
soil shear strength is reached in interface tests this situation
is often called a fully rough interface.

These conclusions were made from test results generated
in different devices for interface testing (see Figure 2). Fora
clear description of different boundary conditions and their
influence on the sample’s stress state, the following definition
of the stress components of the stress tensor of the sample
are used in the current work according to Figure 1b:

O T2 T3 Opp T2 731
O =|%2 Ox T3 |=| T Opp) 0 1
Ti3 T3 O33 13 0 Oopr,2

o pp 1s the normal stress on the plane parallel to the contact
surface. The orthogonal planes are chosen such that there
is no shear stress 7,5 and the normal stress components on
these planes are called op; and op .

Most of the laboratory interface tests are conducted using
modified direct shear tests (Figure 2a, e.g., Potyondy, 1961;
Frost & Han, 1999; Stutz & Martinez, 2021) or simple shear
test devices (Figure 2b, e.g., Kishida & Uesugi, 1987). In
these tests (as well as in modified ring shear tests, Figure 2c,
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e.g., Lemos & Vaughan, 2000), different boundary conditions
are applied on the plane parallel to the contact plane (“parallel
plane” in Figure 1b). For example, the stress component
opp of the stress tensor in the sample (see Equation 1 and
Figure 1b) can be controlled. On the “orthogonal planes”
(Figure 1b), the deformation is restricted by the frames or
stacked rings in the devices. Thus, the stress components cp |
and o , of the tensor cannot be controlled and are unknown.
Because of those test boundary conditions, information
regarding the impact of various boundary conditions on the
orthogonal plane is scarce. First tests toward the influence
of the three-dimensional stress state were conducted by
Corfdir et al. (2004). They developed a new test device
and controlled one normal stress component oy on an
orthogonal plane in the sample in addition to the normal
stress component opp on the parallel plane. Corfdir et al.
(2004) used a rotating cylinder inside a hollow cylinder-
shaped sample as contact plate for the interface (Figure 2d).
With an annular confining cell, the normal stress on the shear

plane is applied and with an axial piston, one additional
normal stress o,p can be controlled. Another approach by
Tejchman & Wu (1995) and Liu et al. (2024) is an inclined
rigid surface in a triaxial or biaxial device (see Figure 2¢).
In such tests, the normal stress components op; and op
on the orthogonal planes can be calculated, but however, not
independently controlled.

Investigations on the influence of different stress states
and the entire 3D-stress tensor on contact shear behavior
are not only crucial for gaining a better understanding of
interface behavior, but is also useful for evaluating different
modeling methods for soil-structure interaction. In general,
two different approaches to develop constitutive models for
interfaces exist in the literature (see Figure 1c). The first
approach uses only the stress vector on the shear plane and
the relative displacement at the interface (e.g., Ghionna &
Mortara, 2002; Stutz et al., 2014). Because soil shear
behavior and contact shear behavior are similar, the second
approach uses the idea of deriving interface models from
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Figure 1. Interface shear behavior: (a) practical examples, (b) unknown stress on orthogonal plane for common interface tests,

(c) modeling approaches for interface behavior.
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Figure 2. Different test setups for interface tests: (a) modified direct shear apparatus, (b) modified simple shear device, (¢) modified ring
shear apparatus, (d) rotating interface in sample ring and annular confining cell, (e) inclined contact surface in triaxial or biaxial device.
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existing soil models by reducing the shear strength of the
model (e.g., Gehring et al., 2023). This is supported by the
experimental observation, that the relative displacement
between contact surface and soil consists of localized shear
strains in a shear band in the soil (DeJong et al., 2000).
Using this method, the entire 3D stress tensor in the sample
is considered. The last-mentioned approach for contact
modeling is based on different assumptions concerning
the stress state at the interface: equal normal stresses
(opp =0ppy =0pp,y »Arnold & Herle, 2006), negligible
deformations at the orthogonal plane (Gpp # Opp; = Opp 2,
Stutz et al., 2017) or a coupling with neighboring soil elements
in FEM (opp #0pp; #Oppy Staubach et al., 2022).
Furthermore, recent research incorporated the consideration
of'stick and slip conditions between the surface and the soil
in combination with the second approach (Niebler et al.,
2025). Thereby, the total displacement of the interface is
divided into the displacement due to sliding of the contact
plate uy, and the displacement due to the shearing of the
soil ug, (see Figure 1c). To choose a suitable method and
verify or contradict the existing approaches, experimental
evidence with various stress states is required.

