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Abstract: The study of soil–structure interface behavior contributes to the fundamental understanding
of engineering performance and foundation design optimization. Previous research studies the effect
of soil characteristics and surface roughness property on the soil–material interface mechanism via
interface shear test. The reviews utilizing past established laboratory studies and more recent tests
based on state-of-the-art technologies reveal that surface roughness significantly affects interface
shear performances in the studies of soil–structure interactions, especially in peak shear strength
development. A preliminary but original investigative study by the authors was also carried out
using a sophisticated portable surface roughness gauge to define the material surface roughness
properties in order to study the interface behavior parametrically. Additionally, using the authors’
own original research findings as a proof-of-concept innovation, particle image velocimetry (PIV)
technology is applied using a digital single-lens reflex (DSLR) camera to capture sequential images of
particle interactions in a custom-built transparent shear box, which validate the well-established four-
stage soil shearing model. The authors also envisaged that machine learning, e.g., artificial neural
network (ANN) and Bayesian inference method, amongst others, as well as numerical modeling, e.g.,
discrete element method (DEM), have the potential to also promote research advances on interface
shear mechanisms, which will assist in developing a greater understanding in the complex study of
soil–structure interactions.

Keywords: interface shear test; surface roughness; critical roughness; random or ribbed surface
roughness; friction development; PIV technology

1. Introduction

Soil–structure interfaces play key roles in transferring construction gravity and external
loads from the substructures to the ground. The research on soil–structure interface mech-
anism and behavior is critical for geotechnical engineering applications. In recent years,
advancements in technology have influenced how designs are conceptualized, considering
sustainability aspects [1–4], challenges faced in laboratory soil tests [5,6], soil–structure
simulations [7,8], and inferior in situ geomaterial conditions requiring biological [9–14]
or chemical stabilization [15–17]. For instance, the study of the effects of the interface
on soil–structure interactions have benefitted from this technological advancement to
include the design of deep foundations [18–23], pavement–subgrade behavior [24,25], tun-
neling [26–33], mechanically stabilized geogrid retaining walls, and ground improvement
in soft soils [34–36]. For example, in the design of deep foundations, static and dynamic
pile load tests provide the necessary evidence-based field observational results to verify the
accuracy and reliability of the initially adopted pile design parameters. Previous research
conducted via the conventional static load tests evidenced that the designed pile shaft ca-
pacities in many projects had been grossly over-designed due to the lack of reliable pile–soil
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interface parameters [37,38]. As a result, it is not uncommon that the construction costs of
deep foundations often account for 20–25% of the total costs of the project [37], which is
economically unsustainable. Thus, understanding the soil–structure interface mechanism
can help contribute to potentially greater savings in the design of pile foundations. In
another example, it has been shown that installing underground sewers via the pipe jacking
method would induce varying jacking forces according to the traversed geological layers
during jacking operations [28,30,39]. Pipe jacking forces that are over-predicted will result
in pipe wall fractures or excessive ground heave, whereas under-predicted jacking forces
will prevent the micro-tunneling boring machine (MTBM) from breaking through the re-
ceiving shaft or cause the collapse of the tunnel face excavation, leading to ground loss [40].
As such, it is evident that the influence of surface roughness not only contributes to the
economics of underground construction, but also seeks to enhance construction safety.

The research carried out on the influence of surface roughness is often closely associ-
ated with the understanding of particle characteristics as well. Normally, such studies are
conducted via the conventional shear tests and interface shear tests. Based on conventional
shear test results, Coulomb (1773) defined a linear failure envelope for soil limit states and
found that fully developed shear resistance results in shear failure [41]. The fully developed
shear resistance, also known as soil shear strength, has been determined using laboratory
and field tests. Even though soil characteristics obtained from conventional shear tests may
be used to broadly predict general soil–structure behavior of localized geostructures (e.g.,
retaining wall in the plane-strain direction), some engineering applications involving linear
infrastructure, such as tunneling, pipe jacking, and pavement–subgrade interactions, would
require greater accuracy due to the often varying geological profiles in the plane-stress (hor-
izontal) direction. For example, Staheli (2006) conducted interface direct shear tests using
granular materials and various pipe materials with varying surface roughness to analyze
pipe jacking forces [42]. Based on the test results, the frictional jacking force model was
established for granular materials, but it was only applicable to unlubricated jacking drives,
hence the obvious limitation of the research to mimic real-life phenomena. Even though
surface roughness [43,44] has significant influences on the interface shear mechanisms,
other interface characteristics, such as surface hardness [45], particle angularity [46,47],
mean particle size [48], particle breakage [49], and confinement condition [50,51], have also
been found to affect the soil’s shear behavior [28,29,52,53]. Peerun et al. (2020) successfully
conducted direct shear tests on reconstituted rock spoil from various geological lithologies
to develop a mathematical model to reliably determine the often-elusive effective jacking
forces to propel MTBM forward in a typical tunneling project [30]. Similarly, in the research
of [54], the strength parameters of the reconstituted rock spoil were determined and then
integrated into the jacking force model using direct shear tests to provide an accurate
jacking force prediction. From the discussions above, it is clear that the development of
friction is complex, as it involves many other parameters that are difficult to quantify for
consistent use in design.

Therefore, in this review paper, conventional shear tests, such as the (i) direct shear
test, (ii) simple shear test, and (iii) ring shear test, are carefully reviewed in terms of their
operating procedures, advantages, and disadvantages to study soil shear strength. This is
then followed by the review of the critical factors, such as (i) surface roughness, (ii) parti-
cle angularity, (iii) mean particle size, (iv) surface hardness, (v) particle breakability, and
(vi) confinement condition, that influence the complex behavior of soil–material interfaces
in soil–structure interaction problems. Due to the historical challenges in observing and
describing the microscopic-level interface interactions, a proof-of-concept innovative trans-
parent Perspex shear box has been designed, fabricated, and commissioned by the authors
to help with the visualization process, with preliminary results discussed. In tandem, the
effectiveness of integrating the shear testing with technologically advanced visualization
tools, such as (i) particle image velocimetry (PIV) and (ii) discrete element modeling (DEM),
is reviewed and investigated. Finally, the potential use of machine learning techniques,
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such as (i) artificial neural network (ANN) and (ii) Bayesian updating process, are discussed
with respect to practical engineering soil–material interface applications.

This review paper develops the understanding of soil–structure interactions due to
surface roughness and particle characteristics. Understanding and results derived from
past research, as well as the authors’ own original results using the direct shear test (DST)
method, are presented and discussed in detail. Particle image velocimetry (PIV) technology
is the main analytical tool championed by the authors and has also been integrated into
this review paper as a means for verification to increase the confidence levels of the
results presented herein. Furthermore, other supplementary methods to enhance the
understanding of soil–structure interactions are also briefly introduced, such as neural
network, DEM, 3D printing, and Bayesian method.

2. Conventional Shear Tests

Conventional shear tests that will be discussed in this paper are (i) direct shear test,
(ii) simple shear test, and (iii) ring shear test, which measure the soil shear strength.

2.1. Direct Shear Test

Direct shear tests (Figure 1) are simple to conduct and have typically been used
for site investigation and foundation design. It has been widely used for shear strength
characteristics of granular material. Additionally, the soil sample is prepared with a small
thickness, which allows the pore water pressure to dissipate rapidly. The shear box is
sheared along the predetermined failure plane, with constant tangential shear force or
displacement while applying a normal force on the sample [55]. While the peak shear
strength and residual strength are measured by S-type load cell, vertical and horizontal
displacement are recorded by linear variable differential transformers (LVDTs) (see Figure 2).
Based on a linear graph of shear stress against normal stress, the slope and the intercept
value represent soil friction angle and cohesion stress. The equipment setup and test
procedures of the direct shear test are fully detailed in ASTM D3080 and AS1289.

