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Abstract

This paper presents a versatile interface direct shear test apparatus developed for systematically investigating the shear
behaviour of geotechnical interfaces. The apparatus can support the testing of several particle—continuum as well as
continuum—continuum interfaces and can also accommodate different configurations of testing, viz. conventional and
fixed-box interface shear testing, by a simple rearrangement of the different components. The apparatus facilitates the
visualisation and measurement of the deformation of geotextiles under pull-out loading, particle kinematics and the
acoustic behaviour of soil-continuum interfaces by accommodating advanced deformation-measurement devices like
digital cameras for digital image correlation (DIC) and sensors for acoustic emission (AE). The paper describes the design
of all the components of the apparatus and the results of the interface shear tests of different particle—continuum and
continuum—continuum interfaces. The repeatability of the test results is verified through multiple tests on the same
interface. Results of the interface shear tests indicating the sensitivity of the apparatus for the different modes of testing are
also presented. The provisions such as the shear box with a transparent side wall, the moving platform with an inter-
changeable transparent bottom and the capability to accommodate AE studies facilitated a detailed understanding of
various types of interfaces. The DIC results provided insights into the shear zone formation at the dilative interfaces and the
deformation of a geotextile under a pull-out load. The AE studies provided a new perspective on the response of particle—
continuum interfaces.

Keywords Acoustic emission (AE) - Digital image correlation (DIC) - Geotechnical interfaces - Geotextile pull-out -
Interface direct shear test apparatus

1 Introduction

Interfaces, or the region between two materials, are found
in many geotechnical engineering systems. These inter-
faces are potential zones of weakness and instability in the
structure, and hence, a systematic understanding of their
behaviour is of prime importance for a safe and efficient
design, and slope monitoring devices. Interface direct shear
test is the most popular and feasible experimental method
of determining the shear behaviour and strength parameters
of different interfaces. Conventionally, the interface direct
shear tests are conducted between soils and different
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continuum surfaces used in the geotechnical interfaces,
such as metals, timber, concrete and geosynthetics
[24, 39, 42, 64, 72, 75, 76, 78, 80]. However, recent years
have seen many new interfaces in geotechnical engineering
applications, such as those between soil and different bio-
inspired continuum surfaces and continuum—continuum
interfaces [33, 35, 40, 58, 82]. Additionally, several
advanced contact and non-contact deformation measure-
ment techniques, such as digital image correlation (DIC)
and acoustic emission (AE), are also gaining popularity in
the systematic investigation of the shear behaviour of the
different interfaces [35, 46, 49, 51, 58, 73, 83, 86].
Several studies have investigated the shear behaviour of
different interfaces by modifying the existing direct shear
test apparatus to accommodate the continuum material
[5, 6, 21, 52, 54, 79]. Over the course of years, several
limitations and disadvantages of using such modifications
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have also come out, such as the effect of the sample size,
lack of control on the test parameters and issues such as the
rotation of the loading plate and the shear box. Further,
adopting the conventional direct shear set-up for the soil—-
continuum interface shear tests may lead to additional
challenges, such as improper clamping of the continuum
material due to spatial constraint, slippage of the contin-
uum material, introduction of additional shear planes when
the continuum materials are glued, and the eccentricity in
the plane of measurement of the shear forces when the
thickness of the continuum material changes. Lee &
Manjunath [50] also indicate that using the conventional
direct shear test apparatus for soil-continuum interface
shear studies in which the continuum material is placed
between the soil in the two shear boxes may induce addi-
tional sagging of the continuum material, which may fur-
ther aggravate the non-uniform stresses and strains at the
shear plane. A few researchers have also developed new
interface shear test apparatuses that can serve specific
purposes [1, 29]. However, a dedicated interface shear test
apparatus that can accommodate different interfaces, test
configurations, modes of testing and advanced instrumen-
tation is essential for a thorough and systematic under-
standing of their interface shear behaviour. Such a versatile
apparatus can also help in the visualisation and analysis of
the different phenomena happening at the interface during
the shearing process by accommodating advanced non-
contact deformation measurement techniques such as DIC
and AE and can pave the way for reliable and novel
insights into different aspects of the interface shear
behaviour.

This paper describes the design and fabrication of a
versatile interface direct shear test apparatus that can
support the testing of several particle—continuum as well as
continuum—continuum interfaces. The apparatus is
designed to facilitate different testing configurations, viz.
conventional and fixed-box interface shear testing by a
simple rearrangement of the different components. Fur-
thermore, the apparatus accommodates advanced defor-
mation-measurement devices like digital cameras for DIC
and AE sensors. The paper describes the design of all the
components of the apparatus, and the performance and
accuracy of the apparatus are validated through interface
shear tests on different non-dilative, dilative and contin-
uum—continuum interfaces. Additionally, the advantages of
the novel facilities and advanced instrumentation, includ-
ing digital cameras and AE sensors, are also demonstrated
through a series of shear tests on different interfaces.
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2 Description of the apparatus

The apparatus was designed by abiding by the general
guidelines and suggestions in ASTM D5321/D5321M-
21[15]. Figure 1 presents the schematic 2D cross section of
the apparatus. Figure la presents the conventional inter-
face shear test set-up and Fig. 1b shows the fixed-box
interface shear test set-up. The apparatus mainly consists
of a shear box in which the soil or soft rock sample can be
kept and a movable platform where the continuum material
can be fastened or clamped. The shear box and the movable
platform are assembled on a table. The shear box (1) has
three walls made of brass and a fourth transparent side wall
made of acrylic to facilitate image-capturing of the sample
during shearing and also has rounded corners to reduce
undesirable stress concentrations. Two shear boxes of
square shape, one with 100 mm (length) X 100 mm
(width) X 75 mm (height) internal dimensions and the
other with internal dimensions of 150 mm (length) X
150 mm (width) X 95 mm (height), with associated shear
and load plates, were designed to facilitate different sample
to grain-size ratio combinations. Figure 2a shows a 3D
image of the shear box and the associated components. The
shear box with the sample is kept over the movable plat-
form (2), which has a rectangular cross section with
dimensions of 400 mm (length) X 300 mm (width), the 3D
view of which is shown in Fig. 2b. The dimensions of the
platform allow the clamping of different sizes of the con-
tinuum materials onto it for both 100 mm X 100 mm and
150 mm X 150 mm shear boxes and facilitate a continuous
shearing of up to 60 mm with a constant area of shearing.
The dimensions of the platform also facilitate the easy
assemblage of the acoustic emission sensors at any desired
location without any disturbance to the interface shearing.
The platform and the shear box are assembled on top of a
table through a frictionless linear bearing support system
(3). The platform is movable in both forward and backward
directions, using a worm-drive stepper motor (4). The
normal load on the samples is applied with dead loads
using a loading frame connected to a lever arm and vertical
support rods. One of the vertical supporting rods parallel to
the transparent side of the acrylic side of the shear box is
made rectangular (5) to facilitate image capturing during
the shear tests. The apparatus is equipped with load cells
for horizontal (6) and vertical (7) load measurements and
linear variable displacement transducers (LVDT) for dis-
placement measurements in the horizontal (8) and vertical
(9) directions. ASTM D5321/D5321M-21[15] states that an
eccentric application or measurement of the shear force
may give inaccurate results, and hence, it is essential to
ensure that the line of action of the shear force is collinear
with the shearing plane interface. Such eccentric loading
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(b) Fixed-box test set-up i