Despite these needs, data on the influence of different
stress states and boundary conditions on the orthogonal plane
is limited and existing methods can only control one stress
component on an orthogonal plane op ;. Therefore, a novel
test method is presented here. This method allows to control
two stress components op ; and op , 0n planes orthogonal
to the shear plane. To conduct such interface tests, a hollow
cylinder triaxial device is modified with a contact plate.
The modified device, due to its four independent control
parameters, offers diverse opportunities for interface testing
with various stress states. The first test series on Karlsruhe fine
sand with different stress conditions and contact plates with
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varying roughness properties are conducted and interpreted
concerning the failure mechanism.

2. Materials and test setup

2.1 Test material (soil and surface)

The experiments were conducted on medium dense
samples of Karlsruhe fine sand. A grain size distribution for
Karlsruhe fine sand is shown in Figure 3a and index properties
are listed in Table 1. The grain size distribution is uniformly
graded. The grain shape can be characterized with an aspect
ratio of 1.289 (ratio between longest length of the grain and the
length orthogonal to it) and is illustrated in Figure 3b. For the
sample preparation, the membranes are placed in a mold and
the sand is air pluviated between the membranes (Figure 3c).
A nozzle with a diameter of 4 mm is used for pluviation and
is moved with a constant distance to the sample top.

The samples have an outer diameter of 100 mm, and
inner diameter of 60 mm and a height of 100 mm (mode A).
In the test series with short samples (mode B), the sample
height is reduced to 20 mm. In the modified hollow cylinder
triaxial device for interface tests, ring plates are used as
contact surfaces (for the test setup see Section 2.2).

Table 1. Index quantities of Karlsruhe fine sand (Wichtmann &
Triantafyllidis, 2016).

Karlsruhe fine sand

grain density p, 2.65 glem’
e . 0.677
e . 1.054
Aspect ratio 1.289

Figure 3. Karlsruhe fine sand (KFS). (a) grain size distribution of Karlsruhe fine sand, (b) microscopy of grains, (c) sample preparation

(air pluviation) exemplary for mode B.
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Steel rings with different roughness properties are
used in the presented test series. They are displayed in
Figure 4a, b and c and listed in Table 2.

The roughness property R, is equivalent to the center line
average (CLA) and is defined as the average deviation from
the mean line of the surface (see Figure 4d). It is important
to mention, that the surfaces of the contact plates K1 and
K3 contain two porous stones and six screws (Figure 4a).
The measured roughness was obtained between the screws.
K11 was developed as an improved contact plate without
screws. This provides a uniform roughness across the entire
contact area and is therefore consistent with the roughness
measurements (Figure 4b). The roughness R, of the plates
was measured with a digital microscope on three spots on
the plates and averaged thereafter.

2.2 Test setup and procedure

In the modified hollow cylinder triaxial device,
a ring-shaped sample is sheared against a contact plate by

(b)

Figure 4. Photographs of contact plates KO (a), K3 (b) with screws and K11 (c) without screws, (d) schematic of average roughness value R

rotating the bottom plate against the top plate (see Figure 5).
In common hollow cylinder triaxial tests, both end plates are
fully rough and manufactured with steel fins or coarse grains
(Broms & Casbarian, 1965; Hight et al., 1983). The aim is
to ensure a transfer of the displacement of the end plates to
the sample with nonslip traction and full mobilization of
the soil strength. To conduct interface tests with this device,
a changeable top plate was manufactured. In the modified
device, interface tests with contact plates with different

Table 2. Overview of used contact plates.

roughness R,

contact plate .
p (excluding screws)

manufacturing of surface

KO >230um, fully rough glued sand grains
(with screws)

