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1. Introduction

The interfacial friction performance between soils and structures 
controls the capacity of many infrastructures and the efficiency 
of construction processes, which is shown in deep foundations, 
tunneling and transport processes. It is meaningful to study the 
behavior of soil-structure interfaces for the structural design of 
various geo-infrastructures (Jardine et al., 1993; Won and Kim, 
2007; Kang et al., 2012; Portelinha et al., 2014; Tehrani et al., 
2016). To this propose, many laboratory tests and numerical 
simulations have been introduced which indicate the interface 
roughness plays an important role in governing the soil-structure 
interactions (Milligan and Tei, 1998; Frost and DeJong, 2005; 
DeJong et al., 2017; Martinez and Frost, 2017; Jing et al., 2017; 
Martinez and Palumbo, 2018). There are many parameters to 
quantitatively characterize the interface roughness. For example, 
the most commonly used and applicable one is the relative 
roughness (Rn) proposed by Uesugi and Kishida (1986a). When 
the mean particle size (D50) is used as the gauge length, the ratio 
of the measured maximum height of asperity (Rmax) to D50 is 
referred to as Rn of the interface. Hu and Pu (2004) proposed the 
concept of critical relative roughness (Rcr), and based on Rcr, the 

interface was categorized into two types: smooth and rough, 
according to the shear failure mode. Liu et al. (2009) studied the 
mechanical behavior of soil-geogrid interface and found that 
bearing resistance provided by transverse ribs has an effect on 
interface shear resistance. The contribution of resistance was 
verified to be related to D50. 

Several researchers suggest that the surface topography and 
stress path have positive effects in enhancing the transfer of 
interface shear load (Kang and Kang, 2015; Kang et al., 2016). 
As the surface topography size increases, not only the friction 
between soil particles and material surface, but also the passive 
resistance from surface topography has an effect on mechanical 
behavior of soil-structure interfaces (Mitchell and Villet, 1987; 
Tang et al., 2010; Martinez and Frost, 2017). As the engineering 
structure becomes larger and more important, the soil-structure 
interface study should not only consider the results of the friction 
response, the difference of interface mechanical behavior caused 
by the surface topography is also the key point to the interface 
design. Soil or material surface topography has great effects on 
the mechanical behavior of interface (Michalowski and Čermák, 
2002; Wang et al., 2007; Farhadi and Lashkari, 2017). However, 
the quantitative characterization of surface topography related to 
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the direction is not widely practiced even if analytical methods 
exist for determining the shear behaviors. Researching the 
mechanism of differences in interface mechanical behavior caused 
by different directions of shear force plays a guiding role in future 
interface design or discrete element method (DEM) models.

Direct shear tests are often conducted to investigate the 
interactions between soil and structure interfaces but most researchers 
focused only on the effects of material surface topography (Rourke 
et al., 1990; Subba Rao et al., 1998; Dove and Jarrett, 2002). 
Experimental and theoretical studies have revealed that not only 
surface topography performance, but also several other factors, 
including soil particle characteristics (size and shape), soil relative 
density and the normal stress level have great effects on interface 
behavior by influencing the interaction between granular material 
and contact surface (Rourke et al., 1990; Hryciw and Irsyam, 1993; 
Lings and Dietz, 2005; Tiwari et al., 2010; Yavari et al., 2016; 
Afzali-Nejad et al., 2017). D50 and shape parameters are widely used 
in describing the particle characteristics. However, the methods of 
defining the shape of a particle are mostly very simple and 
unscientific (Uesugi and Kishada, 1986b; Yudhbir and Abedinzadeh,
1991; Sukumaran and Ashmawy, 2001). Compared with two-
dimensional projection parameter, shape information of a particle is 
holistically exhibited in three-dimensional. Therefore, a new three-
dimensional shape parameter called surface area-to-volume (A/V) 
ratio is defined on this basis to represent aggregate’s topography. A/V

is also found to have close relationship with the mechanical 
behavior (Lee et al., 2019; Su et al., 2020). 