Figure 1. Direct shear test apparatus (HM-382F) produced by Gilson company. This original direct
shear apparatus has since been modified by the authors for use as an interface shear apparatus.
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Figure 2. DST apparatus used in this research.

There are three kinds of DST methods: the slow shear test (or S-test), quick shear test
(or Q-test, with the speed of 0.02 mm/min), and consolidated quick shear test. The Chinese
standard [56,57] recommends the quick shear test for site investigation and requires that
each soil type be tested at least four times. The specimen of DST is confined by a rectangular
or circular metal shear box, usually circular, with 61.8-mm-diameter width and 20-mm
height. Australian standards recommend slow shearing tests for peak shear strength and
residual shear strength. The procedures of direct shear tests are shown below in Federal
Highway Administration (FHWA) and AS 1289 6.22 [56]:

1. Place the top half of the shear box on the bottom one with two clamping screws fixed,
as shown in Figure 3.

2. Fix the retaining plate and the perforated grid plate, and the shearing force is perpen-
dicular to a serration orientation of the plate.

3. Fix the perforated grid plate and the loading pad on top, and then place the assembly
into the water chamber; slot the end onto the pushrod.

4. Fix the horizontal and vertical LVDTs on the specific location.
5. Apply normal stress and wait for consolidation to be completed (cohesionless soil is

consolidated instantaneously).
6. Shear the soil specimen with the constant rate (Rd), which is determined by the

sample’s hydraulic conductivity, and the formula is shown below [58].

Rd =
d f

t f
(1)

where:

t f —estimated elapsed time to specimen failure in shearing apparatus;
t50—consolidation with 50 percent under the maximum normal stress;
t90—consolidation with 90 percent under the maximum normal stress;
d f —estimated relative lateral displacement at failure, d f = 10 mm (for overconsolidated
fine-grained soil), otherwise d f = 5 mm.

Note: if the normal deformation versus logarithmic time is significant yield, t f = 50t50,
otherwise, t f = 11.6t90. Due to the absence of soil consolidation data in the specific case,
Section 9.10.3 of ASTM D3080 also provides a table for a minimum time to failure (Table 1).
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Figure 3. Typical shear box.

Table 1. Minimum time to failure [58].

USCS Classification (D2487) Minimum Time to Failure, tf

SW, SP (<5% fines) 10 min
SW-SM, SP_SM, SM (>5% fines) 60 min

SC, ML, CL, SP-SC 200 min
MH, CH 24 h

After several specimens are tested using the DST method, the peak shear strength and
residual strength are obtained with different normal effective stresses. Then, according to
Mohr–Coulomb constitutive relation, cohesion (c) and internal friction angle are determined
by Equation (2).

S = c + σ tan ϕ (2)

where:

S—shearing strength of soil (kPa);
C—cohesion strength of soil (kPa);
σ—normal effective strength (kPa);
ϕ—internal friction angle (◦).

The relative displacement of the top and bottom shear box along the predetermined
failure plane reduces the shearing area. Thus, Yu et al. (2014) apply the modified method for
direct shear test results, including the single-point area correction method and multipoint
area correction method [59]. The single-point area correction method applies Newton’s
second law to determine the shear stress (see Equation (3)). For the strain-controlled shear
test, the acceleration (a) is zero. Thus, Equation (3) is converted to Equation (4), which
simply considers the effect of shear area reduction. On the other hand, the multipoint
area correction method applies the principles of momentum and energy conservation
(see Equations (5) and (6)). This method assumes the product of velocity variation in
the initial state and mass is much lower than the time integral of horizontal load. Thus,
Equations (5) and (6) are integrated into Equation (7).

Single-point area correction method:

F− τA = ma (3)

τf = τ′ =
τA0

A2
=

CRA0

A2
= τβ (4)
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Multipoint area correction method:∫ t1

t2

[F(t)dt− τA(t)dt] = m∆v (5)

∫ s1

s2

[F(s)ds− τA(s)ds] = ∆E (6)

τ =

∫ p1
p2

F(p)dp∫ p1
p2

A(p)dp
(7)

The results of a conventional direct shear test include the shear stress at peak and
residual states, as well as volumetric deformation of the sample. Li and Aydin (2010)
developed a four-stage shearing model based on direct shear test results and revealed that
the process of direct shear tests could be divided into four stages: (1) end zone deformation:
peak stress tends to concentrate at the shear zone’s end, and the soil specimen is compressed
until it reaches the lowest volumetric strain; (2) particle interlocking: this stage plays a major
role in increasing volumetric strain until it reaches the peak shear stress; (3) shear zone
formation: particles rearrange where smaller particles flow into the specimen void, and
larger particles rotate; and (4) stable shear: there is no further compression or dilation at this
stage, and the shear stress remains constant [60]. This four-stage model will subsequently
be used to validate the preliminary tests carried out using the transparent shear box to
verify its applicability to study the interaction between surface roughness and the in-contact
material (soil) types.

2.2. Simple Shear Test

Bjerrum and Landva (1966) established the simple shear test, which is widely used
to determine the constant volume strength and stress–strain relationship of cohesive
soils [61,62]. Meanwhile, the understanding of the shear mechanism in simple shear
tests contributes to solving the offshore gravity-based structure and slope stability prob-
lem [63]. Comparing soil specimen in the direct shear test, the soil specimen in the simple
shear test is restricted by two parallel rigid platens, which maintain the cross-sectional area
constantly. Thus, the failure mode of soil specimen in the simple shear is present not only
in the horizontal predetermined failure plane, as well as direct shear tests, but exists along
the vertical plane (see Figure 4). Due to the difference in shear mechanisms, direct shear
tests provide a higher shearing strength and stiffness than simple shear tests [63].

According to ASTM D6528-17 requirements, the tested cohesive soil can be intact,
laboratory reconstituted, and compacted soils [64]. The soil specimen is one-dimensionally
consolidated until the excess pore water pressures are dissipated. Meanwhile, the pore
water pressures remain constant during the simple shear test in the undrained condition.
Thus, the variation in normal stress equals the variation in effective stress. However,
reconstituted and compacted soil preparation is not detailed in the standard, thus limiting
the study of soil–structure interactions in silty “sand-like” soils.

Figure 4. Schematic of direct shear test and simple shear test.
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2.3. Ring Shear Test

The irreversible shearing direction of the ring direct shear test (see Figure 5) leads to
large shear displacement, which contributes to the reorientation of the tested particles [65].
Thus, ring shear tests provide a more accurate residual shear strength than conventional
direct shear tests and triaxial tests [66]. As there is no limitation on shearing displacement,
the ring shear test has proven its reliability in the back analyses of landslides [67,68].
However, the low shearing rate of a ring shear test cannot be utilized to simulate “extremely
rapid landslides” [66,69]. Meanwhile, the rubber edge of the ring shear apparatus causes an
invisible area, which disrupts clear observations of the development of the shear band. The
use of an opaque box makes particle image capture impossible and limits the application
of state-of-the-art image processing techniques to develop an enhanced understanding of
soil–structure interactions [66,70,71].

Figure 5. The principle of ring shear test.