e et L

(a) Conventional test set-up |
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1. shear box with the soil sample, 2. movable platform with the clamped continuum surface, 3. frictionless supports with ball bearing, 4. worm-
drive stepper motor, 5. rectangular loading frame to facilitate image-capturing load cell for horizontal force measurement, 6. load cell for
horizontal force measurement, 7. load cell for vertical force measurement, 8. LVDT for horizontal displacement measurement, 9. LVDT for
vertical displacement measurement, 10. adjustable platform for the horizontal load cell, 11. data acquisition system, 12. table with slot
arrangement for camera placement, 13. CMOS sensor camera for image-capturing from the front, 14. CMOS sensor camera for image-capturing
from the bottom, 15. vertical support system to facilitate fixed-box condition, 16. additional rod support to prevent box rotation, 17. AE sensor.

Fig. 1 Schematic representation of the interface shear apparatus for a conventional test configuration, and b fixed-box test configuration

(a) Shear Box (b) Movable Platform

@

(c) Table with Slot

Transparent side wall

Rounded corners

Handles

Load plate

Shear plate

Removable central piece made of brass
or acrylic

7. Slot in the table for
camera/microphone placement

S

Not to scale.

Fig. 2 3D views of a shear box, b movable platform, and ¢ table with slot

may occur when continuum materials of different thick-  simple rotating rod arrangement. Several types of clamps
nesses are clamped onto the platform (2). Hence, the hor-  are also designed that allow the clamping and testing of the
izontal load cell (6) rests on a sturdy platform (10) whose  different interfaces. The apparatus is equipped with a data
elevation can be adjusted upwards and downwards using a  acquisition system (11) for continuous monitoring and
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recording of the test data. More details on the instrumen-
tation and the fixed-box test set-up are given in the sub-
sequent sections.

2.1 Conventional and fixed-box configurations

The conventional interface shear tests, in which the load
plate rests freely on the soil sample, may cause rotation of
the soil sample during shearing, which in turn leads to non-
uniform stress concentrations in the sample [27, 61], and
may cause erroneous results. Jewell and Wroth [44] and
Jewell [43] observed that the rotation of the load plate, and
the relative rotation of the shear box, can be minimised by
fixing it to the walls of the shear box. Keeping this in view,
the apparatus has been designed to accommodate both
conventional and fixed-box configurations of the interface
shear tests by a simple rearrangement of the components of
the apparatus.

Additional fixity elements and supporting rods were
designed for rearranging the apparatus to the fixed-box
configuration. Firstly, the shear boxes were designed with
additional handles, as shown in Fig. 2a, which are used to
attach the shear box to robust vertical supporting rods (15).
Specially designed Z-shaped brackets, nut and bolt sys-
tems, and an additional horizontal rod (16) connected to an
immovable stand, are used to hold the shear box firmly in
position to prevent its rotation while shearing, as shown in

Fig. 3. As the shear box is fixed, the horizontal load cell is
shifted to the opposite side and connected to the worm-
drive stepper motor and the movable platform, as shown in
Fig. 1b so that the shear data at the interface plane are
recorded.

2.2 Image analysis

The apparatus has provisions to accommodate image—
capturing of the interfaces for various purposes, which are
listed as follows:

e The shear box has one transparent wall made of acrylic,
as shown in Fig. 2a, so that images of the soil-
continuum interfaces can be captured from the side.
This is particularly advantageous when the visualisation
and analysis of the soil-continuum interface shear
zones are desired. For this purpose, the vertical rod of
the loading frame is made rectangular, as shown
schematically in Fig. 1, so that the images can be
captured unobstructed.

e The movable platform has a central brass piece, which
is removable and can be replaced by a transparent
acrylic sheet, as shown in Fig. 2b. The table has a slot
arrangement, as shown in Fig. 2c, under which a
camera can be attached to capture images using a
custom-made camera holder. Images from the bottom

SELRRLLLLY

Components:

1. Supporting rods

2. Z-shaped brackets

3. Nut and bolt system

4. Rod for additional support

Fig. 3 The details of the fixed box configuration, a front view of the assembled box, b side-view showing the custom-made Z-shaped brackets

and nut and bolt system, and ¢ rod for additional support
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of the sample can aid in the visualisation and analysis of
particle kinematics during interface shearing, as shown
and explained in detail in Kandpal and Vangla [45]. It is
also beneficial for the analysis and visualisation of the
deformation behaviour of the continuum materials like
geotextiles under pull-out load, using DIC, which
provides the advantages of the non-contact deformation
measurement technique and eliminates the need for
additional deformation sensors.

These provisions make the apparatus versatile and fully
functional for gaining novel insights into the shear mech-
anisms of different geotechnical interfaces, which are fur-
ther discussed in a later section.

2.3 Instrumentation and data acquisition

The apparatus is equipped with an eight-channel data
acquisition cum data logging system. The data acquisition
system has a specially designed built-in software and
hardware control to operate the apparatus at the desired
shear displacement rate and direction. The horizontal load
cell is analogue and has a capacity of 5 kN and has full-
scale reading for horizontal pushing (forward shear direc-
tion) and pulling (backward shear) loads, while the vertical
analogue load cell has a capacity of 10 kN capacity with
full-scale reading for the normal vertical load. Both the
load cells have an accuracy of 1 N. The horizontal LVDT
can measure up to 60 mm and has an accuracy of 0.01 mm,
while the vertical LVDT has a stroke of 20 mm, with
0.01 mm accuracy. The worm-drive stepper motor can
facilitate a range of horizontal pulling/pushing speeds from
0.05 to 10 mm/min.