In the past decades, the 3D printing, which regarded as a new 
field, is experiencing rapid development with new technologies 
and materials being introduced at an impressive rate. The 3D 
printing has stimulated interest into possible applications in the 
field of geotechnics with plenty of laboratory tests conducted in 
recent years (Hanaor et al., 2016; Adamidis et al., 2020; Su et al., 
2020). 3D printing has brought unprecedented convenience to 
the design of complex topography. In particular, 3D printing 
provides a unique opportunity to create granular materials with 
independent control of particle size and shape; therefore, the 3D 
printing not only offers better prediction of the mechanical 
behavior of soil-structure interface on a description of particle or 
material surface asperity shape, but also greatly advances the 
state-of-art in the fields of soil mechanics, deep foundation 
engineering, landfill slopes, and material transport processes, etc.

This paper investigated the effects of inclination of asperity, 
particle size and shape on the mechanical behavior of soil-structure
interfaces. To this purpose, structure interfaces manufactured by 3D 
printing are divided into six types in accordance with interface 
shape factor (λ) (see section 3 for more details) related to the 
direction of applied force. Ottawa sand 20/30, three types of 
Dolomite sand with different D50 and four types of 3D printed 
plastic particles with different particle shape parameters were 
selected as the granular materials. Direct shear tests were conducted
to investigate the shear strength and the volume change responses 
of interfaces that generated by the interaction between surface 
structure with various inclination of asperities and particles with 

different characteristics. The testing program covers a constant 
Rmax of 1 mm and initial relative density (Dr) of 90%. For 
comparison, a smooth sheet with no asperity was tested to indicate 
the positive effects of surface topography on the mechanical 
behavior of the interface.

2. Mechanical Model

Most of the existing friction models considered the adhesion of 
the lubricating and dry interface which aiming at reducing device 
wear and extending service life (Komvopoulos et al., 1986; 
Bhushan and Nosonovsky, 2004; Horng et al., 2009). For particle-
structure interface friction, the main research focuses on the micro-
scale particle mechanical behavior while negelected the difference in 
the mechanical properties of graunlar materials caused by the 
different surfaces and particle shapes in engineering applications. It 
is crucial to consider the effect of asperity inclination differences on 
the shear behavior of granular materials with a saw-tooth surface. 
The saw-tooth surface can be simplified into multiple wedges, 
Therefore, in order to provide theoratical basis for analysis of the 
interface friction behaivors, a wedge friction model is introduced 
based on the simplified saw-tooth surface. 

The model is shown in Fig. 1(a). The wedge model based on 
the friction theory indicates that there is a functional relationship 
between the horizontal force (Q) and the normal load (F) of the 
sliding object on the inclined plane. The functional relationship 
of the model is related to the friction coefficient (μ) of contact 
surface and θ. The ratio of shear stress over normal stress 

Fig. 1. Diagrams of Mechanical Model: (a) The Wedged Friction 
Model, (b) Diagram of the Definition of Interface Shape Factor
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obtained by direct shear tests of various granular materials on the 
flat sheet surface (e.g., No. 6) is the friction coefficient between 
granular material and contact surface:

. (1)

Then Q is derived to be

. (2)

During shearing, normal load generates the normal stress on 
the specimen. In the same fashion, shear stress is generated by 
horizontal force dividing by the same contact area. Therefore, the 
equation is derived to be

, (3)

where τsf is defined as the shear stress of sliding friction, and the 
angle of sliding friction (δsf) is defined as follows:

. (4)

The evolution of δsf against inclination of asperity is depicted 
in Fig. 1(a). It is worth mentioning that δsf keeps going up during 
the early stage as the slope of inclination increases. However, 
when the slope of inclination reaches the critical value, δsf has 
become mathematically negative. The negative value indicates 
the wedge act as the hindrance to the object at this moment. If the 
sand particles slide or roll on the structure surface, the peak 
interface friction angle δp, defined as the maximum mobilized 
interface friction angle representing the interface peak shear 
resistance satisfies the above wedge model.