3. Interface Shear Strength

The soil shear strength investigation contributes to the fundamental understanding
of construction performance and deep foundation design. However, the research of soil–
structure interface behavior cannot be simply limited to soil characteristics, but must
also include surface roughness properties. Therefore, the interface shear test apparatus is
manufactured based on conventional shear tests, including direct shear tests, simple shear
tests, and ring shear tests. Potyondy (1961) first developed the research on soil–structure
interface behavior and found that shear resistance is influenced by several characteristics,
such as particle size distribution, soil moisture content, normal stress, structure material,
and surface finish. As a result, the skin friction angle increases until the value of surface
roughness reaches the soil internal friction angle. With advanced technology applied
in interface shear tests, the current understanding reveals that several parameters affect
the soil–structure interface behavior, including surface roughness [43,44], mean particle
size [48], surface hardness [45], particle angularity [46,47], particle breakage [49], and
confinement condition [50,51].

3.1. Influence of Surface Roughness
3.1.1. Background

Potyondy (1961) first investigated the effect of surface roughness on soil–structure
interface shear behavior, where surface roughness is simply described as “rough” or
“smooth”. Based on this research approach, subsequent research determined the 2D cross-
sectional profile of the material surface (see Figure 6) and defined the surface roughness
with a series of roughness parameters (see Table 2) and applied the theory to engineering
applications [72,73]. Reference values of roughness parameters include the maximum
height of the profile (Rzi or Rz) and arithmetical mean height of the profile (or average
roughness, Ra).
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Figure 6. The maximum peak height and the maximum valley depth.

Table 2. Characteristics of surface roughness parameters.

Parameters Characteristics Formula

Zpi The ith peck height of the material roughness profile -

Zvi The ith valley depth of the material roughness profile -

Rpi
The maximum peak height of the material roughness

profile within a sampling length (L or lr) Rpi = maxZ(x)

Rvi
The maximum valley depth of the material roughness

profile within a sampling length (L or lr) Rvi = |minZ(x)|

Rzi
The overall height of the roughness profile Rzi is the
sum of Rpi and Rvi within a sampling length (L or lr) Rzi = Rpi + Rvi

Rmax Maximum Rzi value over assessment length -

Rz Average Rzi value over assessment length Rz = ∑n
i=1 Rzi

n

Ra
Roughness average Ra is the arithmetic mean of the
absolute values of the roughness profile ordinates Ra = 1

lr

∫ lr
0 |z(x)|dx

Yoshimi and Kishida (1981) defined the surface roughness with the reference value,
which is the maximum height of the profile (Rz) along the 2.5-mm sample length (L) [74].
Uesugi and Kishida (1986) also used the maximum height of the profile (Rz) as the reference
value, but the sample length is set as 2 mm or average particle size (D50). Current research
applies the normalized surface roughness (Rn = Rmax(L = D50)/D50 or Ra/D50 or Rq/D50)
into the granular material and steel interface shear test [75–77].

Staheli et al. (2006) conducted interface shear tests using sand against various pipe
materials, including wet cast concrete, vitrified clay, polycrete, and hobas, to determine the
relationship between interface characteristics and construction behavior (see Table 3). The
surface roughness (average roughness, Ra) of the pipe materials, as well as its corresponding
friction coefficient (µ, the ratio of shear stress to normal stress), were measured using a
Taylor Hobson Form Talysurf Series 2 stylus profilometer. The friction coefficient increases
as Ra increases, as demonstrated by the test results.
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Table 3. Effect of surface roughness on the friction coefficient with Ottawa sand at 40 kPa, 80 kPa and
120 kPa.

Parameters Hobas Polycrete Wet Cast
Concrete

Vitrified
Clay

Packhead
Concrete

Average Ra (µm) 6.5 16.9 18.7 24.8 55.1

Friction coefficient
(peak) (40 kPa) 0.51 0.50 0.68 0.68 0.81

Friction coefficient
(residual) (40 kPa) 0.43 0.42 0.49 0.49 0.54

Friction coefficient
(peak) (80 kPa) 0.50 0.49 0.62 0.65 0.73

Friction coefficient
(residual) (80 kPa) 0.44 0.43 0.44 0.48 0.53

Friction coefficient
(peak) (120 kPa) 0.48 0.47 0.62 0.63 0.73

Friction coefficient
(residual) (120 kPa) 0.42 0.43 0.47 0.45 0.52

Iscimen and Frost (2010) produced laboratory equipment to investigate the shear
stresses at the pipe–soil interface for curved pipe surfaces [78]. It revealed that the shear
strength of the soil–pipe interface was found to rise with increasing surface roughness up
to a specific value, beyond which no effect on the shear strength was observed. Knappett
and Craig (2012) concluded the previous research and demonstrated the relationship
between various soil–material interfaces (Figure 7) [79]. These studies demonstrate that
the increasing friction angle gradually approaches the soil internal friction angle until the
surface roughness reaches a certain value, called critical roughness.

Figure 7. Interface friction angle for various construction materials.

3.1.2. Roughness Measurement

Before conducting interface shear tests, the microscopic surface roughness of a struc-
tural material must be determined to quantify its surface roughness with defined specific
parameters that will affect soil–structure interface behavior. Roughness parameters are
typically determined using a surface roughness tester and are quantified in terms of the
average roughness (Ra, see Figure 8). Surface roughness testers consist of portable surface
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roughness gauges and the three-dimensional microscope profilometer. Compared to 3D
optical profilometers, portable surface roughness gauges (see Figure 9) provide a better
cost–performance ratio, including the surface profile gauge (with a broad range and poor
resolution) and the surface roughness gauge (low range and high resolution). As a result,
portable surface roughness gauges are usually applied in industry and laboratories.

Figure 8. Schematic representation of average roughness, Ra.

Figure 9. Portable surface roughness gauge: (a) surface profile gauge (large range and low resolution);
(b) surface roughness gauge (low range and high resolution).

However, the probe contact and manipulative interferometry technique cause the
inaccuracy of the surface roughness result, which may not satisfy the high requirement
on the resolution [80]. Thus, a 3D optical profilometer (a chromatic confocal apparatus) is
applied for high-resolution results with the chromatic confocal imaging method and nonin-



Geosciences 2022, 12, 145 11 of 36

trusive technology [81]. The 3D optical profilometer consists of confocal scanning and high
chromatic aberration of the objective lens, which can measure various materials’ roughness
with the latest white light interferometry (WLI). The white light, transmitted through the
profilometer’s objective lens, is used to scan the material, generating a wavelength on the
single monochromatic point in terms of the refractive index (see Figure 10). The image
can then be obtained as image results via the formation of single monochromatic points,
which is much more accurate than merely using mean surface roughness. Additionally,
the reflectivity and absorption of the scanned sample have no effect on results, even if the
material is transparent or specular.

Figure 10. Various wavelengths on the single monochromatic point.

Sandpaper, a synthetic abrasive material, is manufactured with specified surface
characteristics, which can be used to simulate a variety of materials, including vitrified
clay pipe, precast concrete, polycrete concrete, Permalok steel casting pipe, and Hobas
pipe [42]. However, previous research on sandpaper reveals that sandpapers of the same
grit but manufactured by various companies have significantly variable surface roughness
properties [81,82]. Thus, roughness characteristics should be determined using specialized
instruments rather than simply defined by the company’s marked grit level.

3.1.3. Definition of Surface Roughness Form

Current research indicates that the critical surface roughness cannot limit the shear
strength development under certain conditions caused by the additional passive resistance
induced by interface clogging. Thus, surface roughness is classified as random or ribbed
surface roughness form (clogging) or structured surface roughness form (non-clogging) [83].

