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Abstract

Enhancing the interface shear strength is crucial in the capacity and design of several geotechnical structures when
subjected to static loading. The efficiency of these structures can be enhanced by utilizing innovative designs that allow
the mobilization of higher interface shear resistance with bio-inspired-engineered or structured (rough) surfaces when
compared to conventional smooth or random rough surfaces of the same geometry (i.e., soil-foundation contact area). Bio-
inspired-engineered surfaces used in this study are developed after surfaces with snakeskin-inspired and engineered rough
designs that maximize the interface shear resistance in cohesionless and cohesive soils. The frictional behavior and
resistance of the bio-inspired-engineered surfaces were experimentally evaluated utilizing a modified interface direct shear
apparatus on three locally available sand specimens. Results from tests on smooth surfaces against three different sands
mobilized almost the same resistance and soil contraction. The results indicate a behavior significantly influenced by the
shape and arrangement of the surface features, accompanied by larger resistance and volume dilation. A parametric study
on the characteristics of the structured elements on three sands revealed the isolated impact of elements arrangement, shape,
and roughness on the maximum attainable interface strength. The surface element characteristic ratio is found to control
the load-transfer mechanism between sand and bio-inspired-engineered structured surfaces.

Keywords: Interface Shear Testing; Modified Direct Shear Device; Roughness; Sand-Structure Interface; Bio-Inspired Surfaces.

1. Introduction

Structural elements and geostructures with load-carrying capacity that rely on interface friction can benefit from
adopting innovative surface designs rather than conventional ones. These designs allow for the mobilization of higher
interface shear resistance. The load-transfer mechanism across a soil-structure interface mainly occurs through friction
between soil grains and a smooth or slightly randomly rough surface, or through passive resistance resulting from
structured surface elements or a high level of roughness. These forces cause soil grains to displace under normal
(confining) stress, with relative movement at the interface. The difference in design results in bearing stress applied to
transverse surface elements that are normal to the direction of shearing [1, 2].

It is widely accepted that increasing the roughness of a surface leads to larger interface shear resistances. This
confirms the significant role of surface roughness in the design and load-carrying capacity of geostructures such as piles,
reinforcing elements in mechanically stabilized earth walls, and soil nails and anchors [3-6]. However, previous studies
have shown contradictory data, particularly regarding the maximum attainable interface shear strength [1, 7-10] and the
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controlling parameters for different surface conditions, including maximum roughness, normalized roughness, and
surface element characteristics [9, 11-14]. The role of the normalized roughness parameter (Rn), which is the ratio of
maximum roughness to the mean particle size, on the shear behavior of a soil-random rough surface interface has been
widely accepted by many researchers [6, 15-20]. On the other hand, other researchers suggest that the interface shear
resistance of surfaces with bioinspired or periodic asperities is significantly influenced by the form, height, base length,
and spacing between asperities [1, 7, 11, 21, 22]. However, its applicability requires further testing with different soil

types.

Recently, several studies have focused on the interface shear behavior of rough surfaces in cohesionless and cohesive
soils under cyclic axial loading [7, 23-26]. To enhance the interface shear resistance of geostructures, various design
proposals have been made, including ribbed, machined, bio-inspired, or idealized surfaces [9, 27-31]. However,
compared to the numerous experimental studies that have investigated the interface shear behavior, the number of
numerical simulations available in the literature is limited. For example, Wang et al. [32] compared interface shear test
results to simulations using the Mohr-Coulomb and hypoplasticity models in cohesive soils. Stutz and Martinez [33]
used a hypoplasticity interface and soil model to simulate the interface between sand and surfaces of varying roughness,
and compared the simulation results to experimental data from several axisymmetric interface shear tests. Zhou et al.
[34] simulated the pull-out behavior of soil nails in a pull-out box under different overburden pressures using a three-
dimensional (3D) finite element (FE) model in ABAQUS software.

In the field of bioinspired geotechnics, recent research studies [21, 30, 35, 36] have suggested that the load-carrying
capacity of piles under axial loading could benefit from adopting designs inspired by the ventral scales of snakeskin.
O’Hara and Martinez [26], who performed interface shear tests on surfaces with idealized snakeskin profiles obtained
from 3D scans of preserved snake scales, observed that surfaces inspired by snakeskin had higher interface strength than
conventional surfaces. They also concluded that snakeskin-inspired profiles mobilized significant frictional anisotropy,
where shearing in the cranial direction generated larger shear stresses than shearing in the caudal direction. Martinez et
al. [35] and Martinez [37] conducted monotonic and cyclic pull-out tests on piles with snakeskin-inspired surfaces,
suggesting that these surfaces create direction-dependent interface strength and soil volume changes. Martinez and
O’Hara [38] developed direction-dependent failure envelopes for sand-structure interfaces with snakeskin-inspired
surfaces by performing monotonic interface shear tests. A recent study by Martinez et al. [39] presented the results of
field load tests on anchorage elements with snakeskin-inspired surfaces. It was found that the tested elements did not
require grout and reduced the force needed for installation.