In order to validate the reliability of the model, the interface 
shape factor (λ) is introduced to quantitatively describe the shape 
of interface. Based on the topography of saw-tooth interface that 
changing in only one horizontal direction, each identical asperity 
is divided into numerous (n) microelements and then λ can be 
defined by Yi et al. (2006) as

, (5)

where Δxi and Δyi are the increments of the horizontal direction 
and corresponding elevation direction for surface profile, 
respectively. the increasing direction of Δxi is at an obtuse angle 
with the direction of the interface force. Namely, it must be a 
positive slope in the direction of the shear force for the formula 
to hold (see Fig. 1(b)). For the convenient of comparison, the flat 
inclined plane was selected, thus, λ can be regarded as the cosine 
value of the dip angle (θ) of asperity in the direction of shearing.

3. Materials and Methods 

3.1 Interface Materials
All the tests presented herein were performed on specimens of 
Ottawa sand 20/30, Dolomite sand #1, #2 and #3 and 3D printed 
polylactic acid (PLA) particles with different shapes. 3D printed 
particles with different shapes were produced via Fused Deposition
Modeling (FDM) 3D printing, while sheets were produced via 
stereolithography (STL). Sphere (SP), Regular Octahedron (RO), 
Regular Hexahedron (RH) and Regular Tetrahedron (RT) were 
selected as four shapes of platonic solids to investigate the particle 
shape effects on the behavior of interface. Dr of all the soil samples 
were prepared under a constant value of 90%. Table 1 presented 
physical properties of the granules for tests. It is worth mentioning 
that the shape was chosen to cover almost all range of the angularity 
in shape of the typical granular materials (Su et al., 2020). As 
microscopic images of granules and particle size distribution plotted 
in Fig. 2, all the granular materials were categorized as poorly 
graded sand in accordance with ASTM-2487 (2017).

After curing, the sheet had following mechanical properties: 
tensile strength of 60 MPa, Young’s modulus of 2.9 GPa and 
Mons’ hardness of printing sheets is from 2 to 3 which is far 
lower than the sands’ (7). Image of printed cured sheets are also 
presented in Fig. 2.

3.2 Test Methods
Su et al. (2020) proposed shape parameter S to describe a particle 
shape in three-dimensional based on parameter A/V. However, 
accuracy is lost in some special cases, for example when describing 
the shape of RH and RO. When the volume is constant, RH and 
RO have the same shape parameter S but different mechanical 
characteristics. Therefore, the diameter (Ls) of a sphere of the 
same volume of the particle is utilized in accordance with Wadell 
(1932) with a higher accuracy and propose a new particle shape 
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Table 1. Physical Properties of Tested Soil Particles

Ottawa sand 

20/30

Dolomite sand Printed particle

1# 2# 3# SP RO RH RT

D50 0.72 1.40 0.60 0.30 2.00 2.00 2.00 2.00

Cu 1.23 2.05 2.26 1.67 1.00 1.00 1.00 1.00

Gs 2.650 2.678 2.678 2.678 1.24 1.24 1.24 1.24

emax 0.740 0.875 0.808 0.738 0.796 0.950 1.175 1.400

emin 0.500 0.483 0.499 0.509 0.639 0.715 0.815 0.867

Note: D50 of printed particle in accordance with the diameter of sphere of equal volume.
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parameter Sh on the basis of predecessors. The Sh is calculated as 
follows:

. (6)

Note that Sh = 1 for SP, Sh = 1.18 for RO, Sh = 1.24 for RH and 
Sh = 1.49 for RT. For comparison, only Sh is used to describe the 
printed particle shape.

Direct shear tests were conducted to measure the interface 
shear stress and the vertical displacement with the evolution of 
horizontal displacement. It is reported in the literature that the 
data obtained from direct shear tests were reliable for exploring 
the interface behavior (Rourke et al., 1990; Subba Rao et al., 
1998). The direct shear apparatus consists of an upper and a 
lower cylindrical shear boxes with diameter of 61.8 mm and a 
displacement-controlled system.

