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ABSTRACT

The aim of this study was to provide a general conceptual understanding of the effect of

hardness and roughness of a continuum surface on its interface shear behavior against granular

materials. A carefully designed experimental program was conducted to investigate this issue.

The results were utilized to define schematically the general geometric configurations of the

constitutive interface shear surface (CISS) in the three-dimensional domain of surface

roughness, surface hardness, and interface shear coefficient. The proposed CISS provides a robust

mean to understand the coupling effect of continuum surface roughness and hardness on the

interface shear behaviour.
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Introduction

A thorough understanding of soil-structure interaction behavior is important for analyzing, designing,

and monitoring geotechnical structures. As interface shear behavior between soil and structure affects

their interaction behavior, significant research progress has been made to investigate the factors that

control the shear behavior of granular-continuum interfaces [1–8].

The interface shear behavior is controlled by the engineering properties of the granular and counter-

face continuum materials, and the applied normal stress level. The engineering properties of the granular

materials include particle shape and grading (D50, mean particle size), and relative density, whereas the

engineering properties of the counterface continuum materials include surface roughness and hardness,

HV. Uesugi and Kishida [3] proposed a normalized roughness parameter, Rn = Rmax/D50, that was able

to express successfully the influence of the surface roughness of the counterface continuum material on

the peak interface friction coefficient, μp = tan(δp), where Rmax is the absolute vertical distance between

the highest and lowest valley along the surface profile over a sample length equal to D50 [3], and δp is the

peak interface friction angle of the granular material.
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Several studies have investigated the influence of the engi-

neering properties of granular materials and applied normal stress

level on the interface shear behavior [3,4,6,8–11]. These studies

have concluded that μp increased as Rn increased. However,

few studies have investigated the coupling effects of Rn and

HV on μp [8]. This paper focuses on this issue through a carefully

prepared experimental investigation.

Experimental Program and Test
Materials

The experimental program was designed to characterize the geo-

metric features of the constitutive interface shear surface (CISS)

within the HV-Rn-μp domain. For this purpose, granular and

counterface continuummaterials were selected to evaluate the evo-

lution of μp as Rn changes at four different HV values. Therefore,

the obtained results will represent four lines on the CISS at differ-

ent vertical cross-sections within the HV-Rn-μ domain as shown in

Fig. 1. The developed CISS by this approach can be used to gain a

better understanding of the coupling effects of Rn and HV on μp.

Four different counterface continuummaterials, in terms of HV

values, were used in this study as listed in Table 1 [12]. They consist

of glass fiber reinforced polymer (GFRP), copper, mild steel, and

high carbon steel. Vickers hardness was used to measure their sur-

face hardness, HV. To change Rn at constant HV, each counterface

continuummaterial was sheared against five granular materials hav-

ing differentD50 values. However, the surface of the GFRP needed to

be polished to reduce its roughness and obtain interface shear values

at low Rn. Therefore, more points were used to develop the GFRP

line on the CISS. A stylus profilometer was used to determine the

average maximum roughness, Rmax, for each continuum testing

material as function of D50, as shown in Fig. 2.

To check the effect of the particle shape on the CISS, two

different types of granular materials, namely rounded glass beads

and natural sands with different grain shapes, were used in this

study. Table 2 lists the D50 of the glass beads used in this study.

The geotechnical properties of the natural sands are shown in

Table 3. Fig. 3 shows microscopy images for the four types of sand

used in the present investigation. Following the Dove et al. [5]

approach, the sand particle shape was assessed quantitatively us-

ing the Heywood Circularity Factor (HCF), which is defined as:

HCF =
Particle perimeter

2 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

π × Particle area
p (1)

FIG. 1 Schematic representation for the design methodology of the
experimental program.

TABLE 1 Hardness of the continuum materials.

HV [12]

GFRPa 65

Copper 80

Mild steel 105

High carbon steel 225

aGFRP = glass fiber reinforced polymer.

FIG. 2 Rmax of the testing continuummaterials for the different D50 of
the testing granular materials.

TABLE 2 Average grain size diameter of the glass beads.

Rounded Glass Beads D50 (mm)

GB1 1

GB2 0.5

GB3 0.31

GB4 0.2

GB5 0.075
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The perimeter and area are determined based on two-dimen-

sional projection of the individual particles using microscope im-

ages and AutoCAD software as shown in Fig. 4. Based on Eq 1, a

perfect rounded particle would have an HCF value of 1.0, and if

the angularity increases, HCF increases.

A direct shear test apparatus was used to conduct the inter-

face shear tests. The top part of shear box comprised a square box

(60 by 60 mm) and had a height of 24 mm. The bottom part of the

shear box contained a sheet of the counterface continuum

material glued to a rigid plywood base that is longer than the

top part of shear box, so that the shear area remained constant

during the test. The granular samples were prepared at 85 % rel-

ative density (i.e., dense state) using air pluviation technique. A

high relative density was selected as, in most cases, it could re-

present the state of soil adjacent to a displacement closed-ended

pile during the driving installation process (Plantema and Nolet

[13]; Bement and Selby [14]). The tests were performed at a hori-

zontal displacement rate of 0.52 mm/min under a normal stress of

98 kPa. Further tests were also conducted under normal stresses

of 55.5 and 183.5 kPa to assess the effect of normal stress on CISS.

Test Results and Discussion

The interface shear test results on rounded glass beads and natu-

ral sands are plotted in the Rn-μp plane, as shown in Figs. 5 and 6,

respectively. The results emphasize the importance of considering

the coupling effect of HV and Rn on μp as it shows that the Rn-μp

TABLE 3 Geotechnical properties of the sands.