The set-up also includes cameras and other accessories
for image capturing and analysis. Two machine vision
cameras with CMOS sensors (Sony IMX26) of 9 MP and
5 MP resolutions on which machine vision lenses can be
attached. The cameras are capable of recording both image
and video files. A machine vision lens of 50 mm focal
length is found to be appropriate for image capturing from
the side of the shear box, while a machine vision lens of
12 mm focal length is required to appropriately capture
images from the bottom of the platform. The Baumer
camera explorer software is used to capture the images at
the desired frequency in grey-scale format. The images
captured using these cameras and lenses were found to
have a resolution of 25 pixels/mm. A machine vision
lighting source was also used for the uniform lighting of
the test area during image capturing.

The shearing at the soil-metal interface generates elas-
tic/stress waves in the metal plate, referred to as a Lamb
wave [48] in a thin metal plate. These waves were captured
by the AE sensor (the specifications are presented in

Table 1 Specifications of the two sensors

Sensor data AE sensor

Type Low power integral preamplifier cylindrical
piezoelectric sensor
Operating 10-100 kHz resonant frequency: 50 kHz

frequency range

Temperature range  — 35 to + 80 °C
Sensitivity 101 dB
Sampling 1 MHz

frequency used

1. AE sensor, 2. Magnetic holder, 3. Continuum material,

4. Granular material

Fig. 4 The arrangement of the AE sensor using a modified magnetic
holder

Table 1) placed on the top of the metal plate using a
magnetic holder, as shown in Fig. 4, which is connected to
a high-sampling data acquisition system (DAQ). The stress
waves have a critical frequency range of 20-100 kHz;
beyond this limit, the results are inconsistent, which was
verified through preliminary investigation and also repor-
ted in the literature [71]. Thus, a sampling frequency of
1 MHz is used to reconstruct a 100 kHz wave without
distortion digitally, which is five times the Nyquist fre-
quency, the minimum sampling frequency required to
avoid aliasing. The apparatus and acoustic emission DAQs
are synchronised to record the interface shear and acoustic
emission responses during the test simultaneously.

@ Springer
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3 Materials and methods
3.1 Particulate materials (soil)

The interface shear tests in the study are conducted using
different soils. A specific size fraction, passing through a
2 mm sieve and retaining on 1 mm, is scalped from the
quarry sand (QS) and glass beads (GB) and oven-dried to
remove any moisture present. Scalping of the sand particles
was carried out to have better control over the size of the
particles and the gradation, as shown in different studies
[20, 32, 78-80], and to conform to the recommendations in
ASTM D3080 [10]. Both sands are classified as poorly
graded sand (SP) with a mean particle size (Dsg) of
1.5 mm. A third sand (AS) of sizes ranging from 2 to 4 mm
is used for the AE and geotextile pull-out tests. The shape
parameters of the sands are determined by an image-based
technique, suggested by Vangla et al. [81]. The average
roundness (R) and average sphericity (Sy;) of QS are found
to be 0.21 and 0.68, respectively, while that of AS is 0.80
and 0.59. The GB have an R of 0.99 and S, of 0.96. QS is
thus characterised as angular, while AS is sub-angular and
GB are well-rounded, as per the criteria suggested by
Powers [65]. The fourth soil (CS) was obtained from a
proposed landfill site and was classified as clay of low to
medium plasticity (CL). All soils were classified as per
United Soil Classification System (USCS) [9]. The angle of
internal friction (¢) of the soils was found from the Mohr—
Coulomb failure envelope described as

Ty = ¢ + 0, * tan(Q) (1)

where 7 is the shear strength of the soil, ¢ is the cohesion
intercept, and g, is the applied normal stress. The relevant
properties of the particulate materials, determined as per
the ASTM standards, are given in Table 2.

3.2 Continuum materials

Several continuum materials, as shown in Fig. 5, were used
in the study to demonstrate the different capabilities of the
apparatus. A fused filament fabrication (FFF) 3D printer
was used to fabricate planar continuum materials with
different surface textures using polylactic acid (PLA)
polymer. The fused filament fabrication (FFF) method of
3D printing was chosen as it is one of the most widely used
methods of 3D printing due to its ease of usage, printing
flexibility, and cost-effectiveness. FFF involves melting
thermoplastic material and depositing it in layers onto a
heated surface to produce 3D models by means of two
extruders that move and accurately dispense the molten
filaments onto the heated bed in thin layers [70, 85]. The
3D-printed continuum surfaces include a plain continuum
surface (termed PLA in the study) for the non-dilative

@ Springer

Table 2 Properties of the particulate material (soil)

Soil Property Value Test method
QS GB AS
Sand  Specific gravity (G) 2.69 2.53 2.65 ASTM D854
[8]
Max. dry unit weight, 159 13.7 15.1 ASTM
KN/M® (gd-max) D4253-16
[11]
Min. dry unit weight, 13.8 132 133 ASTM
KN/m® (€4-min) D4254-16
[12]
Max. void ratio (en.) 092 0.88 095 ASTM
D4254-16
[12]
Min. void ratio (e;,;,)  0.66 0.81 0.72 ASTM
D4253-16
[11]
Angle of internal 464 32.1 46.6 ASTM
friction, deg (¢) D3080 [10]
Cohesion, kPa (¢) 0 0 0
Clay  Liquid limit (%) 37 ASTM
(CS)  Plastic limit (%) 15.5 D4318-17
[13]
Optimum moisture 15.6 ASTM D698-
content (%) 12 [7]
Maximum dry density, 17.85
g4 (KN/m?)
Angle of internal 16.1 ASTM
friction, deg (@) D3080 [10]
Cohesion, kPa (c¢) 21

interfaces, a continuum surface with ribs of height 1 mm
and width 1.5 mm, spaced at 7 mm intervals (PLA_R) for
the dilative interfaces, and a snakeskin-inspired patterned
continuum surface (PLA_S) to study its shear behaviour
with Plaster of Paris (PoP) blocks. These 3D-printed con-
tinuum surfaces have outer dimensions of 180 mm (length)
X 170 mm (width) X 1.5 mm (thickness) and consist of a
patterned area of 180 mm (length) X 136 mm (width) for
PLA_R and PLA_S. The interface shear tests on non-
dilative and dilative tests were also studied using factory-
made HDPE geomembranes of 1.5 mm thickness, one of
which was smooth (GM), and the other was patterned
(GM_P). A non-woven geotextile (GTx) was selected to
study its shear behaviour and deformations under pull-out
conditions. A smooth aluminium plate (AL) of dimensions
400 mm (length) X 300 mm (width) X 5 mm (thickness)
was used for studying the shear response through AE. The
roughness of the PLA, GM and ST was determined using a
stylus profilometer over an evaluation length of 4 mm. The
average roughness (R,) of PLA was found to be 28-32 um,
and that of GM was 2-3 um, while the R, of the AL was
found to be 0.36 um.
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Fig. 5 The continuum surfaces used in the study
3.3 Sample preparation and testing procedure