This paper presents a study on the interface behavior of bio-inspired engineered or structured (rough) surfaces with
trapezoidal-like elements sheared against sandy soils of different particle sizes under monotonic axial loading. The study
evaluates the concept of using bio-inspired engineered surfaces to enhance interface shear resistance. The experimental
program involved modifying the conventional direct shear test apparatus to perform a series of interface shear tests. This
paper summarizes the results of interface direct shear tests on sandy soil, both smooth and structured (rough), with
variable clear distances between elements of constant roughness (i.e., different element characteristic ratios). The
particle sizes of the soil were varied to examine whether the interface shear resistance of bio-inspired engineered or
structured (rough) surfaces is solely controlled by the geometry and form of surface elements or if it is also influenced
by the normalized roughness parameter.

2. Experimental Setup
2.1. Modified Interface Direct Shear Apparatus

In this study, a conventional direct shear test device (MATEST, Italy) was modified to allow for conducting both
conventional direct shear tests and interface direct shear tests. Figure 1 presents a schematic diagram of the direct shear
apparatus, showing all of its components. The UTM Il software, developed by MATEST, is used to define the shear test
parameters, including shearing rate, horizontal stroke, and test type. The UTM Il software also enables simultaneous
logging of sensor readings, which include horizontal shear force, horizontal (shearing) displacement, and vertical
(volume change) displacement. As shown in Figure 1, the direct shear test apparatus is equipped with an S-shaped load
cell and two linear (spring-based) potentiometers to measure interface shear resistance at both the soil-soil and soil-
surface interfaces, as well as horizontal and vertical displacements during testing. The load cell has a capacity of 3,000
N, while the measuring range of the horizontal and vertical potentiometers is 25.4 mm and 15.7 mm, respectively.
Normal stress is applied to the sample by placing dead weights on a lever arm with a 1:10 ratio. The configuration of
the device only allows for performing conventional and interface direct shear tests under constant normal load (CNL)
boundary conditions. A reaction arm (frame) ensures the full transfer of the frictional resistance mobilized at the soil-
soil and soil-surface interfaces to the S-shaped load cell. The mobilized shear stress at the interface is determined by
dividing the directly measured shear force by the sample's cross-sectional area. The stress ratio is calculated by dividing
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the mobilized shear stress by the normal (confining) stress applied to the sample or surface during the test. The cross-
sectional area of both the soil-soil samples and the soil-surface contact area is 60 mm x 60 mm. The apparatus allows
for conventional and interface shear tests at displacement shearing rates ranging from 0.00001 mm/min to 10 mm/min.
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Figure 1. A Schematic of the direct shear tests (DST) apparatus used in the present study

Research studies conducted by DeJong & Westgate [40], Martinez & Palumbo [36], and Han et al. [16] involved the
modification of conventional direct shear tests to perform interface shear testing. The modified apparatus was adjusted
to test smooth, randomly rough, and bio-inspired surfaces against sandy soils under static and cyclic axial loading [12,
30, 40, 41]. The thickness of the top and bottom halves of the shear box is 40 mm, as illustrated in Figure 1. To investigate
the influence of structured (rough) or bio-inspired-engineered surfaces on interface strength, the shear box of the
conventional shear device (see Figure 2) was modified to allow for interface shear tests. The bottom half of the box,
which contains the soil specimen in conventional direct shear tests, was adapted to accommodate surface blocks
(cuboids) with different designs, in addition to the smooth surface condition. The dimensions of the interface material
block are 60 mm x 60 mm x 20 mm. Figure 2 shows the modified shear box with smooth and structured (rough) surfaces.
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Figure 2. Schematic and actual photographs of modified interface shear box for soil-smooth and soil-structured (rough)
interface conditions showing direction of shearing
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Research studies available in the literature have adopted either a soil-over-solid surface or solid surface-over-soil
setup (or shear mode) to perform interface shear tests [12, 14, 30, 42, 43]. The majority of the studies used the soil-over-
solid surface or lower-shear plate shear mode to modify conventional direct shear test apparatus. As in conventional
direct shear tests, the top shear box containing the soil remained stationary, while the bottom half of the shear box moved
horizontally at a constant shearing rate of 0.5 mm/min, with a total displacement of 4 mm in both conventional and
interface direct shear tests.

2.2. Test Surface Characteristics and Design

A total of five surfaces, a smooth and four bio-inspired-engineered structured (rough) surfaces, were tested against
three locally available sandy soils as part of this research study. All surfaces were manufactured from aluminum in the
engineering workshops at Yarmouk University. The smooth surface was treated and polished to achieve the required
level of roughness, ensuring that the load-transfer mechanism was governed by particle sliding under the relative
movement between soil and surface. Several research studies have focused on the influence of surface roughness
(expressed in terms of normalized roughness parameters) on interface shear behavior and response in both cohesionless
[9] and cohesive soils [11, 27].