Leighton

Buzzard A (LA)

Leighton

Buzzard B (LB)

Mersey

(M)

Congleton

(C)

Max. dry density

(kN/m3)

17.36 17.61 17.36 17.11

Min. dry density

(kN/m3)

15.21 16.01 15.20 14.91

D50 (mm) 1.6 0.65 0.26 0.12

HCFa 1.109 1.056 1.061 1.094

Coefficient of

uniformity, Cu

1.3 1.92 2.07 2.33

Coefficient of

curvature, Cc

0.88 0.85 1.19 0.96

Residual friction

angle (°)

37 32 31 31.5

aHeywood Circularity Factor calculated using the average of 25 particles.

FIG. 3

Microscopy images of the sands.
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relationship is HV-dependent. The general trend of the test re-

sults shown in Figs. 5 and 6 indicates that, at constant Rn value,

μp values decrease as HV increases. For comparison purposes, the

test results shown in Figs. 5 and 6 were used to show the evolution

of μp as HV changes at Rn = 0.1 for both granular materials (glass

beads and sands) used in this study as shown in Fig. 7. The trend

observed in Fig. 7 indicates that the HV-μp relationship is non-

linear. Similar results were obtained before by Kang et al. [15].

Fig. 7 indicates that, at constant Rn, the values of μp for the

sands are higher than the values obtained for the rounded glass

beads. This could be attributed to the effect of the particle shape as

the investigated sands have a sub-rounded particle shape (average

HCF = 1.08), whereas the glass beads have a rounded particle

shape (HCF = 1.0). Therefore, it could be concluded that μp in-

creases as HFC increases under constant Rn and HV values. Fig. 8

shows the effect of the normal stress level on the Rn-μp relation-

ship at a constant HV value (HV = 105) for the sands. The re-

sults indicate that as the normal stress increases, μp decreases.

Similar behavior was observed by Frost and Han [4].

The behavior observed in Figs. 5–8 can be used to schemati-

cally envisage the general geometric configuration of CISS, within

the investigated HV-Rn-μp domain reported in this study (65≥
HV≤ 225, and 0.02≥ Rn≤ 0.2), under constant vertical stress level

and HFC as shown in Fig. 9. The proposed CISS was developed

considering the following features, which are supported by exper-

imental evidences: μp increases as Rn increases but the rate of

FIG. 4

Determination of HC.

FIG. 6 Peak interface friction coefficient variation against Rn in sands.

FIG. 5 Peak interface friction coefficient variation against Rn in glass
beads.

FIG. 7 Relation between HV and μp at Rn = 0.1.
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increase is HV dependent (Figs. 5 and 6)At constant Rn, μp in-

creases nonlinearly as HV decreases (Fig. 7).As HFC increases

μp values increase (Fig. 7), thus CISS will be shifted up.As the nor-

mal stress increases μp values decrease (Fig. 8), thus CISS will be

shifted down.

On HV-μp Relationship Under
Constant Rn

The nonlinear HV-μp relationship, at a constant Rn, can be di-

vided into two different zones as shown in Fig. 10, where the

HV value at the intersection point of the lines of maximum

and minimum slope of the HV-μp curve can be considered as

the critical surface hardness value, HVcr. In zone 1, the rate μp
changes as HV changes is very small. Thus, μp can be considered

as HV independent in this zone. In zone 2, μp increases at a higher

rate as HV decreases. The concept of the critical surface hardness

value was introduced and discussed earlier by some researchers

[16–18]. According to the experimental results reported in the

current study, the critical surface hardness value, HVcr, could

be function of normal stress, HFC, and Rn. According to μp-

HV curves shown in Fig. 7, the critical surface hardness value

for the rounded glass beads and sand is 79 and 97, respectively.

The μp-HV nonlinear relationship under constant HFC, Rn, and

normal stress can be explained in terms of the possible effect of HV

changes on the components of the overall interface shear resistance;

namely, rolling, sliding, and ploughing resistance. Particle rolling

and sliding induced by the interface shearing process involves

the movement of the particle passing over the asperities of the con-

tinuum surface. Ploughing occurs when the shear induced local con-

tact stress at an asperity exceeds the level required to damage it,

forcing particles to remove or displace material from the surface

during translation. Therefore, the sliding and rolling resistance is

mainly affected by Rn, whereas the ploughing resistance is mainly

a function of the counterface material strength, which can be indi-

rectly represented by HV. Consequently, for the very hard surfaces

(HV>HVcr, zone 1) where ploughing is not expected, the measured

μp is mainly controlled by the sliding and rolling resistances.

However, for HV<HVcr (zone 2) where surface damages are ex-

pected, the ploughing resistance gets activated and contributes to the

overall interface shear resistance. Consequently, μp is expected to

increases as HV decreases within zone 2.

Conclusion

A CISS is proposed and introduces a new understanding for the

effect of the hardness of the continuum counterface surface (HV),

FIG. 8 Effect of vertical stress on Rnμp relation for sands.

FIG. 9 Schematic representation of the proposed CISS.

FIG. 10 Threshold and critical surface hardness from HVμp
relationship.
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and the normalized roughness parameter (Rn) on the peak inter-

face friction angle (μp). The proposed CISS shows that HV-μp re-

lationship is nonlinear and beyond a critical hardness value, μp
becomes almost HV independent. Furthermore, the proposed

CISS also shows that μp increases as Rn increases; however, the

rate of increase is HV-dependent. The experimental results in this

study indicate that as HFC increases, μp values increase; thus,

CISS will be shifted up. Finally, it should also be noted that more

research effort is still needed to clearly refine the characteristics of

the proposed CISS and the other factors that could affect its geo-

metric characteristics, such as the relative density of the granular

materials and the relative hardness between the particle and the

counterface surface material.
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