K3 > 0.7 um Fine sand blasted
(with screws)

K11 ~0.7 pm polished (no screws)

mean line

(d)

a

IS
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top plate (contact plate)
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Figure 5. Modified hollow cylinder device for interface tests. (a) photograph of mode B with pressure cell, (b) photograph of mode A
without pressure cell, (c) schematic of setup mode A, (d) loading and stress state of the sample.
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roughness properties can be performed. The top plate was
further enhanced with a screw-free variant (K11) to obtain
a uniform surface. The sample is covered with membranes
on the outer and inner surface area. The outer and inner cell
water is separated, so it is possible to control four independent
control parameters: the axial force or displacement, the
torsional momentum or rotation, the outer cell pressure,
and the inner cell pressure. Two of them are used to apply
a normal stress on the shear plane (axial force) and a shear
displacement to the interface (torsion). This leaves two more
control parameters to control the normal stresses oqp ; and
Oop,, on the orthogonal planes and enables studies of the
interface behavior with complex stress states.

In Figure 5d a schematic soil element with the components
of the stress tensor in the sample is displayed at the bottom
with the globally measured forces and pressures acting
on the whole sample above. The stress elements form the
following stress tensor and its transfer to the stress tensor
defined above the interface:

o. 0 1, Opp 0 731
o;,=| 0 o, 01|=] 0 o, 0 2)
o 0 oy 3 0 oora

The following equations show the relationships between
the global measured values and the stress components for
average stresses with the assumption of equal work of the
global measured forces and the stresses acting in the sample
(see Saada, 1988):

2 2
.= fax __y £efe = 3)
72'(1"0 - ) o —h
o, = Pt +pi’} (4)
T+
oy = Polo — Pili (5)
=
IM
To: =755 (6)
27r(r0 - )

From these stress components, the principal stresses
can be calculated:

(M

p ®)

€))

The ratio of the principal stresses is often depicted
with the coefficient b:

p=22"% (10)
o, — 03
The Roscoe invariants are defined as:
1
mean pressure p = g(o-z +0,+0y) (11)

deviator stress

q= \/022 +0'r2 +0'§ -0,0,—0,0,)—0,0, +3‘r§z (12)

Lode angle 9 = cotx/g-—2 b b

(13)

After the sample preparation (see Section 2.1) the
samples were saturated. For this purpose, the samples were
first flushed with CO2, flushed with water under atmospheric
pressure, then flushed with water and a backpressure of
200kPa and in the end the backpressure was increased to
500kPa  The saturation was verified with a B-value greater
than 0.97. After this, the samples were consolidated to the
initial stress state. With an open drainage the axial force
F,. and the outer and inner cell pressures were increased
up to the desired values. The reached effective values of
o!,0. and 0y were kept constant during the test for all
experiments.

All tests were conducted with the same vertical stress
o, = opp 0f 100 kPa (normal stress on the parallel plane).
The normal stresses on the orthogonal plane (radial stress
0, =00p; and tangential stress o) = o(,p , ) Were varied
from test to test. These stresses were kept constant during
the entire test. After reaching the test specific initial stress
state, the drained contact shearing phase was started by
rotating the bottom endplate. The bottom plate was rotated
with a constant velocity of & =0.2 deg/min. This leads to
an increase of the shear stress on the horizontal plane 7, .

3. Results and discussion

All tests are conducted with medium dense samples with
atargetrelative density 7, ;, ~ 0.6 after the sample preparation.
The actual relative density can be found in Table 3 together
with the boundary conditions of the presented tests. /), yand €,
represents the initial density and the void ratio directly after
the sample preparation and before the consolidation.
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3.1 Influence of membrane stiffness

During the shear phase (torsion) of the test, not only
the sample is deformed but also the membranes. Since the
membranes are fixed at the bottom and top caps, they are
deformed due to rotation of the end plates and therefore
contribute to the globally measured forces.