Martinez & Frost [9] conducted laboratory experiments on friction sleeves using both smooth and rough sleeves,
with surface roughness up to 2.0 mm, and confirmed the significant role of surface roughness in the strength of sand-
material interfaces. Abu Qamar and Suleiman [7] investigated the influence of surface element height (up to 1.75 mm)
using 3D-printed surfaces on the strength of cohesive soil-material interfaces, utilizing a recently modified cyclic
interface shear test system [23]. Both studies showed agreement with existing literature and concluded that the strength
of both cohesionless and cohesive soil-structure interfaces increases with surface roughness, potentially matching the
internal strength of the interface soils. The bio-inspired-engineered surfaces (also referred to as structured or rough
surfaces) were manufactured with trapezoidal-like elements placed at variable clear distances (D) up to 55 mm and a
maximum roughness (Rmax) of 2.0 to maximize interface strength.

As illustrated in Figure 3, each trapezoidal-like element has a base length of 5 mm, with a 1 mm smooth (untextured)
crest (top) segment, resulting in an element angle of 26.56°. During axial loading, the shape of the element allows for
mobilizing interface shear resistance (friction) at the crest (top) and untextured length between elements. Additional
shear resistance could be mobilized due to the development of passive soil wedges at the right-angle side of the element.
The structured surface elements are spaced at clear distances (D) of 55 mm (Rough I), 25 mm (Rough I1), 15 mm (Rough
[11), and 10 mm (Rough V), respectively. The clear distance between elements was varied to examine its influence on
mobilized shear resistance, with the maximum distance limited to 55 mm due to the shear box size. According to ASTM
D5321-21, the standard recommends using a shear box with dimensions of 305 mm by 305 mm to minimize the effects
on measured response [44]. To minimize boundary effects on the measured responses, smooth (untextured) zones,
approximately 10 mm in length, were created on both ends of the structured (rough) surfaces (see Figure 3). Previous
researchers investigating the behavior of soil-structured interfaces using modified direct shear test devices have used 11
mm length untextured ends to minimize boundary effects [45, 46]. Monotonic interface shear tests were performed
against surfaces with the same roughness but varying clear distances to investigate the effects of bio-inspired-engineered
surface element geometry on strength and behavior in sandy soils.
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Figure 3. Details of smooth and structured (rough) surfaces design
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3. Test Soil Properties and Preparation

3.1. Soil Properties

Three locally available sandy soils were used in this study to examine the influence of particle size on the interface
shear resistance of structured (rough) surfaces. To facilitate the interpretation of the results for each soil, the three quartz-
based soils are labeled as Soil 1, Soil 2, and Soil 3. The particle size distribution (PSD) curves for the soils were
developed according to ASTM D6913/D6913M-17 [47]. The PSD curves for Soil 1, Soil 2, and Soil 3, along with their
actual photographs, are shown in Figure 4. The mean particle diameters (Dso) of Soils 1, 2, and 3 are 0.32 mm, 0.58 mm,
and 0.70 mm, respectively. Table 1 provides a summary of key properties, including the mean particle size (Dso),
maximum and minimum void ratios (emax, emin), coefficient of uniformity (Cy), and coefficient of curvature (C¢).
According to the Unified Soil Classification System (USCS), all three sands are classified as poorly-graded (SP) sands

(see Table 1) [48].
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Figure 4. Particle size distribution (PSD) curves and photos for the soils used in this study

Table 1. Summary of properties of the soils used in this study

Soil 1 Soil 2 Soil 3

Property

Coefficient of uniformity (C,) 1.89 1.94 1.16
Coefficient of curvature (Cc) 1.28 1.07 0.95
Median particle size (Dso) 0.32 0.58 0.70
Specific gravity (Gs) 2.58 2.64 2.61
Maximum void ratio (emax) 0.869 0.811 0.881
Minimum void ratio (emin) 0.558 0.541 0.567

Unified Soil Classification System (USCS) Sp* Sp* Sp*

* SP: Poorly graded sand with little or no fines.

3.2. Soil Specimen Preparation

Representative soil specimens used for all conventional direct shear and interface shear tests were prepared with the
same target relative density (Dr). The specimens measured 60 mm in length and 60 mm in width, which is approximately
86 times the maximum particle diameter (0.7 mm) of the coarse sand used in the tests (see Table 1). This size exceeds
the minimum sample size of 10Dnax as prescribed by ASTM D3080/D3080M-11 [49]. The specimen height ranged from
36 to 38 mm for conventional direct shear tests and from 18 to 20 mm for interface direct shear tests. For interface shear
tests, all sand specimens were air-pluviated into the top half of the shear box, placed over smooth and bio-inspired-
engineered (or structured) surfaces, to achieve a target relative density (D;) of 70 £ 1%. Before applying normal stress,
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the gap between the top and bottom halves of the shear box was adjusted to be approximately equal to the largest sand
particle in the specimen [49].