The sand (QS, GB or AS) was filled and compacted in
layers to a relative density of 80% in the shear box kept
above the clamped continuum material, as per ASTM
D3080 [10]. A suitable gap, as per the particle size, was
maintained between the shear box and the continuum sur-
face using spacers during the sample preparation, which
were removed just before the commencement of the tests.
The CS samples were prepared by compaction in the shear
box using custom-made static compaction equipment to
maximum dry density with optimum moisture content, the
values of which are specified in Table 1. For clay samples,
a gap of 1 mm was provided between the shear box and the
continuum material by placing a 3D-printed sheet of 1 mm
thickness at the bottom of the box before static compaction.
Cubes of PoP with dimensions 100 mm X 100 mm X
55 mm were prepared by taking a water content of 60% of
the total weight of the mix constituent, as suggested by
Sharma et al. [68], and the cubes were cured for 28 days
before testing. The edges and sides of the cubes were
trimmed appropriately to fit into the shear box. All the
samples (QS, GB, AS, CS and PoP) were placed on top of
the clamped continuum material, and the intended normal
stress was applied on top of the sample. The GTx samples
were clamped using a specially designed clamp only at the
back edge of the platform, as shown in Fig. 6, so that a
pull-out force is exerted when the platform is pulled
backwards using the stepper motor. Some QS particles
were coloured to obtain texture for the DIC, while the GTx
was spray-painted for texturing. A displacement rate of
1 mm/min, as per ASTM D5321 [14], was adopted in all
the interface shear tests, except for the continuum—

continuum (PoP-PLA_S) interface shear tests, where a
higher displacement rate of 9 mm/min was adopted to
simulate the requirement of the intended application.

All the sensors used in the apparatus, namely the hori-
zontal and vertical LVDTs (ASTM E2309 [17]) and the
horizontal and vertical load cells (ASTM E4 [16]), were
calibrated before the tests. For the acoustic emission
studies, the Hsu—Nielsen (H-N) fracture source test, which
is also known as a pencil lead breakage (PLB) test, was
conducted before every experiment to verify the proper
contact between the sensor and the metal plate and the
accuracy.

4 Results and discussion
4.1 Repeatability of test results

A series of trials were conducted to ascertain the stability
of the apparatus and the repeatability of the test results of
the different interfaces. For instance, the shear stress—hor-
izontal displacement responses of the repeatability trials of
the QS—PLA and the CS-PLA interfaces at 20 kPa normal
stress are presented in Fig. 7a and b, respectively. The
close match of the shear stress—horizontal displacement
responses of both QS-PLA and CS-PLA interfaces con-
firms the repeatability of the test results. Further, the sta-
tistical analysis of the repeatability test results shown in
Fig. 7 is presented in Table 3. Statistically, the repeata-
bility, or the variability in the results of the tests, can be
expressed using the coefficient of variation (V), as seen in
some studies [22, 30, 69]. The coefficient of variation (V) is
defined as:
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Fig. 6 Clamping arrangement of the GTx for pull-out tests
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5 i —®—Trial 1 5 —=— Trial 1
—A— Trial 2 —A— Trial 2
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0 T T T T T T 0 T T T T T T T
0 25 5 7.5 10 12.5 15 17.5 20 0 2.5 5 7.5 10 12.5 15 17.5 20
Horizontal Displacement (mm) Horizontal Displacement (mm)
Fig. 7 The repeatability test results of a QS—-PLA, and b CS-PLA
Table 3 Statistical analysis of the repeatability test results
Interface Trial No Peak shear stress, kPa Residual shear stress, kPa Mean shear stress Standard Coefficient of
om, kPa deviation, X, variation (V), %

Peak Residual Peak  Residual  Peak Residual

QS-PLA 1 19.40 17.16 19.43 17.80 0.06 0.58 0.30 3.28
2 19.50 18.30
3 19.40 17.95

CS-PLA 1 16.00 13.33 16.30 13.43 0.30 0.33 1.84 247
2 16.60 13.16
3 16.30 13.80
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Om
V=— 1
where:

o, 1s the standard deviation of the data,

X,, 1s the mean of the data.

It can be seen from Table 3 that the V of both interfaces
is well within the ranges observed and suggested by Sia
and Dixon [15] and Fowmes et al. [30]. Further, the
V values are also in agreement with the large data set of
interface shear test values presented in Dixon et al. [16],
thereby indicating that the accuracy of 1 N of the data
acquisition system of the apparatus is sufficient and
acceptable. Thus, the newly developed apparatus is capable
of producing reliable and repeatable test results for dif-
ferent interfaces.

4.2 Conventional and fixed box configurations

This section presents and discusses the ability and accuracy
of the apparatus to accommodate both the conventional and
the fixed-box set-up. Interface shear tests were conducted
at 20 kPa, 40 kPa and 80 kPa normal stresses with QS—
PLA interface, using both fixed box arrangement and the
conventional set-up. Figure 8a presents a comparison of
the shear stress—horizontal displacement responses of the
QS-PLA interface at 20 kPa, 40 kPa and 80 kPa normal
stresses for both the fixed box and the conventional con-
ditions, while Fig. 8b presents the corresponding Mohr—
Coulomb failure envelopes. It can be seen that the shear
stress—horizontal displacement responses are higher in the
fixed box condition than in the conventional set-up. The

10 —=— 20 kPa (FB) —=— 20 kPa (CB)

—a— 40 kPa (FB) —A— 40 kPa (CB)
—e— 80 kPa (FB) —e— 80 kPa (CB)

1 T
0 2.5 5 7.5 10

T T
12.5 15 17.5 20

Horizontal Displacement (mm)

interface friction angle of the fixed box set-up, obtained
from the Mohr—Coulomb failure envelope, is 1.6° higher
than the conventional set-up. Thus, it appears that the fixed
box test set-up slightly overestimates the interface friction
angle. The increase in the interface shear stress could be
due to the additional stresses that develop along the
boundaries of the stationary fixed box, as more sand par-
ticles are pressed against them during the shearing. Further,
Fig. 9 presents a photograph of the shear box after the
interface shear tests of the QS—PLA in both the fixed box
(Fig. 9a) and the conventional set-up (Fig. 9b). It can be
seen from Fig. 9 that there is a significant rotation of the
load plate of about 5° with the centre of the box, or the
point of the application of the load in the conventional test
set-up, while the rotation of the load plate is negligible in
the fixed box condition. It can also be noticed from Fig. 9b
that the leading edge of the box is raised 1° higher than the
trailing edge. Such a rotation can make the edges of the box
in contact with the continuum surface and lead to unde-
sirable stress concentrations. Hence, despite the ease of
usage, it is recommended that the conventional set-up be
used only in interfaces where significant box rotations are
not expected. In other interfaces, such as the continuum—
continuum, AE studies, and geotextile pull-out tests
reported in the study, the fixed box configuration has been
used to simulate the suitable test condition according to the
application.