In test series BO1:K3 and B02:K0 experiments with short
samples with a height of 20 mm are conducted. Especially
for these tests and a rotation of the bottom plate up to 40°,
the influence of the membrane stiffness cannot be neglected:
The measured moment during torsion tests results not only
from the mobilized friction on the sample but also from
stresses in the membrane.

In the literature, one method to correct the measured
data results from the shear stress emerging from elastic
membrane deformation due to torsion:

~ tyEy (ra3 +ri3)¢9

L ey (14)

with the global measured shear stress due to membrane
deformation 7,,, the thickness ¢, and the elastic modulus
E,, of the membranes, the rotation angle € and the
height / and inner 7; and outer radius 7, of the specimen
(e.g. Koseki et al., 2005; Kiyota et al. 2008). Koseki et al.
(2005) and Kiyota et al. (2008) used dummy tests with
water-filled membranes to validate this relationship and to
develop further correction formulas for large deformations.
Especially when large deformations occur, these tests with
water-filled membranes show different deformation patterns
than the drained tests in the present work. Therefore, a new
correction method is developed to compensate for the effect
of the membrane stiffness on the test results. Tests on soil
samples with different membranes (V15 and V17) are used

Table 3. Overview of presented tests.

to capture the actual membrane (or sample) deformation
and a mathematical correction is developed. The following
membrane types were used here:

» Latex membrane, stiffness E,., =1387kPa ,
thickness #,,,., =0.55 (average of inner and outer
membrane in test V15)

*  Butyl membrane, stiffness £y, =1706kPa, thickness
fouyt = 0.64 (average of inner and outer membrane
in test V17)

The membrane stiffness was obtained with tension
tests using dummy samples to maintain the shape of the
membrane and restrict the lateral strain of the membrane. The
calculated shear stress from the globally measured momentum
of tests V15 and V17 is shown in Figure 6. The tangential
displacement s, represents the displacement of a point on the
average circumference on the bottom plate along its average
circumference. The shear stress of both tests increases and
reaches at approximately 5 mm tangential displacement a
more shallow, linear path. The linear increase of test V17
with butyl membranes follows a steeper linear path and
therefore reaches a higher shear stress. This shows a larger
influence of the membrane stiffness resulting from a larger
stiffness of the butyl membranes. From this difference, the
stress induced by membrane deformation is calculated for
these tests and transferred to a general correction function.

If the membrane deformation is similar in two tests
and in the elastic range, the additional global shear stress or
measured torque resulting from the membrane stiffness is
proportional to the thickness and stiffness of the membranes
(see Equation 14). With two different types of membrane with
different thickness and stiffness, the ratio of the additional
measured global shear stress can be estimated. Here, the
global shear stress induced by the membrane stiffness in the
test with latex membranes 7,5 and in the test with butyl

membranes rf.’,}”y " have the following relationship:

’ ’ '

series No. mode contact plate Ipy € o; oy =0, p
A01:K11 V26 A K11 (smooth) 0.59 0.83 100 kPa 50 kPa 67 kPa
A01:K11 V28 A K11 0.58 0.837 100 kPa 100 kPa 100 kPa
A01:K11 V29 A K11 0.61 0.82 100 kPa 150 kPa 133 kPa
A01:K11 V30 A K11 0.61 0.82 100 kPa 150 kPa 133 kPa
A02:K0 Vo2 A KO (rough) 0.70 0.79 100 kPa 100 kPa 100 kPa
A02:K0 V31 A KO 0.66 0.80 100 kPa 150 kPa 133 kPa
A02:K0 V32 A KO 0.62 0.82 100 kPa 50 kPa 67 kPa
B01:K3 Vo8 B K3 (less rough) 0.62 0.82 100 kPa 100 kPa 100 kPa
B01:K3 V09 B K3 0.63 0.82 100 kPa 150 kPa 133 kPa
B01:K3 V10 B K3 0.63 0.82 100 kPa 50 kPa 67 kPa
B01:K3 V21 B K3 0.56 0.85 100 kPa 175 kPa 150 kPa
B02:K0 V15 B KO (rough) 0.76 0.77 100 kPa 100 kPa 100 kPa