Dip angle θ and λ of asperity of the 6 printed sheets were set 
as shown in Table 2. The values of θ from sheet No.6 to No.1 
ranged from 0 to 78.6 (degree). There is only one dip angle for 
one printed sheet, that means the distance between asperities and 
Rmax for one sheet were the same. Inclination was defined as a 
parameter of the reciprocal of λ. The thickness of sheet (No.6 
was set 3 mm) was set to 4 mm with 1 mm for height of asperity 
and 3 mm for the thickness of sheet. The sheets were produced to 
fit inside the lower shear box frame with only asperities exposed 
out. The upper shear box should not be impeded during the 
whole shear process with 8 mm (8/61.8 = 12%) of horizontal 
displacement to minimize boundary effects from the shear box’s 
sidewalls. As described by Martinez and Palumbo (2018), excessive 
normal stress might damage the surface of sheet printed by resin for 
the low hardness and thus, additional shear stress appears 
unexpectedly. As a result, all tests except Ottawa sand (50, 100, 
200 kPa) in this investigation were performed at 50 kPa of 
normal stress in order to avoid the effects of surface wear/
damage. At least one duplicate test was carried out and hence, a 
total of 120 direct shear tests were conducted on soil-structure 
interface which was summarized in Table 3.

4. Results

Because the contact area of the two cylindrical shear boxes 
changes during shearing, a corrected contact area must be 
considered in calculation of shear stress and normal stress based 
on the contact area corrections (Olson and Lai, 1989).

The mobilized interface friction angle δd and interface dilation 
angle ξ are obtained from following equations, which exactly 
analogous to angles obtained in direct shear tests of granular 

Sh A V⁄( )Ls 6⁄=

Fig. 2. Photographs of Test Sands and Printed Sheets: (a) Ottawa Sand 
20/30, (b) Dolomite Sands 1#, (c) Dolomite Sands 2#, (d) Dolomite 
Sands 3#, (e) 3D Printed Plastic Particles, (f) 3D Printed Plastic 
Particles, (g) 3D Printed Plastic Particles, (h) 3D Printed Plastic 
Particles, (i) 3D Printed Sheets, (j) Particle Size Distributions of 
Granular Materials

Table 2. Variation of θ, λ and 1/λ of 3D Printed Sheets

No. Dip angle θ (Deg.) Shape factor λ Inclination 1/λ

1 78.6 0.196 5.10

2 63.4 0.447 1.41

3 45.0 0.707 2.24

4 26.6 0.894 1.12

5 11.4 0.980 1.02

6 0.00 1.000 1.00

Table 3. Summary of Tests

Test material Type Packing state Particle shape Normal stress (kPa) Interface (No.)

Ottawa Sand 20/30 Dr = 90% Sub-rounded 50, 100, 200 1, 2, 3, 4, 5, 6

Dolomite Sand 1# Angular 50

2#

3#

Printed Particle - SP

RO

RH

RT
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materials (e.g., Internal friction angle φ and internal dilation angle ψ):

, (7)

, (8)

where τ and σ are shear and normal stresses, respectively, dv and 
dh are increments of vertical and horizontal displacement, 
respectively.

4.1 Asperity Inclination Effects on the Interface 

Mechanical Behaviors
Through Figs. 3(a), 3(b) and 3(c), the shear behaviors of interface 

between Ottawa sand 20/30 and printed sheets under the same 
normal stress (50 kPa) are compared. Figs. 3(d), 3(e), 3(f) and 
Figs. 3(g), 3(h), 3(i) show the results with all the conditions the 
same but under normal stresses of 100 kPa and 200 kPa, 
respectively. The shear stress increase with surface roughness. 
However, with the increase of normal stress, the positive effect 
of surface topography on shear stress is not obvious. It is worth 
mentioning that shear data show variations under relative high 
normal stress (e.g., 200 kPa), resulting in a challenge of 
distinguishing the peak shear stress. The softness of cured resin 
surface makes quartz particles easy to embed into the material 
and causing scratches on the surface. Overturning moment 
imposed by shear makes particles scroll intermittently in high 
normal stress state, resulting in the instability of shear stress 