The internal friction angles of test soils 1, 2, and 3 were determined by conducting a series of conventional direct
shear tests on representative soil samples. The configuration of the conventional direct shear tests for performing soil-
soil strength tests is shown in Figure 1. These tests were conducted under a range of normal (confining) pressures to
develop the Mohr-Coulomb failure envelope. The peak internal shear strength of each soil was determined at the
corresponding normal (confining) stress. Figure 5 displays the peak failure envelopes for soils 1, 2, and 3. As shown in
Figure 5, the internal friction angles for soils 1, 2, and 3 are 34.9°, 33.2°, and 37.9°, respectively. The tests were
performed on representative samples prepared with a target relative density of 70%.
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Figure 5. Mohr-Coulomb failure envelop for soils 1, 2, and 3 from conventional direct shear tests on representative specimens

4. Results and Discussion

The interface shearing behavior and resistance of all three soils (1, 2, and 3) tested against smooth and structured
(rough) surfaces under axial monotonic loading were experimentally evaluated. This includes the interface shear
resistance against smooth surfaces, the interface resistance of structured (rough) surfaces with different characteristics
sheared against the soil, and the load transfer mechanism at sand-smooth and sand-structured (rough) interfaces. The
impact of surface element characteristics on interface resistance is then discussed.

4.1. Shear Response at Soil-Smooth Interface Condition

The modified interface direct shear test device was used to conduct three interface shear tests on smooth surfaces
with soils 1, 2, and 3. The results from these tests, conducted at a normal (confining) stress of 50 kPa and a target relative
density of 70%, are shown in Figure 6. Figure 6 compares the shear stress and the shear stress to normal stress (z/o) ratio
with horizontal displacement (A) for the three different soil samples tested against the smooth interface condition at a
shearing rate of 0.5 mm/min. Figure 6-a demonstrates that all soil samples show an increase in shear stress with
horizontal displacement up to approximately 0.5 mm, followed by a decrease in shear stress with further displacement.
The post-peak shear stress versus horizontal displacement curves for soils 1 and 2 exhibit a slight reduction before
stabilizing with displacement. However, the interface shear stress versus horizontal displacement curve for Soil 2 shows
a more pronounced reduction from peak to post-peak stress. The difference in the observed resistance can likely be
attributed to variations in soil composition, density, internal angle of friction, and particle size distribution. The peak
interface shear resistance mobilized at the smooth surface against soils 1, 2, and 3 were 19.2 kPa, 19.0 kPa, and 19.3
kPa, respectively. The post-peak interface shear resistance for soils 1, 2, and 3 were 15.0 kPa, 16.0 kPa, and 13.3 kPa,
respectively. In Figure 6-b, the peak stress ratio (z/o) for all soils ranges from 0.37 to 0.38, while the post-peak stress
ratio ranges from 0.26 to 0.32. The peak interface friction angles (Jp) for soils 1, 2, and 3 at the smooth interface are
20.33°, 20.73°, and 20.63°, respectively, which correspond to interface to internal angle of friction ratios (d/¢), of 0.58,
0.54, and 0.62 for the three soils. The post-peak interface to internal angle of friction ratios (d/@)p, were 0.42, 0.40, and
0.55 for the three soils, respectively. Contractive behavior was observed in tests on the smooth surface sheared against
all soils, caused by particle sliding and the load transfer mechanism occurring at the soil-smooth interface under
monotonic axial loading. The findings of the current study are consistent with measurements made by other researchers
on the development of negligible shear zone deformation at soil-smooth surface interfaces [22, 50, 51].
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Figure 6. Results of interface shear tests on soils 1-, soil 2-, soil 3-smooth surface interface condition: (a) measured interface
shear stress vs. horizontal displacement (A), and (b) corresponding shear stress to normal stress ratio (t/c) as function of
horizontal displacement (A), interface tests conducted at 50 kPa normal (confining) stress.

4.2. Shear Resistance of Soil-Structured (Rough) Surface Interface

The mobilized interface shear resistance, reported in terms of shear stress (z) with horizontal displacement, during
interface direct shear tests performed against smooth (no surface elements) and structured (rough) surfaces with
trapezoidal-like elements placed at different spacings, is presented in Figure 7. Figure 7 shows the response curves for
smooth (no elements), Rough | (one element), Rough 11 (two elements), Rough 111 (three elements), and Rough IV (four
elements) surfaces sheared against Soil 1 prepared at 50 kPa. As previously discussed, the smooth surface curve shows
peak resistance at a displacement of less than 0.5 mm, followed by a strain-softening response. The response curves for
structured (rough) surfaces show that the mobilized resistance increases as the level of roughness, in terms of the number
of elements, increases. As previous research has shown, the mobilized shear strength and behavior of soil-structure
interfaces are significantly impacted by surface roughness and the internal friction of the sand. The findings of the
present study are consistent with measurements made in earlier studies [13, 52-57]. Unlike the soil 1-smooth interface
shear response, the peak interface shear stress of structured (rough) surfaces increases up to approximately 1.0 mm of
horizontal displacement, then stabilizes with a minimal decrease in resistance. The results (see Figure 7) show that the
measured interface shear resistance increases with the number of surface elements (or the level of roughness) for Rough
I, I1, and 111, while lower interface strength is mobilized for Rough IV.