B02:K0 V18 B KO 0.49 0.87 100 kPa 150 kPa 133 kPa
B02:K0 V20 B KO 0.65 0.81 100 kPa 50 kPa 67 kPa
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Figure 6. Test results of experiment V15 and V17 with different membrane types to develop a correction for the membrane stiffness.
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From the test results, only the difference of the total
global measured shear stress can be calculated:

vi7 15 _
Trot —Trot = AT

(16)

But with the assumption, that the measured shear stress
contributed by the samples shear strength is the same for
both tests, the calculated difference Az results only from
the difference in the membrane stresses:

V1T _ VIS _ AL

butyl latex
Tot Tt = “Tm (17)

:TM

There are still two unknown variables in Equation 17.

To find their values, the equation is first expanded with a ratio:

z_burylz_latex
_ cbutyl _ latex _ ‘M M latex 1
At =1y Ty = e M (18)
Tm

Now, it can be reduced to one unknown variable together

with Equation 15:

toun E
utyl ~butyl
AT = y yl _latex _Tlatex

v, i, (19)
Elatex

t latex

The additional measured shear stress induced by the
membrane deformation in test V15 with the latex membrane
can be calculated with:

latex __ At
M=

—_— (20)
tbutyl Ebutyl -1

t latex E latex

The correction function is developed from the additional
global shear stress induced from the latex membrane at the
end of the test. The current global shear stress induced by
the membrane is calculated as a proportional function of
the rotation angle @ or the tangential shear displacement s,.
To address varying membrane thickness and stiffness, the
correction can be adapted to the actual membrane thickness
t), and stiffness £

ty,E
Flaex _ o 3g9XP2. MY 5, or
mm 0.55mm-1387 kPa

kPa tyEy
° 0.55mm-1387 kPa

T = 0.272 (21)

This correction can be used for similar geometries
and a rotation angle up to 40° and is applied to all tests
presented here.

3.2 Influence of different stress states — tests with mode A
(long samples)

With the membrane correction (Section 3.1) it is possible
to determine the contact shear behavior at various stress
states. Two representative tests in mode A (long sample)
with contact plates with two different roughness properties
are displayed in Figure 7. The evolution of the global shear
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stress 7, of both tests is monotonic increasing and tends to
an asymptotic value. V30 with a smooth plate (K11) reaches
a lower maximum shear stress, then V02 with a rough plate
(K0). The maximum shear stress of V30 with the smooth
plate is reached at a larger displacement. This matches the
findings in the literature for direct interface shear tests, that
the contact shear strength increases with the roughness of
the contact plate (e.g., Kishida & Uesugi, 1987; Martinez &
Stutz, 2019) and will be discussed further in Section 3.5. In
direct interface tests, the shear plane is forced to the horizontal
plane by the test setup and the stress vector on the contact
plane with normal stress oy and shear stress 7 is analyzed.
Whether this approach to analyze only the stress vector on
the contact plane is suitable for the novel test method will
be discussed along with the experimental results shown in
Figure 8, as well as the implications for the description of
the in situ behavior. Additionally, the fact that there is more
fluctuation in the values of V30 than of V02 (Figure 7) will
be discussed in Section 3.3.

Figure 8 displays the shear phase (torsion) of the test
series AO1:K11 and A02:KO0. The graphs in Figure 8a and ¢
belong to test series AO1:K 11 with a smooth contact plate, the
graphs in Figure 8b and d belong to test series A02:K0 with
a rough contact plate. The graphs a and b show the deviator
stress ¢ (light-colored) and the shear stress on the horizontal
plane 7,, (black lines) over the effective mean pressure p'.