(b) 100

90

® FB
. ® CB
80

70

60
] Sy = 3829 (4
50

& 0
] 8y = 36.6
40

Peak Shear Stress (kPa)

30

0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Normal Stress (kPa)

Fig. 8 a The shear stress—horizontal displacement responses of QS—PLA in the fixed box (FB) and conventional (CB) test set-ups at 20 kPa,
40 kPa and 80 kPa normal stresses, and b the corresponding Mohr—Coulomb failure envelopes
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Fig. 9 Photographs showing the shear box at the end of the interface shear tests for a fixed box test set-up, and b conventional test set-up

4.3 Interface shear tests
4.3.1 Particle-continuum interfaces

This section demonstrates the sensitivity of the apparatus to
accurately capture the shear behaviour of the different
particle—continuum interfaces. For this purpose, a series of
interface shear tests were conducted on several non-dilative
(QS-GM, QS-PLA, GB-GM and CS-GM) and dilative
(QS-PLA_R and QS-GM_P) interfaces on the apparatus,
focussing on different influential parameters such as the
shape of the soil particles, the continuum surface properties
and the type of the soil. Non-dilative interfaces are those
interfaces in which the size of the soil particles is larger
than the continuum surface roughness or asperities, while
dilative interfaces are those interfaces where the soil par-
ticle sizes are small compared to the significant continuum
surface roughness [24, 25]. The interface shear responses
of the different interfaces are presented as shear stress—
horizontal displacement plots, and the interface friction is
quantified using the friction angles obtained from the
Mohr—Coulomb failure envelopes.

Non-dilative interfaces: Several studies have shown that
the shape, or the angularity of the sand particles, influences
the shear behaviour of the sand—continuum interfaces
[31, 63, 78, 87]. This is particularly true for interfaces
where the shearing resistance is predominantly through a
ploughing mechanism, such as the non-dilative interfaces
between sand and polymeric continuum materials like PLA
and GM. These studies point out that the more angular the
sand particles are, the higher the interlocking to the con-
tinuum and the larger the shear resistance mobilised at the
interface. This behaviour is clearly visible from the results
of the tests on QS and GB from the apparatus, presented as
shear stress—horizontal displacement responses at 20 kPa,
40 kPa and 80 kPa normal stresses for the QS—-GM and
GB-GM interfaces in Fig. 10a. QS, being more angular
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than the rounded GB, interlock and establish effective
contacts with the continuum surfaces and hence mobilise
larger interface shear resistances. As the normal stress
increases, the angular particles start ploughing into the
continuum surface, which could again result in an increase
in the interface frictional resistance. Thus, the interface
friction angles of the QS—-GM (31.7°) and GB-GM (23.6°)
show significant variation, despite the sand particles being
the same size, as shown in Fig. 10d.

It is well-established in the literature that the continuum
surface roughness [23, 60, 75, 76, 79] is a prominent
parameter influencing the shear behaviour of soil-contin-
uum interfaces. These studies have shown that as the sur-
face roughness of the continuum surface increases, the
shear resistance at the interface increases, which is also
evident from the shear stress—horizontal displacement
responses of the QS—PLA and the QS—GM interfaces given
in Fig. 10b, and the corresponding failure envelopes. The
increase in the interface shear resistance of the QS-PLA
compared to the QS—-GM can be attributed to the pecu-
liarity of the 3D-printed continuum surfaces. The 3D-
printed continuum materials have an additional micro-
roughness imposed on their surfaces by the 3D printer
itself. The magnitude and extent of the secondary rough-
ness depend on the resolution or accuracy of the 3D printer.
The secondary roughness of the PLA results in more
resistance to the movement of the soil particles during
shear, which results in higher interface frictional resistance
in the QS—PLA interface. The interface friction angle of the
QS-PLA interface is 15.6% higher than that of the QS-GM
interface. Similar results were also observed by Gayathri &
Vangla [33], who found that the secondary roughness can
indeed have a significant effect on the shear behaviour of
soil—3D-printed continuum interfaces, and the effect can
be much more prominent for clay interfaces than sand
interfaces.
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Fig. 10 The shear stress—horizontal displacement responses of a QS—GM and GB-GM, b QS-PLA and QS-GM, and ¢ CS-GM at 20 kPa,
40 kPa and 80 kPa normal stresses, and d the Mohr—Coulomb failure envelopes of QS—PLA, QS-GM, GB-GM and CS-GM

The CS-GM interface, as shown in Fig. 10c, shows a
different shear response than that of the QS—-GM and GB-
GM interfaces. The peak shear stresses mobilised by the
CS—-GM interfaces are smaller than those of the QS-GM
and the GB-GM interfaces. The clay sample has a non-
discrete cohesive nature, and hence, the shear resistance
mobilised at the CS—GM interface is due to a combination
of adhesion and sliding along the continuum material,
unlike the typical sliding or ploughing of the sand particles.
The CS-GM interfaces also exhibit a strain-softening
behaviour, which is typical of compacted clay—smooth
geomembrane interfaces, as seen from the literature
[19, 28, 36].

Dilative Interfaces: Dilative interfaces are the most
common interfaces found in geotechnical applications. The
increased surface roughness of the continuum materials in
the dilative interfaces enhances the frictional properties at
the interfaces. Hence, these are widely used in the design of

stable and efficient interfaces in geotechnical engineering
applications, such as landfill liner systems, deep founda-
tions, mechanically stabilised slopes, retaining walls and
soil anchors [3, 4, 72, 74]. The interface shear behaviour of
the dilative interfaces in the study is demonstrated using
QS-PLA_R and QS—-GM_P interfaces.