The influence of roughness on interface resistance is evident, as the strength of the soil-structured (rough) surfaces
increases by 96%, 134%, 147%, and 111% of the sand-smooth strength, corresponding to peak shear stress to normal
stress (z/o) ratios of 0.73, 0.87, 0.91, and 0.78, respectively. These results are consistent with the limited understanding
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of the behavior of structured (rough) surfaces, where the characteristics of surface elements (roughness, form, distance)
play a critical role in the response and behavior of soil-structure interfaces. Unlike structured or ribbed surfaces, the
interface shear resistance of sand-random rough surfaces is mainly affected by roughness parameters (e.g., the average
roughness (Ra), maximum roughness (Rmax), Normalized roughness (Rn = Rmax/Dso), and relative roughness (R = Ra/Davg)
first proposed by Uesugi & Kishida (1996) to describe surface roughness. The normalized roughness parameter
(especially Ry), a measure of relative roughness to mean particle size, has been widely used in studies focused on the
response and behavior of sand-structured interfaces [9, 15, 19, 24, 58].
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Figure 7. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 1 in direction 1:
measured interface shear stress vs. horizontal displacement (A), interface tests conducted at 50 kPa normal (confining) stress

Figure 8 shows the peak interface shear stress for smooth and structured (rough) surfaces, with the clear distance
between trapezoidal elements and the clear distance normalized to the maximum roughness of the elements (i.e., 2 mm).
As observed in Figure 8-a, the interface shear resistance correlates with the clear distance between elements (D). As the
distance between the elements increases (i.e., fewer elements within the gauge length), the interface shear resistance
initially increases until it reaches a maximum value and then decreases. It is expected that the interface shear resistance
will eventually decrease until it matches the resistance of the smooth surface condition (see Figure 8-a). The smooth
surface interface strength is mainly due to frictional resistance from the sliding of soil particles during the relative
movement between the soil and surface. Due to the design of the surface elements used in this study (i.e., trapezoidal-
like elements), frictional resistance develops at the zone in front of and at the crest (top) of the elements, in addition to
the formation of soil wedges at the faces of the elements through bearing stress applied to the transverse surfaces, normal
to the direction of movement. It is important to note that the size of the elements affects the size of the soil passive
wedge, with higher resistance achieved when surfaces allow the development of the maximum number of wedges, along
with frictional resistance along the smooth (or untextured) zones.

The load transfer mechanisms between soils and various soil reinforcement systems, involving friction and/or
passive resistance, have been described and further elaborated in several studies [1, 2, 7, 17, 22]. The observed results
regarding the contribution of passive resistance to the total interface shear resistance are consistent with the test results
reported in previous studies on interface shear behavior with periodic surfaces [1, 17, 22, 54]. Shearing against Soil 1
in direction 1 (see Figure 8-a) on structured (rough) surfaces developed confined soil wedges at the leading front of
the right-angle side of the elements, combined with soil dilation, resulting in a local increase in normal (confining)
effective stress with horizontal displacement. Figure 8-a suggests that a surface with 2 mm maximum roughness and
a clear distance (D) of 15 mm achieves higher interface shear stress due to the development of more passive wedges,
in addition to frictional resistance along the smooth (untextured) zones. As concluded by previous studies, the
mobilized interface shear resistance is significantly influenced by surface roughness [5, 9, 13, 17, 27, 30]; therefore,
the influence of the maximum roughness of structured (rough) surfaces on the mobilized interface shear resistance is
not considered here.
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Figure 8. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 1 in direction 1: a)
relationship between peak interface shear stress and clear distance between surface elements, and b) relationship between
peak interface shear stress and clear distance between surface elements to maximum roughness ratio, interface tests
conducted at 50 kPa normal stress.

he maximum roughness (Rmax) and the clear distance (D) between surface elements of bio-inspired engineered
surfaces also influence the mobilized interface shear stress and soil volume change. The ratio of clear distance to
maximum roughness (D/Rmax) Was introduced to study the relationship between this ratio (or element characteristics)
and the load transfer mechanism of structured (rough) surfaces. Surfaces with a small D/Rmax ratio are more likely to
mobilize small soil wedges with minimal friction, whereas surfaces with a large D/Rmax ratio tend to mobilize fewer soil
wedges and exhibit a friction-dominated resistance. Therefore, a surface design with an optimal D/Rmax ratio could allow
the development of the maximum number of soil wedges, in addition to frictional resistance on the smooth (untextured)
zone between the elements and the element crest (top). The results of all interface shear tests on soil 1 are plotted as a
function of the D/Rmax ratio in Figure 8. As shown in Figure 8-b, the D/Rmax ratio seems to influence the maximum
attainable interface shear resistance and soil dilation of structured (rough) surfaces. The Rough Il surface, with a D/Rmax
ratio of 7.5, resulted from a clear distance of 15 mm and a maximum roughness of 2 mm, while other structured (rough)
surfaces mobilized lower resistance. These results are consistent with the findings reported by Martinez et al. [21] from
interface shear tests on snakeskin-inspired surfaces in sandy soils.