During the shear phase, the mean effective pressure is
constant because of the constant controlled normal stresses
0., 0, and o,. The deviator stress ¢ and the horizontal shear
stress 7, increases during the rotation of the bottom plate. The
black crosses represent the critical deviator stress calculated
with the Mohr-Coulomb model. In the Mohr-Coulomb model,
the critical deviator stress ¢.,;; depends not solely on the mean
effective pressure p' but also on the Lode angle 8 (see the
graphs of the deviatoric plane in Figure 8c and d). The value

6 = 0° for the Lode angle is defined as the triaxial compression
(the two smallest principal stresses are equal). For the tests
with an isotropic initial stress state (p'=100 kPa) the Lode
angle 6 is constant during the shearing phase with 8 =30°.
For the tests with smaller lateral stresses (p'= 67 kPa), the
initial state is triaxial compression with 8 = 0° and during
the shear phase the Lode angle @ increases. For the tests with
larger lateral stresses (p' =133 kPa) the Lode angle increases
from an initial value of 8 = 60°. From the comparison of
Figure 8a and b it can be noticed, that for the contact plate
with a smaller roughness (K11, left hand side) the maximum
deviator stress g of the test with p' = 67 kPa (V26) reaches the
calculated critical deviator stress ¢,,,,, while the other two ones
have a lower maximum deviator stress g, than the calculated
4., For the contact plate with a larger roughness (KO, right
hand side) the deviator stress reaches the calculated ¢,,,, for
the tests with V32 (p'= 67kPa)and V02 (p' = 100kPa) while
V31 with p =133kPa has a lower maximum deviator stress
g, than the calculated q_.,,,.

The stress ratio M = — represents the ratio 7/ oy of

the stress vector on the plarllye, where the 7/ oy-ratio is the
largest one. In a pure soil sample this would be the ratio
leading to a failure if it exceeds the strength of the sample
and the failure would happen in the corresponding plane.
For the shear stress on the horizontal plane 7,, displayed
in Figure 8a and b the following observation can be made:
The shear stress 7, for the tests with p'=67kPa — where
q reaches q,,;, — is markable lower than in the other tests.
In all tests the normal stress on the contact plane is similar
(o, =100kPa), hence the absolute shear stress 7, represents
also the 7,, / o ,-ratio in the horizontal plane. This ratio is
decisive for a failure in the (horizontal) contact plane. Such
a failure would occur, if the contact shear strength in an
interface would be exceeded or the failure would be forced
to the contact plane (e.g. in direct shear tests).

70 ! ! ! !
60 | | | '
50
40
30
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Figure 7. Comparison between a smooth (K11) and a rough (K0) top plate. Tests with isotropic initial stress states o, = o, =0, = p' =100 kPa,
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Figure 8. Tests in mode A (long sample). (a) and (c) test series A01:K11 (smooth plate), (b) and (d) test series A02:KO (rough plate).

As a hypothesis, the failure mechanism in the interface
tests in the modified hollow cylinder triaxial device is
variable, so the failure will occur either in the soil or at the
interface. In the soil, the failure will occur on the plane with
the maximum ratio 7 / o (if it exceeds the soil strength). In
the horizontal contact plane, the 7 / oy-ratio is less, but the
shear strength (=contact shear strength) is also less. If the
shear stress on the contact plane reaches the contact shear
strength first, the failure will happen in the contact plane.

For a smoother contact plate, the failure is more likely to
happen in the horizontal contact plane. This can be observed

Mohr-Coulomb criterion (¢= 40°) \

(d

using the results of test series A01:K11 and A02:KO0: For
test series AO1:K11 with a smooth contact plate, the test
V26 matches the calculated deviator stress from the Mohr-
Coulomb criterion (failure in soil is decisive), while the other
tests deviate from it (failure on interface plane is decisive).
For the test series with the rough endplate (A02:KO0), only the
test V31 does not match the calculated deviator stress (failure
on interface plane is decisive). For the test with p' =100kPa,
q matches g, but the shear stress 7,, is not less than in
the test with p'=133kPa. It is likely, that in this test V31
both failure criteria were reached nearly at the same time.
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Tests V29 (gray crosses) and V30 (line type as V26
and V28) are repetition tests to check the repeatability of the
test results. The test results indicate a high reproducibility.