The shear stress—horizontal displacement responses of
QS-PLA_R and QS-GM_P interfaces show significantly
different behaviour than their non-dilative counterparts
(QS-PLA and QS-GM). Both QS-PLA_R and QS-GM_P
interfaces have significantly higher shear stress values, as
shown in Fig. 11a. The increase can be attributed to the
higher surface roughness of the continuum surface and the
associated change in the mechanism of the particle inter-
action. Both QS-PLA_R and QS-GM_P have surface
asperities that cause additional resistance to the motion of
the sand particles at the interface, which consequently
gives rise to a higher interface frictional resistance. Thus,
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there is a significant increase in the peak interface friction
angles of the dilative interfaces, as shown in Fig. 11b. The
higher peak interface friction angles of QS-PLA_R and
QS-GM_P also result in efficiency values higher than 1.
Efficiency (E) of the interfaces is defined by Koerner [47]
as:

_ tan(d;)

k= tan(J;)

(3)

where J, is the angle of internal friction of the surrounding
soil, and J; is the interface friction angle. Efficiency values
greater than 1 are common in dilative interfaces [25, 56],
especially in ribbed interfaces due to the generation of
additional passive resistances [57, 84].
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Both QS-PLA_R and QS-GM_P interfaces also exhibit
a more prominent strain-softening behaviour than the non-
dilative interfaces, as clearly visible from Figs. 10 and 11.
Several studies [26, 38, 66] have shown that strain soft-
ening in coarse-grained soils is rarely a true material
property but rather a result of the inhomogeneous defor-
mation at the shear plane. Both PLA_R and GM_P gen-
erate a plane of highly inhomogeneous deformation at the
interface due to their high surface roughness and, conse-
quently, cause a significant reduction of post-peak shear
strength in the dilative interfaces, unlike the non-dilative
interfaces.

A major distinction between the non-dilative and dila-
tive interfaces is their shearing-associated volume changes,

as shown in Fig. 12, which shows the vertical
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Fig. 12 The vertical displacement—horizontal displacement response of the a dilative and b non-dilative interfaces
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displacement—horizontal displacement plots of the dilative
and non-dilative interfaces in Fig. 12a and b, respectively.
It can be seen that the vertical displacements are signifi-
cantly higher in the dilative interfaces than in the non-
dilative interfaces, which show negligible volume change
during shearing. Non-dilative interfaces have small volume
changes at the interface, and the soil above the interfaces
does not participate in the shearing process, while dilative
interfaces encounter significant volume changes [24, 25]
and result in noticeable shear zones. It is also observed that
the vertical deformation is lower at higher normal stress
due to the constraint exerted by the higher normal stresses.
Thus, it is evident that there exists a zone of high defor-
mation at the dilative interfaces, called the shear zone,
which can be visualised and analysed using non-contact
deformation measurement techniques like DIC, which is
further discussed in subsequent sections.

4.3.2 Continuum-continuum interfaces

Recent years have seen the introduction of several inno-
vative interfaces in geotechnical engineering. An example
of such an interface is the frictionally anisotropic snake-
skin-inspired interfaces [34, 35, 55, 58, 82]. Such interfaces
often consist of continuum surfaces with intricate texture or
patterns and involve investigating the shearing behaviour
between different particulate and continuum materials.
This section demonstrates the capability of the apparatus to
investigate such complex interfaces. For this purpose, a
series of tests are conducted on PLA_S with PoP blocks,
which are used to simulate a weak rock mass in the labo-
ratory [68, 82]. The tests were done at higher normal
stresses (100 kPa, 200 kPa and 300 kPa).
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The peculiarity of a snakeskin-inspired pattern is the
direction-dependent frictional resistance, owing to the
orientation of the patterns. The patterns have a right-tri-
angular orientation where the hypotenuse rises at an angle
of 13° to meet the right side. Thus, two different shearing
resistances are developed at the interface depending upon
the direction of shearing, with one direction mobilising
higher shear stress (cranial) than the other (caudal). The
difference in the frictional resistances in the cranial and
caudal directions is called frictional anisotropy [37, 59, 67]
and can be quantified in terms of the interface friction
angles [35]. Figure 13a presents the shear stress—horizontal
displacement responses of the PoP-PLA_S interface at
100 kPa, 200 kPa and 300 kPa normal stresses for both
cranial and caudal directions, and Fig. 13b presents the
corresponding Mohr—Coulomb failure envelopes.

It is clearly evident from Fig. 13a that the shear stress
developed in the cranial and caudal directions is vastly
different. The cranial direction mobilises significantly
higher shear stresses than the caudal direction at all normal
stresses and exhibits a significant strain-softening beha-
viour after a prominent peak. These differences can be
attributed to the difference in the interaction of the PoP
blocks with the scale angles of the snakeskin-inspired
continuum surface. The cranial direction shearing
encounters the patterns at a 90° angle, and hence, there is a
higher resistance to the shearing than the caudal direction
shearing, where the angle is less steep at 13°. The larger
resistance in the cranial direction also leads to more
wearing of the PoP. The sharp reduction in the post-peak
strength in the cranial direction, as shown in Fig. 13a, can
be attributed to the sudden drop in the contact points
between PoP and PLA_S due to the continuous movement
of the continuum surface, leading to larger inhomogeneity
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Fig. 13 The shear stress—horizontal displacement response of POP-PLA_S interface at 20 kPa, 40 kPa and 80 kPa normal stresses for cranial and

caudal directions, and b corresponding Mohr—Coulomb failure envelopes
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and disturbance. These differences lead to a significant
frictional anisotropy of 13.6° in the PoP-PLA_S interface,
as evident from the Mohr—Coulomb failure envelopes
given in Fig. 13b and is significantly higher than the fric-
tional anisotropy observed in snakeskin-inspired patterns
and sand interfaces [35, 58].