To confirm the relationship between the characteristics of bio-inspired engineered surfaces and the observed load-
transfer mechanism, a series of interface direct shear tests were performed on two soils, labeled Soil 2 and Soil 3. Figure
9 presents the response curves for smooth (no elements), Rough | (one element), Rough 1l (two elements), Rough I11
(three elements), and Rough IV (four elements) surfaces sheared against Soil 2, prepared at 50 kPa. The figure shows
that the soil 2-smooth interface shear response peaks at approximately 0.5 mm, followed by slight strain softening with
horizontal displacement. In contrast, the peak interface shear stress for structured (rough) surfaces increases up to
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approximately 1.0 mm, then stabilizes with minimal decrease in resistance. The results in Figure 9 demonstrate that the
measured interface shear resistance increases with the number of surface elements (or level of roughness) for Rough I,
I1, and 111, while Rough IV mobilizes lower interface strength, consistent with the responses observed during tests on
Soil 1. The Rough 111 interface sheared against Soil 2 yielded the highest interface shear resistance among the rough
surfaces, although the mobilized peak interface shear stress for Soil 2 was slightly lower than that for Soil 1. This
difference in mobilized peak interface shear resistance is attributed to the difference in the internal angle of friction
between Soils 1 and 2. The influence of roughness on the interface resistance is evident, as the soil-structured (rough)
surfaces exhibit an interface strength of 77%, 95%, 103%, and 89% of the smooth sand strength, corresponding to peak
shear stress to normal stress (1/0) ratios of 0.66, 0.73, 0.77, and 0.71, respectively.
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Figure 9. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 2 in direction 1:
measured interface shear stress vs. horizontal displacement (A), interface tests conducted at 50 kPa normal (confining) stress

A comparison of the trends obtained in this study suggests that the D/Rmax ratio impacts the load-transfer mechanisms
of sand-structured (rough) surfaces, including the development of passive wedges due to surface element roughness, the
clear distance between elements, and soil dilation during soil-surface relative movement. As suggested by previous
research, the load-transfer mechanism and interface shear resistance for surfaces with random roughness, resulting from
abrasion or artificial roughening, are well described and controlled by the normalized roughness parameters (e.g., R, Ra,
Rn) [9, 42, 52, 57].

Figure 10 shows the mobilized peak interface shear stress for smooth and structured (rough) surfaces, with both the
clear distance and the clear distance normalized to the maximum roughness of the elements. As seen in Figure 10-a, the
interface shear resistance correlates with the distance (D). As the clear distance increases, the interface shear resistance
rises until it reaches a maximum value and then decreases. A smaller distance implies a larger number of elements per
unit of contact length, whereas the interface shear resistance of surfaces with larger clear distances decreases until it
matches the smooth surface resistance (see Figure 10-a). Shearing against Soil 2 in direction 1 (see Figure 3) with
structured (rough) surfaces led to the possible development of passive wedges (or passive resistance) in addition to
friction resistance, combined with soil dilation. Figure 10-a suggests that the Rough I11 surface, with a clear distance of
15 mm and a constant maximum roughness of 2 mm, yielded higher resistance compared to smooth and other structured
(rough) surfaces.

Results from interface direct shear tests conducted on Soil 2 against smooth and structured (rough) surfaces are
depicted with the D/Rmax ratio in Figure 10-b. As shown in Figure 10-b, the D/Rmax ratio appears to control the maximum
attainable resistance of structured (rough) surfaces. The Rough 111 surface has a D/Rmax ratio of 7.5, while Rough I, 11,
and IV structured (rough) surfaces, with D/Rmax ratios of 5, 12.5, and 27.5, mobilized lower resistance.

The results of the interface direct shear tests on Soil 3 are shown in Figure 11. Soil 3 is coarser compared to Soils 1
and 2, with a Dsp of 0.70 and Cy and C. values of 1.16 and 0.95, respectively. Based on the particle size distribution
curves presented in Figure 4, Soil 3 is a poorly graded soil (composed of single-sized particles) and has a relatively high
internal angle of friction. Figure 11 demonstrates that, compared to the Soil 3-smooth interface resistance, the structured
(rough) surface exhibited higher resistance, with the resistance increasing with the level of roughness or the number of
elements. The number of elements per unit length of contact is not the only factor influencing the mobilized resistance.
For instance, Rough 111, which has three elements, attains higher strength than Rough 1V, which has four elements. The
soil-structured (rough) surfaces achieved interface strengths of 89%, 119%, 131%, and 99% of the sand-smooth strength,
corresponding to peak shear stress to normal stress (z/o) ratios of 0.71, 0.83, 0.87, and 0.75, respectively.
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Figure 10. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 2 in direction 1: a)
relationship between peak interface shear stress and clear distance between surface elements, and b) relationship between
peak interface shear stress and clear distance between surface elements to maximum roughness ratio), interface tests
conducted at 50 kPa normal (confining) stress.