In a next step, different modeling methods for
interface shear behavior can be tested and validated with
the experimental results. From the experimental findings,
two methods are proposed: 1) Use a relationship between
the stress components on the contact plane (z -o) for the
interface and a neighboring (maybe extra small) element
with the soil model to simulate a failure in the soil (g ).
2) Use an interface model including a dual yield function
to model the failure in the contact plane and in an arbitrary
plane in the soil at ones.

Both methods might capture the strength by the
maximum horizontal shear stress or deviator stress.
Another important aspect is dilation, which also affects
the evolution of strength. The dilation in soil-structure
interaction is influenced by the roughness of the contact
surface and therefore might not be solely captured with a
neighboring soil element.

3.3 Sliding and shearing at the contact

In the used test device, the torsional deformation of
the sample is measured by the displacement of the top plate
against the bottom plate. With this measurement, only the
global deformation of the sample can be determined. In
element tests, the assumption is taken, that the strain and stress
in each position (small element of the sample) is equal and
therefore, the stress and strain can be calculated from global
measured values. Interface tests in general are no element
tests because a concentrated deformation can occur on the
interface and the strain near to the contact surface may be

greater than far away from it. Hence, the total displacement
of the end caps is composed of the shear deformation in the
soil (or a part of it) and the sliding between the contact plate
and the soil (Niebler et al., 2025).

Figure 7 displays shear stress during tests V02 and
V30 with contact plates with different roughness properties.
It is noticeable that the scatter of the measured values has
a different span for the smooth plate and the rough plate.
Also, the span of the scatter is changing during the tests
with the smooth end plate. A possible explanation is the
slipping and shearing on the interface. For the rough end
plate, no sliding occurs - there is a continuous frictional
connection with force transmission between the contact
plate and the soil. Therefore, the scatter in the shear stress
is lower. For the smooth plate, there are alternating sections
with higher and lower scatters. This might connect to an
alternation between a sliding and a sticking regime at
the interface. During phases with much scatter, there is a
permanent change in the transferred force with sliding and
sticking at the contact plate. The axial displacement and
volume change measurements of V02 and V30 displayed
in Figure 9 support this hypothesis.

During the phases of V30 with less scatter (connected
to a sticking regime), the globally measured volumetric
change and axial displacement show a steeper slope (more
deformation is happening). This happens at a tangential
displacement of approximately 6 mm, 9 mm, 11 mm, and
15 mm. A possible explanation is: During the sticking
regime, more grains are mobilized and sheared and produce
therefore a larger sum of dilative or contractive deformation
which leads to a larger measured axial displacement or
volume change.
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Figure 9. Normalized displacements of test V02 (rough contact plate, K0) and V30 (smooth contact plate, K11). The global measured and
normalized axial displacement A/t / h and volumetric change AV / V are displayed over the shear displacement (tangential displacement s,).
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3.4 Tests with mode B (short sample)

In this work, a second test mode (mode B) was used in
the modified hollow cylinder triaxial device. The difference
compared to test mode A with long samples (4 =100mm)
is the use of short samples with 2 = 20mm. The test series
B01:K3 with a less rough contact plate and test series B02:K0
with a rough contact plate are presented in Figure 10 and
both conducted in mode B (short samples).

o, = l100 kPa
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It is noticeable that the maximum deviator stress ¢
reached in the tests does not match the calculated critical
deviator stress g with the Mohr-Coulomb model at the end
of'the test (marked with the black checkmarks in Figure 10).
The deviator stress sometimes reaches not only smaller but
even larger values than the calculated g;;. This wouldn’t be
expected for soil element tests. The horizontal shear stress
7y, (black lines) reaches similar values across the tests
within each series. For tests V20, V15, V10 and V08, the
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Figure 10. Tests in mode B (short sample). (a) and (c) test series BO1:K3 with less rough contact plate K3, (b) and (d) test series B02:K0
with rough contact plate KO. Extended based on (Gehring et al., 2024).
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Figure 11. Shear stress for tests with horizontal failure plane and
contact plates with different roughness properties.

deviator stress is larger than the calculated g, for failure
in the soil. If these tests had been conducted in mode A, a
failure would be expected in the soil on the plane with the
maximum 7 / o -ratio and the deviator stress would be limited
to the calculated ¢, (black crosses). This does not occur
in these tests conducted in mode B. The different geometry
appears to prevent this failure in the soil. This leads to the
hypothesis that failure is restricted to the horizontal plane for
tests in mode B. The maximum shear stress in the horizontal
contact plane is decisive for the failure. It depends only on
the normal force on the contact plane, which is equal in all
tests in test series BO1:K3 and B02:K0 and leads to similar
values for the shear stress 7, across the tests.