δd tan
1– τ
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Fig. 3. Effects of Inclination of Asperity on Shear Stress versus Horizontal Displacement, Vertical Displacement versus Horizontal Displacement, 
and Dilation Angle versus Horizontal Displacement for Ottawa Sand 20/30-Printed Sheets Interfaces under Different Normal Stresses: (a, b, 
c) σ = 50 kPa, (d, e, f) σ = 100 kPa and (g, h, i) σ = 200 kPa
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(Rourke et al., 1990). In fact, only interface 6 will be affected. In 
other words, when the shear strength of the particles on the 
interface is mainly provided by the sliding of the particles, it will 
affect the shear behavior of the interface. Because the scratches 
generated by the particles on the interface only affect the 
movement state of the particles from sliding friction to rolling 
friction (Komvopoulos et al., 1986). When the shear strength of 
the particles on the interface is mainly provided by the rolling of 
the particles, it will not affect the result. When under low stress 
conditions, the particles will not even leave the scratches that 
hinders movement on the printed sheets. Therefore, the test 
results are reliabe.

Based on the data presented in Fig. 3, δd was determined and 
depicted in Fig. 4 against ξ with the use of test data at the 
horizontal displacements of 2.0, 3.0, 4.0, 5.0, and 6.0 mm and at 
the peak state. Based on the flow rule presented by Taylor (1948), a 
modified version that proposed by Dietz and Lings (2006) was 
adapted. In consideration of the divergence in dilation angle 
(Bolton, 1987), a more general flow rule for interface based on 
Dai et al. (2016) can be written as

, (9)

where δcs is the interface critical state friction angle and ς is 
dilatancy coefficient. Through Figs. 4(a), 4(b), 4(c) and 4(d), we 

δd  ξ⋅ δcs+= ς

Fig. 4. Correlations between δd versus ξ for Ottawa Sand 20/30-Printed Sheets Interfaces: (a) Sheet No.1, (b) Sheet No.2, (c) Sheet No.3, (d) Sheet 
No.4, (e) Sheet No.5, (f) Sheet No.6
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found the intercepts are around 30 degrees for sheet No.1, 2, 3 
and 4, resulting in the same postpeak state during shearing. In 
Fig. 4(e), the intercept is 26.5 degree for sheet No.5. The result 
indicates that the interface critical state of sheet No.5 is quite 

different from the other sheets during shearing. Therefore, the 
turning point of the inclination of the asperity appears between 
sheet No.4 and 5 (dip angle between 11.4 degree to 26.6 degree). 
For Fig. 4(f), it shows an evidence that a very smooth surface 
makes the interface dilation angle negligible resulting in the 
failure of establishment of relationship between δd and ξ (Lings 
and Dietz, 2005).

Mohr-Coulomb shear strength envelope is plotted in Fig. 5(a). 
Taking the test results under 200 kPa normal stress into account, 
all the results are plotted in the figure while the peak interface 
friction angle of sheet No.6 is determined to be 17.3 degree 
(Rourke et al., 1990). When the inclination of asperity exceeds 
the “turning point”, a resistance similar to ‘adhesion’ appears and 
slightly increases with the increment of inclination of surface 
asperity. For comparison, the intercept and slope (Mohr-Coulomb 
interface friction angle δ) of all the Ottawa sand 20/30-printed 
sheets interfaces are summurized in Fig. 5(b). A turning point is 
shown in the figure, which governs the evolution of δ, and leads 
to the bilinear relationship (Uesugi and Kishida, 1986a). The δ
remains constant while the intercept keeps going up in the evolution
of inclination of asperity. The inclination of the asperity has an 
effect on increasing the passive resistance from the interface 
topography.