The random or ribbed roughness form (Figure 11a,b) is widely applied for research
into the behavior between soil–material friction, especially for precast concrete surface and
flat metal surface. Researchers found a critical state for interface behavior, called critical
roughness. The critical roughness is determined by the global behavior of the interface
shear test and the reference values for surface roughness. According to research on the
interface shear behavior between normal consolidated Kawasaki clay and steel, Tsubakihara
and Kishida (1993) found that surface roughness increment led to the developed shearing
resistance and interface sliding until the reference value reached the critical steel roughness.
Once the reference value is over the critical steel roughness, shear failure exists in the clay
instead of the soil–material interface. Therefore, for random or ribbed surface roughness
form, the maximum interface strength equals the soil strength, called “δ = ∅ condition”,
and the critical roughness is about half of the mean particle size (D50) [83,84].

On the other hand, some researchers believe that the interface friction angle, caused by
a highly rough structured surface (Figure 11c), is larger than soil internal friction angle in
some specific loading conditions, which is called “δ > ∅ condition” (interface friction angle
> soil internal friction angle), especially for cast-in-situ concrete surface and patterned metal
surface [85–87]. Mitchell and Villet (1987) found that the shear strength of the interface shear
test was not only developed by interfacial friction between the sand particle and structure
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surface as “δ = ∅ condition”, but additional passive resistance generated [88]. Martinez and
Frost (2017) defined two kinds of surface roughness forms, clogging-prone surface (random
or ribbed roughness form) and non-clogging surface (structured roughness form), applied
in sand–structure interface shear test [83]. Compared with structured roughness forms,
random or ribbed roughness forms produce the interface clogging and restrict interface
friction angle to soil internal friction angle.

Figure 11. Load transfer mechanisms during shear against the surface of (a) random, (b) ribbed, and
(c) structured roughness form.

The identification of clogging-prone and non-clogging surfaces helps researchers to
determine the development of soil–material interface shear mechanism. Besides, it was
also identified that the ratio of particle size to roughness height would affect the interface
behavior, especially in terms of its induced shear forces. With the advanced technology rec-
ommended or applied in roughness measurement, surface form definition helps to quantify
the surface roughness for more accurate and reliable use in soil–structure interactions.

3.2. Influence of Other Factors on Interface Behavior
3.2.1. Particle Angularity

The shapes of the particles have a significant impact on the shear behavior of granular
materials [89–91]. Particle shapes are described by roughness, roundness, texture, and
sphericity [92]. Uesugi and Kishida (1986) found that particle angularity greatly affected
the pipe–soil interface shear strength, as angular particles interlock more strongly than
rounded particles. Consequently, it is critical to describe the particle angularity during the
analysis of frictional forces. Particles can be characterized according to their angularity as
rounded, subrounded, angular, or subangular: (1) angular particles have relatively rough
flat surfaces and sharp edges; (2) subangular particles have rounded edges; (3) rounded
particles have smooth curved sides that lack edges; and (4) subrounded particles have
well-rounded corners and edges, but almost flat sides [93]. Figure 12 illustrates the various
particle shape classifications.

Figure 12. Classification of particle shape as angular, subangular, rounded and subrounded.
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According to previous studies, increasing the angularity and decreasing the roundness
can result in larger maximum (emax) and minimum (emin) void ratios, respectively [92,94].
Cho et al. (2007) described particle shape and surface roughness analysis as examining the
relationship between particle shape, stiffness, packing density, and sand strength, whilst
taking into account the particle’s roundness, sphericity, and smoothness. When exposed
to increasing particle irregularity, it was revealed that emax and emin increased, while the
critical state friction angle and compressibility decreased.

Angular quarry materials demonstrated greater shear strength when compared to
a combination of subrounded to subangular gravel and sand in triaxial tests [95]. Edil
et al. (2006) conducted a series of research on interface shear tests with various particle
angularities and particle sizes. They found that the increment in particle angularity leads
to a more significant particle interlocking and higher peak shear strength. Additionally, the
angular granular material requires a larger shearing displacement to reach peak strength.
Li et al. (2013) studied the peak and constant-volume friction angles in a clay gravel
combination by adjusting the gravel content. It was found that increasing the asymmetry
and roughness of the gravel particles resulted in an increase in constant volume friction
angle and a reduction in peak friction angle.

Peerun et al., (2019) investigated the shear behaviors of granular tunneling spoil by
comparing rounded sand-based sandstone particles with angular shale particles with lower
carbonaceous mineral contents (see Figure 13). Table 4 summarizes the data on vertical
stress acting on the pipe. Due to the strong rounded particles of sandstone, higher dilation
occurred, and friction angles of 40.5◦ and 28.6◦ were measured for pipe-jacking Drives C
and D, respectively, in their study [30]. The two pipe-jacking drives had apparent cohesion
values of 11.9 kN/m2 and 17.3 kN/m2, respectively. The vertical tension acting on the
pipes was computed using the Pellet-Beaucour and Kastner (2002) jacking force model
(Equation (8)). Pipe-jacking Drives C and D [30,96], in their study, encountered low positive
vertical stresses, σEV of 15.3 kN/m2 and 12.1 kN/m2, respectively, indicating that less
arching occurred due to the low σEV values.

Figure 13. The difference in particle angularity between (a) shale (angular) and (b) sand (subrounded).

Note: Pellet-Beaucour and Kastner (2002) use Equation (8) to describe the vertical soil
stress experience at the pipe or tunnel crown due to the arching effect.

σEV =
b
(
γ− 2C

b

)
2K tan Φ

(
1− e−2K h

b tan Φ
)

(8)

where:

C—soil cohesion;
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Φ—soil internal friction angle;
γ—soil unit weight;
K—lateral earth pressure coefficient;
h—soil cover from the ground level to the pipe crown;
b—influencing soil width above the pipe.

Table 4. Assessment of vertical stresses acting on pipe crown.

Parameters Symbol Unit Drive C Drive D Drive E Drive F

Geology - - Sandstone Shale

Soil friction angle φ degree 40.5 28.6 37.3 37.3

Soil cohesion C kPa 11.9 17.3 0.0 0.0

Arching - - Low to moderately
favorable Least to not favorable

Calculated vertical
stress on pipe crown σ kN/m2 15.3 12.1 34.8 42.9

Average volume of
lubricant used - L/m 250 250 500 375

Average jacking speed - mm/min 29.2 22.4 10.4 18.9

Measured jacking
force JF kN/m 10.1 18.9 29.0 28.5

On the other hand, angular particles of shale formed a high void ratio and were
more vulnerable to compression [30]. As such, particle breakages were postulated, which
may have contributed to the decrease in peak shear stresses and apparent cohesion [30].
According to Equation (8), soil cohesion and internal friction angle have significant effects
on the vertical soil stress acting on the pipe, with vertical soil stresses, σEV = 34.8 kN/m2

for Drive E (shale) and σEV = 42.9 kN/m2 for Drive F (shale). In comparison to sandstone
(pipe-jacking Drives C and D), pipe-jacking Drives E and F [30,96] in shale sustained much
greater vertical stresses, implying a lesser arching state, and thus greater friction developed
between pipe surface and shale. This would indicate that the jacked pipes came into contact
with the surrounding geology, resulting in increased frictional resistance. This is supported
by the substantially higher observed jacking forces (JF) for shale drives (JF = 29.0 kN/m
and 28.5 kN/m) compared to sandstone drives (JF = 10.1 kN/m and 18.9 kN/m). Ong and
Choo (2018) found similar observations as well [97]. These consistent observations indicate
that the angularity of particles does affect the development of the load transfer mechanism
and the mobilization of loads between soil–pipe (structure) surfaces.