3.5 Influence of roughness properties of the contact plate

Previous studies have shown that the maximum shear
stress increases with an increasing surface roughness (see
section 1). For tests in mode A with a long sample, the surface
roughness is one of the factors governing the failure mode (see
section 3.2). In the present section, tests with failure occurring
in the horizontal plane on the contact surface are compared to
investigate the influence of surface roughness on the maximum
shear stress in the contact plane. Figure 11 displays the shear
stress with increasing tangential displacement of the contact
plate. The darker the line, the greater the surface roughness
R, of the used contact plate. The tests with a smoother contact
plate tend to reach lower maximum shear stress values than
those with a rougher contact plate. This is in accordance with
the aforementioned findings from the literature. Still, the tests
show significant deviations due to the different boundary
conditions. Another point should be noted regarding the
measured roughness values: The measured surface roughness in
three spots is similar for the plate K3 and K11, but the surface

of K3 includes two larger filter stones and six screws (12%
of the contact area) whereas K11 only contains two smaller
filter stones (2% of the contact area). The additional screws
contribute to the roughness of the surface and therefore, K3
behaves like a plate with a rougher surface than K11. This
is reflected in the test results, as K3 shows higher maximum
shear stress values than K11.

4. Conclusions

In this work, a novel test method for interface shear
tests is presented. For this method and the first test results,
the following conclusions can be made.

*  With the new test method, four independent stress
(or strain) components can be controlled in interface
tests. Thereby, the influence of normal stress on the
planes orthogonal to the interface can be investigated.

* A correction function for membrane stiffness was
developed to correct the measured torque taking the
deformation mode in the presented tests into account.

*  For samples tested in mode A (long sample), as a
hypothesis, the failure occurs either in the soil or on
the contact plane. If it fails in the soil, the failure plane
is the plane with the stress vector with the maximum
ratio 7 / oy of shear stress and normal stress. On the
contact plane, the shear-stress-normal-stress ration is
less, but also the strength is less on this plane: only
the interface friction angle acts there.

*  For samples tested in mode B (short sample), the
failure in the soil is prevented by the geometry
and therefore the failure plane is restricted to the
horizontal contact plane.
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List of symbols and abbreviations

b coefficient for the ratio of the principal stresses

d; inner diameter of hollow cylinder sample

d, outer diameter of hollow cylinder sample

€ void ratio after sample preparation

€min minimum void ratio, estimated in laboratory tests
following DIN 18126:2022-10

€nax maximum void ratio, estimated in laboratory tests
following DIN 18126:2022-10

h sample height

' mean effective stress

D; inner cell pressure

P, outer cell pressure

q deviator stress

qerit critical deviatorstress(calculated withMohr-Coulomb
model from mean effective stress p and Lode
angle 6)

7 inner radius of sample

7, outer radius of sample

S, tangential displacement, displacement of a point
on the medium circumference of the bottom plate
of the sample along the medium circumference,
represents shear displacement

Loutyl thickness of butyl membranes in test V17

Hatex thickness of latex membranes in test V15

ty thickness of membranes

Ug, displacement due to shearing of soil (sticking of
contact plate)

Uy displacement due to sliding between soil and contact
surface

CLA center line average

Eyyepn stiffness of butyl membranes in test V17

Elyex stiffness of latex membranes in test V15

Ey stiffness of membranes

F, axial force in the test device

1, relative density

M, critical stress ratio

M, measured moment due to torsion in the test

device
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sample
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normal stress component of stress vector on specific
plane in sample
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in sample on orthogonal planes
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on parallel plane
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