Consequently, when there is no normal stress applying on the 
sample, the peak shear stress obtained is called the passive 
resistance (P), and the ‘isolated’ interface friction angle (δif) 
(Martinez and Frost, 2017) is calculated as follows:

. (10)

Figure 5(c) reports the evolution of δif with the increment of 
inclination of asperity which indicates that interface friction 
angle is equal to sand-sand internal friction angle without the 
passive resistance in this situation (Uesugi and Kishida, 1986a; 
Lings and Dietz, 2005; Dietz and Lings, 2006). Interparticle 
shear, compared with the interface shear, tends to occur in soil 
sample when interface friction angle approaches to the internal 
friction angle. In fact, the δif reflects the interparticle interactions. 
Interface topography is not the critical factor in determining the 
shear resistance of interface in this situation. Mohr-Coulomb 
interface friction angle can be regarded as an average value of 
‘isolated’ interface friction angles. It is worth mentioning that 
when surface topography forms substantial obstacles to particles, 
passive resistance is not a negligible factor and thus, interface 
shear strength shall not be considered only by interface friction 
angle, and passive resistance from surface topography should 
also be considered.

4.2 Particle Size and Shape Effects on the Interface 

Mechanical Behaviors
Figure 6(a) reports the size effects of granular materials on 
interface mechanical behaviors. Dolomite sand #3 exhibits a 
greater shear strength than sand #2 and sand #1 when it comes 
to sheet No.6. Namely, interface shear resistance decreases 

δif tan
1– τmax P–

σ
-----------------
⎝ ⎠
⎛ ⎞=

Fig. 5. Effects of Inclination on the Ottawa sand 20/30-Printed Sheets 
Interfaces: (a) Peak Shear Stress versus Normal Stress, (b) Mohr-
Coulomb Interface Friction Angle and Intercept versus Inclination, 
(c) Friction Angle versus Number of Printed Sheet
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with the increment of particle size. For other sheets, interface 
shear resistance increases with the increment of particle size. 
The relationship between δp and D50 changes in the opposite 
direction with the change of the inclination of asperity. This 
results indicate that two different shear behaviors existing in 
the evolution of inclination of asperity caused by the difference 
in surface topography.

Figure 6(b) reports the shape effects of granular materials on 
interface mechanical behaviors. Particle shape affects the peak 
interface friction angle at the stable zone that is similarly as the 
effects of internal friction angle. Namely, δp increases at 
beginning then drops down with the increment of particle 
shape parameter Sh. The reasons that account for this are shown 
as follows:

1. The angularity of granular materials increases the probability
of particle interlocking at the shear band. Particles tend to 
move away from the initial position and disturb other 
particles instead of rotating themselves that rely on friction 
when being sheared. ‘The movemet of particles is not only 
in the tangential direction but also in the upward normal 

direction’ which enhances the shear strength of interface 
that contacted with angular materials by governing the 
interparticle shear resistance (Rowe, 1962; Hryciw and 
Irsyam, 1993).

2. Particle shape affects the packing state of granular materials 
under constant relative density. The increase in Sh leads to 
the increment in extreme void ratios, emax and emin, which 
affects the shear resistance between interparticles (Santamarina
and Cho, 2004; Cho et al., 2006; Torquato and Jiao, 2009).
The angularity enhances the shear resistance. On the 
contrary, the increment of void ratio abates the probability 
of interlocking which results in the decrease in interparticle 
shear resistance. That explains why δp increases at beginning 
then drops down with the increment of particle shape 
parameter Sh.

The interface shear resistance governed by particle shape 
shows the same variation as that of the sand-sand internal shear 
behavior, which indicates that particle shape controls the 
interface shear behavior by controlling the internal shear resistance 
of particles at the stable zone. Namely, the shear behavior of 
interface is dependent on the evolution of inclination of the 
asperity.