3.2.2. Mean Particle Size

Subba Rao et al. (1998) found that particle size greatly affects soil internal friction
angle, and simply classifying the structure surface with roughness parameters may not be
reasonable. Thus, the assessment of interface shear test results requires a newly defined
parameter, which is the normalized roughness, defined as the ratio of the average roughness
and the mean particle size (D50). Vangla and Gali (2016) demonstrated that the fitness be-
tween the mean particle size of granular material and material roughness contributes to the
particle interlocking, and thus fully develops the interface shear strength [98]. Additionally,
Punetha et al. (2017) found that the effect of mean particle size depends on the material
texture [99]. The mean particle size produced a slight effect on soil–geomembrane interface
behavior, but a significant effect on the soil–geotextile interface behavior. With mean parti-
cle size increment, the contact stress per particle is reduced for the soil–geotextile interface
behavior. Sand–steel interface shear test reveals that the increment in mean particle size
has a slight effect on friction development, and the friction angle from the interface shear
test is much lower than soil internal friction angle [100]. These outcomes demonstrate that
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the mean particle size influences the interface shear mechanism corresponding to surface
roughness and material texture.

3.2.3. Surface Hardness

Surface hardness is one of the essential factors dictating mechanical interface behavior
in tribology [101]. Frost et al. (2002) demonstrated the effect of the material hardness on
the soil–material interface behavior. According to the plot of peak secant friction coefficient
(tan δ) versus normal stress (see Figure 14), the interface shear resistance dwindles at the
initial state and rebounds after achieving critical normal stress. At the initial state, the
contact area between each granular particle and material surface is increased with lower
normal stress. Thus, the effective shear stress of the particle is decreased until the contact
area reaches the specific value. Once the normal stress reaches the limit state, additional
increments of normal stress cause particle movement and particle plowing, leading to
shear stress increasing [51]. Thus, the design of the substructure with low overburden
pressure (or normal stress) requires a further investigation on surface hardness, which
affects plowing behavior.

Figure 14. Normal stress versus friction coefficient for soil–continuum material interfaces.

3.2.4. Particle Breakage

For the large-displacement shear test, the plowing and sliding in the interface shear
test leads to significant particle breakage, which converts the soil mechanical property,
changes the frictional behavior, and contributes to shear zone development [49]. A soil
sample with a high void ratio and angular particles is more likely to break and experience a
decrease in the internal friction angle of the specimen [29,30,102]. Peerun (2016) researched
metagraywacke and shale specimens using direct shear tests. The specimens have low
dry densities and high void ratios due to their rough-surfaced angular particles. The
higher void ratios and poorer mineralogy of the particles resulted in anticipated particle
breakages, which drastically decreased the beneficial particle interlocking phenomenon.
Thus, using the flaky metagraywacke and shale particles as examples, low interlocking
activity has resulted in reduced apparent cohesion, and thus less opportunity for strength
development. Particle breakage remains an extreme challenge to measure, especially when
tests are performed in the small shear box; thus, the use of discrete element modeling
(DEM) may help solve this problem. DEM shall be discussed later in the paper.
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3.2.5. Confinement Condition

According to various research requirements, interface shear apparatus is manufactured
based on conventional shear techniques, which include direct shear apparatus, simple shear
apparatus, and ring shear apparatus. Thus, confinement conditions vary in interface shear
tests, owing to the different limitations of the shear apparatus. Other than the restrictions of
the apparatus, the shear mechanism is also affected by the normal stress applied to the soil
specimen. At higher normal stresses, a soil sample will experience increased compression
and particle interlocking, resulting in a greater specimen shear strength [102,103]. Thus,
it is critical to match the interface shear apparatus and normal stress range to the actual
site conditions.

4. Potential Application of Particle Image Velocimetry (PIV) Technology for Research
on Interface Friction
4.1. Background

Particle image velocimetry (PIV) technology was developed by Adrian (1991) and
based on laser speckle velocimetry, which measures the velocity of solid or fluid via an
illumination system and two consecutive particle images [104,105]. White and Take (2002)
introduced the principle of PIV technology (see Figure 15) and provided a Matlab module
(GeoPIV) to analyze geotechnical displacement [106].

Figure 15. The principles of PIV technology.

Numerous researchers have investigated particle behavior along with shear bands.
Laboratory studies and numerical modeling are often used to better understand particle
behavior during shearing [29,30,107–109]. Peerun et al., (2019) revealed that such investiga-
tions have several limitations, including the following: (1) numerical simulations reveal
the nonuniformity of stress generated during direct shear testing [110,111]; (2) restricted
views of shear zones caused by equipment fittings [112]; (3) sporadic observations of shear
band formation and particle activity [113,114]; and (4) studies on granular material are con-
strained to plane-strain assumptions [115]. These known constraints impede the physical
testing requirements for experimental validation of predicted particle behaviors and for
providing continuous and unobstructed views of granular materials during shearing when
advanced image processing techniques are used to develop an in-depth understanding of
surface roughness.

Peerun et al., (2019) addressed the difficulties associated with obtaining clear evidence
of test specimens during shearing in order to examine particle movements along the shear
zone. This was achieved by continually capturing high-resolution photographs during di-
rect shear testing on actual granular materials using a fully transparent shear box. Although
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particle image velocimetry (PIV) is not a technological evolution, the supplemental use of
PIV in validating a conventional shear box test and then utilizing interpreted parameters
and techniques developed for proper interpretation of actual soil–structure interactions, i.e.,
pipe jacking operations [29,96,97,116,117], is novel and significant in terms of developing
basic knowledge in the field of study of the development of interface friction.

4.2. Introduction

The success of the above-mentioned tests and observations on the reliable use of
PIV technology have led the authors to explore the possibility of further modifying the
interface direct shear test to examine, quantify, and verify the specific relationship between
soil–structure interaction and structural surface roughness. In order to investigate the
sand–material interface shear mechanism under high normal stress, interface direct shear
apparatus is conducted based on small-scale direct shear apparatus. In addition, this
conceptual idea can be in the form of replacing the bottom shear box with the solid block.
Furthermore, PIV technology is applied to obtain particle movement by replacing the
opaque metal shear box with a custom-made, transparent Perspex (resin) shear box. The
random or ribbed surface roughness of any structural surfaces can then be assessed using a
portable surface roughness gauge, which includes a surface profile gauge (with a wide range
and low resolution) or a surface roughness gauge (with a low range and high resolution).

The interface direct shear test consists of a series of parametric studies using sand
and sandpaper interface for calibration (Figure 16a), and then performing a validation
study using the same sand but with the sandpaper being replaced by a structural material
interface (Figure 16b), each of which utilizes a specific bottom shear box. Parametric
research was conducted using the results of interface direct shear tests to determine the
relationship between the defined roughness parameters (sandpaper grit is readily available
or can be easily confirmed with a profilometer) and the soil–sandpaper interface shear
mechanism. The interface behavior between soil and structural material is then validated
with the four-stage model, corresponding to parametric research.

Figure 16. (a) Sandpaper glued on the bottom shear box; (b) material block cast by concrete.

4.3. Tested Material

The granular material (coarse sand) collected from the Logan River system of Queens-
land is categorized as poorly graded sand (UCSC) and subrounded particles (ASTM D2488,
see Figure 17), which is used for the interface direct shear test with Australia standard.
Based on soil compaction and density test standard (AS1289.5.5.1), the maximum and
minimum void ratios are 0.62 and 0.46, respectively. The sieve test reveals that the mean
particle size of granular material is 0.833 mm. The coefficient of uniformity (Cu) and coeffi-
cient of gradation (Cc) are 1.44 and 1.01, respectively. Previous research on interface shear
tests shows that the relationship between particle size and surface roughness is roughly
estimated [46,78]. Thus, the critical surface roughness determined in this research may
range from 13µm to 415µm. Additionally, fundamental research requires a portable surface
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roughness gauge with a large measurement range and high resolution. Thus, surface
roughness gauge (SRG) (see Figure 9b and Table 5) with a low range and high resolution is
applied for determining smooth surface roughness (sandpaper with grit 180 and grit 360)
in this research. Meanwhile, due to the limited measurement range of surface roughness
gauge, the surface profile gauge (SPG) (see Figure 9a and Table 6) with a wider range but
poorer resolution is applied for measuring the rough surface (concrete block, sandpaper
with grit 40 and grit 80). The sandpaper and the structural material roughness parameters
are provided in Table 7.