50

Shear Stress (1), kPa

Smooth
Rough I
Rough II
Rough I11

———e Rough IV
0 T T T

0 1 2 3 1

Horizontal Displacement (A), mm

Figure 11. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 3 in direction 1:
measured interface shear stress vs. horizontal displacement (A), interface tests conducted at 50 kPa normal (confining) stress
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Figure 12 shows the mobilized peak interface shear stress for both smooth and structured (rough) surfaces, with clear
distance and clear distance normalized to the maximum roughness of the elements. As shown in Figure 12-a, the
interface shear resistance is related to the distance (D). The maximum attainable shear resistance occurred when Rough
I11 was tested against Soil 3, with a clear distance of 15 mm. This maximum shear resistance represents an increase of
131% compared to the Soil 3-smooth surface interface resistance, with a shear stress to normal stress ratio of 0.87.
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Figure 12. Results of interface shear tests of smooth and structured (rough) surfaces sheared against soil 3 in direction 1: a)
relationship between peak interface shear stress and clear distance between surface elements, and b) relationship between
peak interface shear stress and clear distance between surface elements to maximum roughness ratio), interface tests
conducted at 50 kPa normal (confining) stress.

Figure 12-b confirms that the D/Rmax ratio governs the load-transfer mechanism and the development of passive
wedges. As mentioned earlier, Rough Il (with a clear distance of 15 mm and a maximum roughness of 2 mm) achieved
the maximum interface resistance, which supports the results in Figures 7-10. Unlike surfaces with random roughness,
the interface behavior and resistance of structured (rough) surfaces are primarily controlled by the D/Rmax ratio rather
than the normalized roughness parameters. The trends observed here are consistent with the data reported by Martinez
et al. [21].

4.3. Role of Structured Elements Characteristics on Interface Shear Resistance

A parametric study was conducted to investigate the effect of structured element characteristics, specifically
maximum roughness (Rmax) and the clear distance between elements (D), on the mobilized interface shear resistance of
three different soil gradations (i.e., Soils 1, 2, and 3). Increasing the clear distance (D) while keeping the maximum
roughness (Rmax) constant at 2.0 mm led to higher mobilized shear resistances and greater interface soil dilation for all
tested soils.
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Figure 13 illustrates the relationship between the mobilized peak interface shear resistance of structured (rough)
surfaces and the peak resistance of smooth surfaces, expressed as the peak shear stress ratio (zpeak/zsmooth). AS shown in
Figure 13, increases in the clear distance to maximum roughness (D/Rmax) ratio led to higher peak shear stress ratios in
tests on all three sandy soils. For Soil 1, which has a smaller Dso, an initial increase in D from 10 to 15 mm (corresponding
to a D/Rmax ratio of 5 to 7.5) resulted in a sharp increase in the mobilized shear stress ratio. Further increases in D from
15 to 25 mm (corresponding to a D/Rmax ratio of 7.5 to 12.5) led to a moderate decrease in the shear stress ratio and
increases from 25 to 55 mm (corresponding to a D/Rmax ratio of 12.5 to 27.5) caused a more pronounced decrease in the
stress ratio. The trends for tests with Soil 2 (medium) and Soil 3 (coarser) sands were somewhat similar to those observed
for tests with Soil 1 (finer) sand. As seen in Figure 13, the interface shear resistance of sand-structured (rough) surfaces
increased up to 2.46 times that of the sand-smooth interface shear resistance, which represents a 146% increase for Soil
1. For Soil 2 and Soil 3, the increases were 103% and 131%, respectively.
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Figure 13. Relationship between soil-structured (rough) interface resistance to soil-smooth resistance with normalized
distance to maximum roughness from interface tests conducted at 50 kPa normal (confining) stress on all soils