4.4 Image analysis capabilities
4.4.1 Visualisation and analysis of shear zones

Digital image correlation (DIC) is an excellent and
promising tool to analyse and visualise the non-uniformi-
ties in the stresses and strains at the interface in a direct
shear test set-up. The visualisation and analysis of shear
zones in a soil-continuum interface, particularly a dilative
interface, are of prime importance for the complete
understanding of their peak and post-peak shear response.
The development of the shear zones of QS-PLA_R inter-
faces is analysed using the images captured throughout the
shearing process to demonstrate the capability of the
apparatus to accommodate DIC for the visualisation of the
shear zones. To this end, the DIC analysis of the tests on
the QS—PLA_R interface is carried out for the peak shear
stress condition and at 8 mm horizontal displacement,
which is where the shear stress reaches a constant value
and the shear bands may be developed completely, for both
20 kPa and 80 kPa normal stresses, as observed in Fig. 11.
The images captured using the CMOS cameras from the
side of the shear box were converted to grey-scale and
analysed using Ncorr, which is an open-source 2D Digital
Image Correlation (2D-DIC) MATLAB software [18]. The
images used in the DIC analysis were found to have a
resolution of 25 pixels/mm, or 37.5 pixels/grain. The hor-
izontal deformation colour maps of the QS—-PLA_R inter-
face at 20 kPa and 80 kPa normal stresses at the peak shear
stress are given in Fig. 14a and d, respectively, while the
same at 8 mm horizontal displacement of the platform is
given in Fig. 14b and e, respectively.

It can be seen from Fig. 14a and d that at the peak, thin
and almost horizontal shear bands have developed exclu-
sively at the interface, with minimal soil deformation
occurring above these shear bands, for both normal stres-
ses. This pattern indicates a quasi-simple shear mode of
deformation, as reported by Shibuya et al. 1997. However,
it can be seen from Fig. 14b and e that there exists a zone
of high horizontal deformation, known as the shear zone, at
the interface, at both the normal stresses at 8 mm dis-
placement. The soil above these zones has shown some
horizontal displacements, which may indicate the devel-
opment of non-uniform strains in the sample after the peak.
These observations are aligned with the image analysis
results of Vangla and Gali [77], who demonstrated that the
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independent rotation of the soil sample and shear box in the
conventional shear box arrangement while shearing indu-
ces some deformation in the soil above the shear zones at
the interface after achieving the peak shear stress. Vangla
and Gali [77] also observed that the conventional shear box
arrangement and symmetric loading arrangement (as sug-
gested by Jewell [43]) yield similar peak shear stress
responses with minimal variations in post-peak response
for dilative interfaces compared to the fixed box arrange-
ment. However, the shear responses of non-dilative inter-
faces remain unaffected by the fixity or arrangements of the
shear box. These findings suggest that non-uniform strains
are mainly observed after achieving peak shear stress in the
conventional shear box arrangement for dilative interfaces
and are evident from the DIC analysis of the QS—PLA_R
interfaces as well. It is also clear from Fig. 14b and e that
there are comparatively larger deformations of the QS
particles at 20 kPa normal stress than at 80 kPa normal
stress. The thickness of the shear zone is also higher at
20 kPa normal stress than at 80 kPa normal stress. It is
interesting to note that the fully developed shear zones in
Fig. 14b and e are not horizontal throughout the length of
the sample and vary from thinner at the edges of the sample
to thicker at the centre. At the edges, the shear zone is, in
fact, in the form of a slanting plane, as observed in [41, 62]
and could be due to the boundary effects exerted by the
sides of the shear box on the sand samples.

The quantitative insights into the shear-induced defor-
mation and the shear zones of sand—continuum interfaces
the horizontal displacement values of the QS-PLA_R
interface, as obtained from the DIC analysis of the shear
tests at 20 kPa and 80 kPa normal stresses, for the entire
sample height are compared to assess the shear zone
thickness, as shown in Fig. 14c and f. The average hori-
zontal displacements at the centre of the shear box are
considered in the figure as these are free from the boundary
wall effects.

It is clear from Fig. 14c and f that the thickness of the
shear zone is higher at 20 kPa normal stress than at 80 kPa
normal stress and is 17 mm, which is approximately 11
times D5, of QS. On the other hand, the shear zone
thickness at 80 kPa normal stress is 11 mm or approxi-
mately 7 times Ds,. It is also clear that the magnitude of the
total horizontal displacement of the QS particles is higher
at 20 kPa normal stress than at 80 kPa normal stress
throughout the shear zone. Figure 14c and f also shows the
negligible value of deformation that occurs at the peak
shear stresses at both 20 kPa and 80 kPa normal stresses.

Thus, the DIC analysis of the shear zones proves the
confinement effect of the higher normal stresses that con-
strict the movement of the sand particles, consequently
reducing the dilation of the sand at the interface, in addition
to acting as a tool to visualise the progression and
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Fig. 14 The horizontal deformation colour maps of QS-PLA_R interface at peak shear stress for a 20 kPa normal stress, at § mm horizontal
displacement for b 20 kPa normal stress, and e 80 kPa normal stress; the horizontal displacements at the centre of the samples at peak shear
stress and at 8 mm displacement for ¢ 20 kPa normal stress, and f 80 kPa normal stress

development of shear zones as the shearing progresses and
quantitatively measure the soil deformation and thickness
of the shear zone. The use of DIC to arrive at a quantitative
understanding of the shear behaviour of dilative soil-con-
tinuum interfaces has also been demonstrated by Gayathri
& Vangla [32] and those of non-dilative interfaces by
Kandpal & Vangla [45].

4.4.2 Visualisation and analysis of geotextile elongation

Interface pull-out shear tests are conducted for the AS—
GTx interfaces at 25 kPa, 50 kPa and 100 kPa to demon-
strate the ability of the apparatus to capture and visualise
the deformation of the entire shearing area from the bottom
of the sample and not only at discrete locations. The shear
stress—horizontal displacement responses of the AS-GTx
interfaces show a strain-hardening behaviour up to 30 mm
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GTx interface

horizontal displacement, as shown in Fig. 15. For the range
of horizontal displacement considered (i.e. up to 30 mm),
such a strain-hardening behaviour has also been observed
by several studies [2, 53] and may indicate that a full-
failure of the geotextile fibres has not taken place. How-
ever, the initial pull-out response, which is critical for
analysing the various modulus, Hookean and non-Hookean
regions of the geotextile, was captured. Further, analysis
through DIC was carried out to get more insights into the
shear response at this region, the results of which are
presented below.