Figure 17. Particle shape extraction of tested material using a microscope.

Table 5. General specifications of the surface roughness gauge SRG-4600.

Measures grooves and recessions: wider than 0.16 in (4 mm)

Roughness parameters: Ra, Rz, Rq (Rms), Rt, Rs, Rsm, Rmax, Rpc, Rmr.

Roughness standards: ISO/DIN/JIS/ANSI

Display resolutions: 0.01µm/±20 µm 0.02 µm/±40 µm 0.04 µm/±80 µm

Measuring accuracy: ≤±10%

Repeatability: Less than or equal to 6%

Measuring range: Ra, Rq: 0.01–40 µm Rz, Rt, Rm: 0.02–160 µm

Maximum drive range: 0.7 inch (17.5 mm)

Cut-off length: 0.009/0.03/0.09 inch (0.25/0.8/2.5 mm)

Tracing speeds:
speed 1 mm/s (sampling length 2.5 mm)

speed 0.5 mm/s (sampling length 0.8 mm)
speed 0.135 mm/s (sampling length 0.25 mm)

Sensor: Inductance type

Sensor-stylus: Diamond, radius 5 µm

Pick up Force: <4 mN

Filter: RC, PC-RC, GAUSSIAN, and D-P

Data output: USB

Operating temperature: 41–104 ◦F (5–40 ◦C)

Weight: 0.97 lb (440 g)

Dimensions: (119 × 47 × 65 mm)

Power: Li-Ion rechargeable battery
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Table 6. General specifications of the surface profile gauge SRT-6223.

Display: Four digits, LCD

Range: 0 µm to 800 µm (0 mils to 30 mils)

Accuracy: ±5% or ±5 µm, (whichever is the greater)

Resolution: 1 µm (0.1 mils)

Measurement speed: >30 readings per minute

Weight: 280 g

Dimensions: 162 × 65 × 28 mm (6.4 × 2.6 × 1.1 inch)

Operating temperature: 0 ◦C to 50 ◦C, <80%RH

Batteries: 4 × 1.5v (AAA) battery

Table 7. Material roughness parameters.

Ra Rq Rz Rmax D50 (CS) Rn

Structural material N/A N/A 422 N/A 833 0.507
Grit 40 Sandpaper N/A N/A 722 N/A 833 0.867
Grit 80 Sandpaper N/A N/A 460 N/A 833 0.552

Grit 160 Sandpaper 20.07 26.63 81.66 123.3 833 0.148
Grit 320 Sandpaper 10.96 13.37 29.39 58.0 833 0.070

Note: “N/A” means “Not within measuring range”.

4.4. Equipment Setup
4.4.1. Transparent Shear Box

A 60-mm square shape shear box (see Figure 18a) produced by Gilson Company
consists of a top and bottom shear box, connected with two location screws. Four lifting
screws of the shear box adjust the gap between the top and bottom shear box. As the
conventional shear box is made of steel, the behavior of particles along the predetermined
shear band thickness is, thus, invisible. To detect how geomaterial particles shear and
flow around the interface, a transparent shear box (see Figure 18b) made of high-strength
plastic resin is manufactured for this conceptual study. Compared with the initial shear
box, three location screws are applied on the transparent shear box to analyze the interface
behavior. The modification includes extending the maximum shear displacement from
8 mm to 15 mm, which ensures that effective shearing would encompass the development
of residual strength [70].

Figure 18. (a) A 60-mm (2.36 in) shear box (HMA-734MS) and (b) custom-made 60-mm (2.36 in)
transparent shear box by the authors for preliminary interface shear study.



Geosciences 2022, 12, 145 20 of 36

4.4.2. Camera and Illumination System

A Canon EOS 90D Digital Single Lens Reflex (DSLR) camera is installed on the alu-
minum clamp with a bottom screw and applied to capture the interface behavior between
the top and bottom shear box, which provides high-resolution photos with a 32.5-megapixel
APS-C size sensor. However, the camera installation is limited by several factors, such as
the shear box displacement, the testing space, the loading frame capacity, the dimensions,
and focal length of the camera. After several trial tests, the window dimension of the
modified loading frame and water chamber is produced at 110 mm × 40 mm (Figure 19a)
and 140 mm × 40 mm (Figure 19b), respectively. Meanwhile, the displacement between
the modified loading frame and the camera body is 260 mm.

Figure 19. Custom-made (a) modified loading frame and (b) modified water chamber by the authors
for preliminary interface shear study.

The film sensitivity of Canon EOS 90D leads to a large expandable ISO speed, which
represents a high “light gathering” ability. However, the film’s sensitivity is not significant
enough to capture high-resolution images in darkness. Meanwhile, the original laboratory
environment light causes the shadow to form over part of the critical image. Thus, a new
illumination system is set up using a 152-mm ring light and an Elgato multi-mount kit (see
Figure 20). Furthermore, to avoid the disturbances caused by the manual operation on the
camera, Canon support software (EOS Utility) is used to remotely control the automatic
and sequential capture of the images.

Figure 20. Custom-installed illumination system by the authors for preliminary interface shear study.
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4.4.3. Modified Loading Frame

Previous research found that the horizontal force of the direct shear test causes the
nonuniform stress on the inner side of the shear box and interrupts the accuracy of the
measurements [29,52,58,70]. Preparatory experiments demonstrated that the conventional
direct shear test with a free top plate would result in an uneven loading plate when the
large normal stress is applied on the soil sample (see Figure 21a). Jewell (1989) found that
a free loading plate leads to a higher peak shear strength than a fixed loading plate due
to the free particle movement of the interlocking stage (see Figure 22) [118]. Thus, a fixed
connection (see Figure 21b), instead of a ball bearing, is customized and manufactured
between the loading frame and shear box, providing the symmetric normal stress and
limiting the top plate rotation. A similar improvement of the loading frame has been
adopted in the study by Peerun et al. (2019).

Figure 21. (a) Conventional free loading plate and (b) custom-made fixed loading plate by the authors
for preliminary interface shear study.

Figure 22. Stress distribution for free loading plate and fixed loading plate.

4.4.4. Procedure of Interface Direct Shear Test

The soil sample is prepared with the dry pluviation method or compaction method
for different relative densities. The shearing rate, the maximum horizontal displacement,
and the shear box gap are preliminarily set as the aforementioned direct shear test. How-
ever, since the residual shear strength cannot be determined with the limited horizontal
displacement, the maximum horizontal displacement is expanded in the interface shear
test. The procedures of the interface shear test are shown below:
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1. For abrasive material, clean the modified bottom shear box with acetone in the fume
cupboard (Figure 23), and stick the sandpaper on the modified bottom shear box with
proper location.