Figure 14 illustrates the relationship between the mobilized stress ratio of smooth and structured (rough) surfaces
and the normal (confining) stress, referred to as the stress ratio (zpeak/on). As shown in Figure 14, increases in the clear
distance to maximum roughness (D/Rmax) ratio resulted in higher stress ratios for tests on all three sandy soils. For Soil
1, which has a smaller Dsp, an initial increase in D/Rmax from 5 to 7.5 led to a sharp rise in the mobilized stress ratio.
Further increases from 7.5 to 12.5 resulted in a moderate decrease in the stress ratio and increases from 12.5 to 27.5
caused a more significant decline in the stress ratio. The trends for tests with Soil 2 (medium) and Soil 3 (coarser) sands
were somewhat similar to those observed for tests with Soil 1 (finer) sand. As seen in Figure 14, the stress ratio for sand-
smooth and sand-structured (rough) surfaces increased up to 0.91, while the stress ratios were 0.76 and 0.87 for Soils 2
and 3, respectively.
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distance to maximum roughness from interface tests conducted at 50 kPa normal (confining) stress on all soils
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As suggested by numerous studies (e.g., Uesugi & Kishida, 1986 [57]; Dietz & Lings, 2006 [52]; Dove & Frost,
1999 [3]; and Han et al., 2018 [16]), the level of surface roughness significantly influences the interface shear resistance
of random surfaces. However, for surfaces with structured elements, the resistance may be controlled by the geometry
and shape of the elements. The magnitude of roughness, as described by normalized roughness parameters (i.e., the
average roughness Ra = Ra/Davg and normalized roughness R, = Rmax/Dso, plays a crucial role in determining interface
shear resistance. Specifically, increasing the normalized roughness (Rn = Rmax/Dso) leads to a higher interface friction
angle, with an upper limit determined by the soil’s internal angle of friction. The Ry values for Soils 1, 2, and 3 are 5.26,
3.45, and 2.85, respectively. These values are considered large, resulting in high mobilized interface resistance compared
to the internal strength of the soil. The results summarized in Figures 13 and 14 suggest that the key parameters
controlling the interface shear resistance of structured (rough) surfaces under monotonic axial loading are the surface
form, roughness, and the characteristic ratio of surface elements. Additionally, these results indicate that the ratio of
clear distance to maximum roughness (D/Rmax) has a more significant impact on interface behavior than particle size or
normalized roughness (Rn), as suggested by previous studies.

5. Conclusions

The experimental research presented in this article involved modifying a conventional direct shear apparatus to
perform monotonic interface direct shear tests on three soil samples with different characteristics (primarily varying
particle sizes). These soils were tested against five bio-inspired engineered or structured (rough) element surfaces,
including a smooth surface. The experimental data on soil volume change (contraction vs. dilation) from the interface
shear tests revealed differences in soil deformation mechanisms and interface strength resistance. The investigation led
to the following conclusions:

e Shearing smooth (untextured) surfaces against soils with different particle sizes mobilized almost the same peak
interface shear resistance due to the dominant particle sliding (frictional resistance) load transfer mechanism.
However, there was a noticeable difference in the post-peak interface shear behavior. Soils with a smaller
coefficient of uniformity (C,) experienced a more pronounced reduction in interface resistance with horizontal
(shearing) displacement.

e The structured (rough) surfaces with trapezoidal-like or bio-inspired-engineered elements’ form, roughness, and
arrangement influenced the mobilized interface shear resistance and behavior. When the element roughness level
was kept constant, increasing the clear distance (D) resulted in an increase in shear resistance and soil dilation up
to a maximum value. Beyond this point, further increases in D led to a decrease in mobilized resistance,
accompanied by a contractive soil response. Based on the interface test results, the interface shear resistance of
bio-inspired-engineered elements spaced at larger clear distances (or with fewer trapezoidal elements per unit
length of contact) was expected to match the soil-smooth interface shear resistance. This behavior was consistent
across all soil specimens, regardless of their characteristics and particle sizes.

e The shape of the trapezoidal-like elements enabled the mobilization of larger interface resistance (maximum
attainable interface shear stress) due to the load-transfer mechanism. This mechanism consisted of frictional
resistance at the top (crest) and the untextured (smooth) zones between surface elements, along with passive
resistance due to the development of soil wedges at the front and back faces of the elements. The shape of the
surface elements enhanced shear resistance and suggested that various geo-structures such as piles, soil anchors,
nails, and conventional reinforcing elements in mechanically stabilized earth walls could benefit from such
designs.

e The clear distance to maximum roughness (D/Rmax) ratio, or surface element characteristic ratio, was found to
influence and control the mobilized interface resistance and load-transfer mechanisms at the soil-structured (rough)
surface interface. It was observed that only one surface, with what is termed the optimum surface element
characteristic ratio (i.e., D/Rmax), achieved the maximum interface shear resistance. This behavior was consistent
in all tests conducted on the three sandy soils. Surfaces with a D/Rmax Smaller than the optimum displayed resistance
mainly consisting of frictional resistance, with smaller passive resistance due to the partial development of passive
wedges (i.e., rough surfaces with closely spaced elements). Conversely, surfaces with a D/Rmax slightly larger than
the optimum showed resistance from friction and larger passive wedges. When D/Rmax Was significantly larger
than the optimum, the surface mainly resisted friction with minimal passive resistance (smaller passive wedges),
potentially matching the interface resistance of a smooth surface. The optimum D/Rmax corresponds to a surface
that maximizes the number of fully developed passive wedges for all tested soils (1, 2, and 3).

e The results of the tests conducted as part of this study suggest that the load-transfer mechanism and mobilized
interface shear resistance at the soil-structured (rough) surface interface are primarily controlled by the D/Rmax
ratio. However, normalized roughness parameters (e.g., R,) are commonly adopted for sand-random (rough)
surfaces. Future tests will focus on evaluating the influence of the clear distance to element base length ratio and
its relation to the clear distance to maximum roughness ratio (D/Rmax) on the interface shear resistance of bio-
inspired-engineered surfaces.
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