5. Discussions

5.1 The Direction Dependent Interface Mechanical 
Behaviors

The discovery of turning point in Fig. 5 indicates that particles 
move on the interface have two different ways of movement 
(sliding and rolling). The component of shear resistance for soil-
structure interfaces varies with the surface topography of the 
interface. According to the results in this investigation, it is found 
that the shear resistance of the interface can be divided into two 
main parts: one is the shear resistance between granular materials 
and saw-tooth asperity on the surface, which is named as the 
Bearing resistance (BR); the other is the internal shear resistance 
of the granular materials when particles are blocked in the gaps 
of asperities, which is called the Internal friction (IF). BR can be 
further divided into two parts based on whether particles slide 
along the inclined plane or not. One is the resistance from the 
sliding friction on the surface, which is defined as the Sliding 
friction (SF); the other is the resistance mobilized by the existence of 
asperity when particles encounter the edge of asperity on the 
material surface, which is defined as the Passive resistance (PR) 
(Frost and DeJong, 2005; Martinez and Frost, 2017). 

The friction angles of Ottawa sand 20/30-printed sheet 
interfaces are summerized in Fig. 7(a). When 1/λ of the asperity 
is below the turning point, particles slide or roll along the 
surface, δp matches the trend of δsf very well. Otherwise, particles 
are trapped in the gaps and do not move, the behavior of 
interface stays at the stable zone and doesn’t follow the wedge 
friction model. Therefore, the shear behavior of sand particles on 
the saw-tooth surface can be predicted by the wedge model. If 
the particles cannot move on the saw-tooth surface, the wedge 

Fig. 6. Effects of Particle Characteristics on Peak Interface Friction 
Angle: (a) Effects of D50 on Dolomite Sand-Printed Sheets Interfaces, 
(b) Effects of Sh on PLA Particles-Printed Sheets Interfaces 
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friction model will fail and the interface shear behavior meets the 
laws of shear behavior interparticles, passive resistance can not 
be ignored. It is worth mentioning that when under high normal 
stresses, the δp is closer to φ. High normal stress condition is 
more likely to minimize the effects of passive resistance caused 
by surface topography. The surface topography is no longer the 
dominant in affecting interface mechanical behavior. The 
interpretation of directional correlation of interface mechanical 
behavior can be drawn in Fig. 7(b).

5.2 Correlations between Particle Shape and Interface 

Mechanical Behaviors
Based on the surface microstructure image measured by atomic 
force microscope (AFM) plotted in Fig. 8, we found the Rmax of 
sheet No.6 is less than 1 μm, which is smaller than the height of 
asperity of saw-tooth structure. The test results on sheet No.6 are 
in close agreement with the findings reported by Uesugi and 
Kishida (1986a). The Rn of surface was widely used in estimating 
the interface mechanical behavior (Hu and Pu, 2004; Jing et al., 
2017; Martinez and Palumbo, 2018). When two adjacent peaks 
in the longitudinal profile can be measured in a gage length of L 
= D50, the interface shear strength is inversely proportional to 
D50. However, when taking D50 as a gage length, it results in a 
failure in measuring two adjacent peaks in the longitudinal 
profile. In other words, when the size of the surface topography 

is within the same order of magnitude as D50, the asperity 
becomes a substantial obstacle to the particles and thus, D50 no 
longer governs the interface shear resistance by following the Rn

rule, however, it directly affects the internal shear resistance. It is 
investigated that particles with larger D50 would exhibit greater 
interparticle shear resistance and thus, the δp is proportional to 
the D50 in this zone.

The investigation of interface shear behavior using both 
spheres and particles with more angularity manufactured by 3D 
printing will provide important contributions to the understanding of 
the effect of particle shape on the mechanical behavior of 
granular materials around saw-tooth asperities. For sheet No.6, it 
is found that the relationship between interface shear resistance 
and particle shape is hard to obtain. However, RH particles 
exhibit minimum shear resistance when acting on smooth surface. 