2. For reinforcing material, put the sample block into the modified bottom shear box.
3. Adjust the lifting screw and clamping screws to suit the 0.6 mm steel plate between

the top and bottom shear box, and remove the steel plates.
4. Fix the base plate and the perforated grid plate, and the shearing force is perpendicular

to a serration orientation.
5. Fill the soil sample with 14.5-mm thickness with dry pluviation method or compaction

method, and slightly put a porous stone on the sample.
6. Clean the bottom shear box and water chamber.
7. Measure the total weight of the shear box, and then place the assembly into the water

chamber, slotting the end onto the pushrod.
8. Fix the horizontal and vertical LVDTs on the specific location and return records

to zero.
9. Apply normal stress and wait until consolidation is completed (cohesionless soil is

consolidated instantaneously).
10. Remove clamping screws.
11. Shear the soil specimen with the constant rate (Rd).

Figure 23. (a) Acetone for cleaning the metal block and (b) premium fiberglass fume cupboard used
during the author’s preliminary interface shear study.

4.5. Application of PIV in Interface Shear Tests

Test results reveal that the interface shear strength is enhanced with the increment in
surface roughness and gradually approaches soil shear strength (see Figure 24 and Table 8).
In these cases, the coarse sand particles are observed to be much bigger and coarser than all
the sandpapers used; hence, the results are intuitively correct. Therefore, it is evident that
the increment in surface roughness leads to greater improvement on peak friction angle
than residual friction angle (see Table 8).
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Figure 24. Measured soil internal friction angles and soil–material interface friction angles at (a) peak
state and (b) residual state in the authors’ preliminary interface shear study.

Table 8. Results of the soil internal friction angles (sand only) and soil–material interface friction
angles (sand–sandpaper).

Soil Type Material Type D50 or Rmax
(Micron)

Peak Friction Angle
(deg)

Residual Friction
Angle (deg)

Coarse sand Coarse sand only 833 (D50) 41.3 (sand only) 35.8 (sand only)
Coarse sand Grit 40 sandpaper 722 (Rmax) 40.8 (sand–sandpaper) 30.5 (sand–sandpaper)
Coarse sand Grit 80 sandpaper 460 (Rmax) 40.6 (sand–sandpaper) 30.7 (sand–sandpaper)
Coarse sand Grit 180 sandpaper 81.66 (Rmax) 34.6 (sand–sandpaper) 30.5 (sand–sandpaper)
Coarse sand Grit 360 sandpaper 29.39 (Rmax) 34.5 (sand–sandpaper) 29.5 (sand–sandpaper)
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Particle image velocimetry (PIV) technology is applied to capture the particle mi-
crostructure and study the shear mechanism on different soil–reinforcement interactions.
The interface shear responses (see Figure 25a), such as contraction and dilation of the
soil sample, are validated by analyzing the particle interlocking, rotation, and possibly
breakage behaviors. The four-stage model explains particle movement (see Figure 25b)
corresponding to the stress–strain relationship of the soil sample. During stage 1 (end
zone deformation), particles rearrange and move to the left, with slight vertical movement.
During stage 2 (particle interlocking), the vector plot shows that localized particle inter-
locking at the left end of the shear box leads to 0.19 mm dilation through the soil sample.
The particle interlocking prevents particle displacement and further develops the shear
resistance to reach the peak state. During stage 3 (shear zone formation), small particles
filled into the soil void and rotated large particles readjust the soil sample structure, which
reduces the shear resistance and increases volumetric strain. Finally, during stage 4 (steady
shear), the shear strain plot reveals that the soil sample generates a stable shear zone along
the predetermined failure plane, causing nearly constant shear stress.

Figure 25. Cont.
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Figure 25. Cont.
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Figure 25. (a) Interface shear test results and (b) corresponding GeoPIV-RG results for Grit 360 sand-
paper at 278 kPa normal stress in the authors’ preliminary interface shear study (one pixel is equal to
15.79 micron).

The interface shear responses (see Figure 25a) validate the previous research on the
effects of surface roughness. To further explore the coupling effect of particle size and
surface hardness, granular material with different particle size distribution and recent
advances can be applied in future research for greater accuracy. PIV analysis (see Figure 25b)
reveals that the particle behavior of the interface shear test is similar to that of the direct
shear test. Shear zone development in interface shear tests contributes to the understanding
of soil–material interface behavior.

5. Recent Advances in Shear Strength Characterization

Interface shear test is a fundamental testing method to investigate soil–structure inter-
actions. The use of the reliable PIV technique in interface shear tests is well-established and
serves as the main verification strategy in this review paper to improve confidence levels
and the justification of particle movements and interlocking behavior that help explain
friction development in the shear box. Recent advances in shear strength characteriza-
tion are not limited within the understanding of PIV application only, but also in other
up-and-coming methods, such as artificial neural network (ANN), DEM, 3D printing, and
Bayesian machine-learning method. These advanced methods also have great potential for
applications for shear strength characterization and, thus, shall be reviewed in this paper
as well.

5.1. Neural Network

The aforementioned research found that the mutual coupling effect of surface rough-
ness and other factors on the interface shear mechanism requires a greater understanding
instead of the effect caused by the single factor. Meanwhile, the influence factors on inter-
face shear mechanism are determined from laboratory tests and geotechnical investigations,
and then applied for preliminary design. Even the standards normally provide a conserva-
tive design to ensure construction safety. Geotechnical engineers still require a method to
accurately predict substructure performance to save construction costs [119].

Artificial neural network (ANN), a computational method based on empirical data,
is widely applied as an alternative and as stochastic algorithms in the engineering field,
such as material modeling, damage assessment, structural analysis and design, seismic
liquefaction assessment, and ocean monitoring [120]. It is thought that machine learning
methods such as ANN can be developed to consider the various influencing factors so
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that the model can be used to predict the often elusive interface shear forces during
soil–structure interactions as a result of understanding interface shear behavior. ANN
imitates the nervous system (Figure 26a) to acquire knowledge and make conclusions that
automatically deal with complex and challenging work [121]. ANN produces a nonlinear
relationship by partially or fully connecting input variables (influence factors) and output
variables (construction performance, e.g., interface shear) with one or more hidden layers
(Figure 26b), corresponding mathematical functions, and Monte Carlo simulation [122].

Figure 26. (a) Typical structure of biological neuron; (b) typical structure and operation of ANN.

5.2. DEM and 3D Printing

Due to the challenges in maintaining identical test consistencies while performing
parametric analyses involving interface shear tests, the discrete element method (DEM)
can be used to perform virtual parametric studies based on the influences of different
surface hardness on tested construction materials so as to develop a better understanding
of complex interface shear mechanisms, such as the cone-penetration testing and pipe-
jacking [107,123]. Additionally, instead of the spherical model often used in DEM, a micro-
CT-scanned 3D model of the actual particle shapes can improve the simulation quality.
Furthermore, calibration of interface shear tests using 3D printing of synthetic particles on
different material surfaces can nowadays be readily executed in order to validate the DEM
results [31,106,108,109]. For example, Figure 27 shows (a) a sandstone particle that was
scanned using micro-CT to obtain its (b) particle shape in a triangular mesh format, and
the latter was used to (c) 3D print a synthetic sandstone particle using polyamide material.
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Figure 27. Particle shape extraction using micro-CT and printed synthetic particles for calibration of
DEM: (a) a sandstone particle, (b) similar particle in a triangular mesh format, and (c) 3D-printed
synthetic sandstone particle using polyamide printing material.

DEM is a numerical technique that was developed specifically for the purpose of
resolving issues involving discontinuous materials. A jointed rock consists of discrete
rock blocks and joint surfaces that enable the rock blocks to move, rotate, and deform
while the joint surfaces may be squeezed, detached, or slid. The rock mass is considered
a discontinuous discrete media, and its interior may be separated by large displacement,
rotation, slide, and breakage, allowing it to more accurately simulate the nonlinear large
deformation features of jointed rock. The discrete element method provides a series of
physical parameters, such as speed, acceleration, angular velocity, line displacement, and
rotation angle.