Longitudinal
Deformation

Lateral
Deformation

The results of the DIC analysis of the interface pull-out
tests for the area of contact of the sand inside the shear box
and the geotextile at 30 mm horizontal displacement,
analysed using Ncorr, are shown in Fig. 16. Aiban and Ali
[2] noticed that the lateral pressure (or the pull-out stress) is
higher at the front wall and drops rapidly with increasing
distance from the front wall. Thus, the effect of the pull-out
load is not as pronounced at the back edge as at the front
edge. This phenomenon is clearly indicated in Fig. 16,
which shows that the longitudinal deformation (deforma-
tion along the direction of pull-out) is higher at the front
wall of the shear box than at the back end at all three
normal stresses. This can be attributed to the increase in the
area of contact of the soil with the geotextiles from the
front wall towards the back wall of the box. It can also be
noticed that the lateral deformation (deformation perpen-
dicular to the direction of pull-out) is more at the front
corners of the shear box and comparatively uniform for the
rest of the box. Both longitudinal and lateral deformations
are higher at 25 kPa normal stress and decrease as normal
stress increases to 100 kPa. This can be attributed to the
confining effect of the higher normal stresses that prevents
or restricts the pull-out of the geotextiles.

4.5 Acoustic emission in interface shear tests

To quantify and visualise the recorded acoustic emission,
ring down count (RDC) and spectrogram are used. RDC is
defined as the number of points the digitally reconstructed
waveform of the AE crossed a predefined threshold value,
as shown in Fig. 17a. While the RDC shows the AE in the

100 kPa

Pull-out Direction

Fig. 16 The longitudinal and lateral displacements of the AS-GTx interface through DIC analysis
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Fig. 18 Shear response of AS-AL interface superimposed on the spectrogram of AE generated during shear at a 100 kPa, b 200 kPa, and

¢ 300 kPa, along with the d RDC and e tan(d) vs. ¢ plot

time domain, a spectrogram is a visual representation of a
signal’s frequency content over time, displaying how the
intensity of various frequencies changes with time using a
colour bar, presented in Fig. 17b. The x-axis of the spec-
trogram typically denotes time, often measured in minutes
or seconds. Given that experiments are conducted at a
displacement rate of 1 mm/min, the units on the x-axis in
spectrograms can be minutes or millimetres (mm). The
shear response of the interfaces is superimposed on the

spectrogram of the respective AE response to compare and
visualise their distribution of the frequencies
intensities.

The AS—-AL interfaces were tested under three different
normal stresses (100 kPa, 200 kPa, and 300 kPa) in the
fixed box configuration to investigate the correlations
between the AE and their shear responses. The superim-
posed plots of interface shear responses on the spectro-
grams, along with RDC and peak secant friction coefficient

and
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(tan(d)) vs normal stress (o) plots, are presented in Fig. 18.
With increasing normal stress the peak shear stress
increases in all the interfaces as shown in Fig. 18a—c.
However, the shear responses exhibit a similar trend where
the shear stress increases gradually and becomes plateau
with no apparent failure point. Furthermore, the increasing
trend in Fig. 18e indicates that the interface failed due to
the combined action of ploughing and sliding [24].

The spectrogram shows that the intensities of frequen-
cies increase significantly after the shear stress reaches a
plateau or almost constant. In the initial stage, where the
increase in shear stress is noticed, no intense bands of AE
are observed, as the particles have the least deformations.
In the plateau zone, the lower hardness of the aluminium
allows particles to plough into the surface, induces addi-
tional shearing stress, and maintains almost constant shear
stress. This additional stress in the plateau zone causes
particle rearrangement [45], resulting in breakage and
derailment, generating high AE ranging from 20 to
100 kHz. The AE response in the time domain represented
by RDC also supports the hypothesis that a significant
increase in the RDC is observed at higher displacement,
especially during the plateau zone of the interface shear
response. With increasing normal stress peak, RDC
increases, establishing a strong correlation between the
RDC and the applied normal stress. Hence, the sliding and
ploughing of the interfaces can be identified using the AE
released by the interface during shearing.

5 Conclusions

The design and functioning of a versatile interface direct
shear test apparatus are presented in the paper. The appa-
ratus can support the testing of several particle-continuum
as well as continuum—continuum interfaces and can also
accommodate different advanced contact and non-contact
sensors to gain insights into their interface shear response.
The major conclusions drawn from the study are:

e The rotation of the shear box and the loading plate
during the interface shear tests can be minimised by
adopting the fixed-box configuration. It is recom-
mended that a fixed-box configuration be adopted for
interface shear tests where considerable rotation of the
shear box is expected or not desired, such as in acoustic
emission studies and geotextile pull-out tests.

e The angular particles mobilise higher interface shear
stress than the rounded ones, and the sand interface
shear response of the clay soil is significantly different
than that of the non-dilative interfaces. The presence of
the micro-roughness of the PLA also resulted in
noticeable changes in the interface shear response of
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the sand—continuum non-dilative interfaces. The dila-
tive interfaces exhibit significantly different shear
stress—horizontal displacement responses than the non-
dilative interfaces, with higher interface shear stress
values and a post-peak strain-softening. The vertical
displacements of the dilative interfaces are also con-
siderably higher than the non-dilative ones. The results
confirm the sensitivity of the apparatus to appropriately
capture the effect of particle shape, normal stress, type
of soil, and the continuum materials on different
dilative and non-dilative interfaces. Further, the appa-
ratus produces repeatable test results for different
interfaces and the coefficient of variation of the
repeatability trials falls well within the reported range.

e The capability of the apparatus to accommodate
continuum—continuum interfaces is demonstrated
through PoP and an innovative snakeskin-inspired
patterned interface. It is observed that the shearing in
the cranial direction resulted in a 13.6° increase in the
interface frictional angle than shearing in the caudal
direction, thus confirming the interface frictional
anisotropy of the snakeskin-inspired patterns.

e The DIC analysis of the interface shear tests showed
that a shear zone exists at the dilative interface. The
thickness of the shear zone reduces as the normal stress
increases due to the constraining effect of the normal
stress. The provisions in the apparatus to place the
camera sensors at the bottom of the sample facilitate
novel insights into the pull-out behaviour of geotextiles,
and the results showed that the lateral deformation of
the geotextile is much lower than the longitudinal
deformation, which decreases as the distance from the
front wall of the shear box increases. The longitudinal
deformation of the geotextiles also decreases as the
normal stress increases due to the confining effect of the
higher normal stresses that prevents or restricts the pull-
out of the geotextiles.

e The provisions of AE in the apparatus can accurately
quantify and correlate the AE with the interface shear
response, which can pave the way for advanced and
insightful interface shear response studies. The RDC
and spectrogram of the AE can be used to identify the
characteristics of the shear response at various dis-
placements, which can be used to develop AE-based
devices to monitor soil-metal interfaces.

The apparatus is a valuable addition to the experimental
capabilities of the Indian Institute of Technology Delhi. It
can facilitate extensive studies on different interfaces to
gain novel and essential insights and acoustic and shear
strength parameters.
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