A relationship between the mechanical behavior of interface 
and the inclination of asperity governed by particle size and 
shape is summarized in Fig. 9. With the evolution of inclination 
of asperity, three different zones are divided according to the 
mechanical behavior of interface: (a) Zone I (smooth or almost 
no inclination): Soil particles slide on the sheet surface with all 
the shear resistance originated from SF; (b) Zone II (inclination 
of asperity gets larger): Shear stress increases with the increment 
of inclination of asperity with shear resistance resulted from SF 
and IF; (c) Zone III (higher inclination of asperity): When 
passing the turning point, soil particles are blocked in the gap of 
saw-tooth asperities while the shear resistance is consisted by IF 
and PR. IF remains constant and PR keeps growing but very 
slow. When granular materials slide on smooth surface, the 
interaction between surface and particles is dominated by sliding 
friction. The particles with great angularity will have higher 
chance of interlocking than rounded particles, and thus, internal 
shear resistance may not be generated easily. In other words, 

Fig. 7. Interpretation of the Mechanical Behaviors of Direction Dependent 
Interface: (a) Comparison of Friction Angles, (b) Load-Transfer 
Mechanism

Fig. 8. Surface Microstructure Image of sheet No.6 by AFM: (a) 2D 
Topography, (b) Height of Surface Profile, (c) 3D Image of 
Surface
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round particles may increase the interface shear resistance by 
generating the internal shear resistance of particles. Therefore, 
the interface shear resistance obtained by RH particles is smaller 
than that obtained by SP particles and RO particles. However, in 
zone I, particles properties are not the dominant factors controlling 
the shear behaviors of the interface. When the inclination of 
asperity is large enough and the internal shear will not be 
ignored, the particle shape governs the internal shear resistance 
and increase the interface shear resistance of angular particles. 
Therefore, in zone III, the shear behavior of the interface is 
mostly governed by the interparticle friction.

For different asperity inclinations of the interface, the evolution
of interface behavior with particle size and shape will follow the 
wedge friction model developed in the paper based on the 
laboratory investigation. However, it should be noted that the 
results presented above is based on low stress state, and further 
study on high stress level is highly desired. 

6. Conclusions

In this research, 3D printing is employed to study the mechanical 
behavior of direction dependent mechanical behaviors of soil-
structure interfaces through interface direct shear tests. Ottawa 
sand and Dolomite sand with different sizes and shapes, and six 
3D printed sheets with various saw-tooth asperity inclinations 
were adopted to investigate the particle size and shape effects on 
the interface mechanical behaviors. Based on the particle 
movement direction on the wedge surface, this study developed 

a wedge friction model for predicting the interface shear behavior, 
and introduced the interface shape factor (λ) to quantitatively 
describe the roughness of the saw-tooth interface. It can be 
concluded that the shear resistance of interface can be divided 
into two main parts: Bearing resistance (BR), and Internal friction 
(IF). The test results indicate the positive effect of passive resistance 
on enhancing the shear strength of the soil-structure interface. 
When the inclination of asperity increases to produce passive 
resistance to the soil sample on the interface, the change of 
interface topography has little effect on the shear resistance. 
Particle size and shape control the interface shear resistance 
through changing the internal shear behavior. This finding 
revealing that IF is also an important part in enhancing the shear 
resistance and deciding the upper limit strength of interface. 
Finally, a bilinear relationship was observed which fully capture 
the interface mechanical behavior that the movement of particle 
on the surface changes from sliding and rolling into static 
blocking. In addition, three different zones that corresponding to 
different interface mechanical behaviors were identified with the 
evolution of surface asperity inclination.
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Nomenclature

D50 = Mean particle size
dh = Increment of horizontal displacement
Dr = Initial relative density
dv = Increment of vertical displacement
F = Normal load
P = Passive resistance
Q = Horizontal force

Rcr = Critical relative roughness
Rmax = Maximum height of asperity

Rn = Relative roughness
Sh = Particle shape parameter
δ = Mohr-Coulomb interface friction angle

δd = Mobilized interface friction angle
δif = ‘Isolated’ interface friction angle
δp = Peak interface friction angle
δsf = Angle of sliding friction
θ = Dip angle of asperity
λ = Interface shape factor
μ= Friction coefficient
ξ = Interface dilation angle
σ = Normal stress
ς = Dilatancy coefficient
τ = Shear stress

τmax = Peak shear stress
τsf = Shear stress of sliding friction
φ= Internal friction angle
ψ = Internal dilation angle
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