However, the majority of DEM models rely on limited experimental results for cal-
ibration and validation at the granular scale [124,125]. Numerous combinations of mi-
crostructures and constitutive laws are widely applied to match constitutive responses
during the calibration process, which makes use of just a few parameters, owing to data
scarcity. Friedman (1997) refers to these arbitraries as the “curse of dimensionality”, in
which calibrated DEM models are unable to provide accurate prediction [126–128]. Hanaor
et al. (2013) developed specialized particle geometries for 3D printing by combining three
different shape descriptors: fractal surface overlay, directed polyhedral aggregation, and
contour rotation interpolation [129]. Thus, the discrete element method is implemented
utilizing 3D printing technology. The method of contour rotation interpolation was deter-
mined to be the most appropriate, and synthetic particles were manufactured in bulk and
submitted to triaxial testing. Three-dimensional geometries were employed to simulate
triaxial testing using DEMs in order to compare them to experimental tests. The three-
dimensional printed particles exhibited shear behavior and the effect of particle form on
the bulk material responses. During the macro-mechanical research of particle behavior,
the introduction of synthetic particles enabled the separation of particle shape and material
characteristics. Currently, the printing resolution and commercially accessible printing
materials limit the use of 3D printing for geotechnical testing. The bulk-printed granular
materials are composed of irregular angular forms. Gupta et al. (2018) extracted particle
geometries from micro-CT scans and utilized 3D printing to reproduce sand particles. The
DEM simulations were performed using the particle morphologies acquired from micro-CT
scans and compared to the use of shape descriptors in numerical modeling. Odometric
experiments were conducted using the 3D-printed particles, and the findings were utilized
to calibrate and validate the DEM models. Figure 28 shows typical preliminary DEM
results. The direct shear test was simulated using sand particles in DEM and compared
to the laboratory direct shear test result. The normal stress applied on the specimen was
100 kPa, and sphere particles were used to represent the sand particles in the simulation.
From Figure 28, it can be seen that DEM is able to simulate the direct shear test, with
an initial increase in shear stress until peak state is achieved and then a reduction to the
residual state. However, there is a noticeable difference between the DEM simulation and
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the laboratory test results. This difference is most likely due to the use of spheres instead of
the actual sand particle shapes.

Figure 28. Typical DEM shear stress results compared against laboratory results for spheres or sphere
clumps being used in DEM modeling.

Figure 29 shows state-of-the-art technologies being developed by the authors to im-
prove the shear stress prediction of particles interacting with different material surfaces.
The realistic particles obtained from micro-CT scanning can now be exported to DEM
without the use of conventional spheres or sphere clumps. This technique is considered rev-
olutionary at this stage of research. In this case, particle breakages can now be modeled in
DEM to reflect the complex, true interparticle behavior. Hence, the proposed methodology
of scanned particle shapes using micro-CT and printed particles for DEM calibration has
much potential to contribute to more refined and accurate DEM results, which the authors
will eventually publish. When sample extraction cannot be achieved due to site restrictions
or unavailability of laboratory tests, the DEM technique will one day provide an extensive
advantage to accurately model soil–structure interactions.
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Figure 29. Realistic particle shapes are being used in DEM modeling as a revolutionary technique
currently being developed by the authors.

5.3. Bayesian Method

Bayesian method, a machine learning technique based on Bayes’ theorem [130],
is widely used due to its ability to quantify parameter uncertainty using probability. It
computes the evolution of probability in the parameters, before observing the data, and
after incorporating the data in the analysis [131]. It is found to be superior in updating, for
example, soil parameters [132,133] or, in this case, surface roughness from prior studies,
because it considers these parameters as random variables instead of fixed constants. Thus,
the Bayesian updating process provides a robust approach in back analyzing or predicting
soil parameters based on the field observational method compared to deterministic tech-
niques that produce outputs with fixed values [134]. The probabilistic estimates obtained
from a Bayesian model are used to quantify the parameter uncertainties to inform the confi-
dence levels associated with the model predictions, thus making it a potentially suitable
method to be applied to the study of interface surface roughness as a function of different
soil types for the design of soil–structure interactions.

6. Conclusions and Recommendations

Interface shear mechanisms have been investigated through various shear tests and
applied in geotechnical engineering applications. Previous research found that several
influential factors affect the interface shear mechanism, such as (i) surface roughness,
(ii) particle angularity, (iii) mean particle size, (iv) surface hardness, (v) particle break-
age, and (vi) confinement condition. The main contributions of this review paper are in
highlighting the following important observations:
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• To parametrically study the interface shear mechanism, portable surface roughness
gauges are required to evaluate surface roughness. For random or ribbed surface form,
the maximum interface strength equals the soil strength, called “δ = ∅ condition”.
For structured surface form, the shear strength of the interface shear test is not only
developed by interfacial friction between the sand particle and structure surface as
“δ = ∅ condition”, but additional passive resistance generated. Thus, the maximum
interface strength is greater than the soil strength, called “δ > ∅ condition”.

• Particle angularity influences the friction development and mobilization of loads
between soil–material interfaces. The increment in particle angularity leads to a more
significant particle interlocking and higher peak shear strength.

• Mean particle size influences the interface shear mechanism corresponding to surface
roughness and material texture.

• Surface hardness affects plowing behavior on the soil–material interface. The effective
shear stress of the particle decreases until the contact area reaches the specific value.
Once the normal stress reaches the limit state, an additional increment in normal stress
causes particle movement and particle plowing, leading to shear stress increasing.

• The higher void ratios and poorer mineralogy of the particles resulted in anticipated
particle breakages, significantly reducing the beneficial particle interlocking phenom-
ena. Consequently, using flaky metagraywacke and shale particles as examples, a
lack of interlocking activity results in decreased apparent cohesion, and thus a lower
opportunity for strength development.

• The shearing boundaries (or limits) for soil specimens placed in the shear box vary
with different shear apparatus set up. Moreover, the higher the normal stress, the
more significant the particle interlocking and shear strength values would be. Thus,
the selection of shear apparatus and normal stress range should match the real-life
site conditions.

PIV technology is the main verification tool adopted in this paper to track and justify
particle movements and interlocking during shear testing. According to the shear test
results, interface shear strength is enhanced with the increment in surface roughness
and gradually approaches the actual soil shear strength, when the material surface is
in a random or ribbed form. Similarly, the increasing peak friction angle progressively
approaches the soil internal friction angle until the surface roughness reaches its critical
roughness. These observations prove that surface roughness has a negligible influence on
residual friction angle. In parallel, the application of PIV technology demonstrates that
the four-stage model is highly applicable and reliable to describe the development of soil
shear strength in the direct shear tests and the interface shear tests. With the development
of other advanced testing and verification methods (e.g., ANN, DEM, 3D printing, and
Bayesian machine learning), the research of interface shear mechanisms is becoming more
important and relevant in the study of soil–structure interactions. The conclusions and
recommendations are presented below:

• Artificial neural network has the potential to establish a nonlinear relationship to
investigate the mutual coupling effect of surface roughness and other factors on the
interface shear mechanism.

• Rather than the spherical model that is frequently used in DEM, a micro-CT-scanned
3D model of the actual particle morphologies can be employed to enhance the simula-
tion quality.

• In the calibration of interface shear tests, 3D printing of synthetic particles is recom-
mended to validate the DEM results.

• Bayesian method considers soil and interface parameters as random variables and
provides probabilistic estimates to reasonably quantify the parameter uncertainties
and may be used in interface shear studies to develop a greater understanding in the
study of soil–structure interactions.
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