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Abstract. Friction coefficients have a significant impact on the vibratory com-
paction characteristics of coarse-grained soils during road construction. This
study conducted vibratory compaction simulations with varying friction coeffi-
cients and quantified the roughness of pebble particles and rubble particles us-
ing 3D scanning. Then a series of surface friction experiments were conducted.
The results indicate that a higher friction coefficient had a less pronounced ef-
fect on dry density. Rubble particles generally exhibits higher roughness levels
compared to pebble particles. Rubble particles exhibit much more pronounced
local surface irregularities. Additionally, the friction coefficient decreased with
increasing relative sliding velocity and normal pressure but increased with
greater roughness. These findings reveal the relationship between friction coef-
ficients and surface roughness, as well as the relative motion and interaction be-
tween particles. They also shed light on how these factors impact the vibratory
compaction characteristics of coarse-grained soil.

Keywords: vibration compaction; coarse-grained soil; friction coefficient;
roughness.

1 Introduction

The coarse-grained soil is widely used in subgrade construction. Vibratory compac-
tion is a primary method for subgrade compaction[1], and the friction coefficient be-
tween particles is a key factor affecting the characteristics of vibratory compaction[2].
Different types of coarse-grained soils have distinct particle surface morphologies,
resulting in varying surface friction coefficients[3]. Existing research had indicated
that during the process of vibratory compaction, the friction coefficient between parti-
cles is not a constant value. It varies with different relative velocities and normal pres-
sure conditions[4-5]. Therefore, it is necessary to study the surface friction character-
istics of different types of coarse-grained soil particles under various relative veloci-
ties and normal force conditions.

Existing research has primarily focused on studying the impact of normal pressure,
relative sliding velocity on frictional characteristics and shear behaviours through
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sliding friction experiments. In terms of normal pressure studies, Hong[6] conducted
direct shear tests on four different roughness specimens under five different normal
pressure conditions and found that higher normal pressures lead to increased surface
wear, with the maximum wear area increasing with increasing normal stresses. Baba-
nouri[7] systematically investigated the effects of normal pressure, joint roughness
coefficient, and basic friction angle on the shear behaviours of rocks. Cole[8] con-
ducted sliding friction tests between particles, and the results show that the friction
coefficient of particles with low surface roughness decreases with the increase of
normal force. Regarding the study of relative sliding velocity, Tang[9] performed
multiple direct shear tests on three rough joint specimens to investigate the influence
of shear velocity on the shear behaviour of artificial rock joints. The study found that
with increasing shear velocity, the peak shear strength decreases slightly. Dang[10]
conducted shear tests on basalt under different shear velocities, both under constant
normal loads and vibrating normal loads. The study revealed that under constant nor-
mal loads, the peak shear strength increases with increasing shear velocity. Concern-
ing surface roughness, Kou[11] conducted direct shear tests on three different initial
jointed rock specimens and studied the wear process on the joint surfaces during cy-
clic shear.

In summary, extensive research has been conducted on the frictional characteristics
of coarse-grained soil and rocks. The friction coefficient is influenced by various
factors, including particle composition, particle shape, surface roughness, sliding
velocity, normal pressure, among others. The friction coefficient has a significant
impact on the mechanical behaviour of granular soils. Therefore, this study aims to
investigate the influence of friction coefficients on the vibratory compaction charac-
teristics of coarse-grained soil under conditions of consistent gradation, particle
shape, and vibration parameters using Discrete Element Method (DEM) simulations.
A series of surface friction experiments were conducted for two common types of
coarse-grained soils (pebble-grained soil and rubble-grained soil). The study explores
the surface friction characteristics of coarse-grained soil particles under different rela-
tive sliding velocities and normal pressure conditions. Additionally, the surface
roughness of both pebbles and rubbles was measured to examine the impact of differ-
ent surface roughness on the surface friction characteristics of coarse-grained soil.
This study will provide insights into the mechanism of vibratory compaction of
coarse-grained soils and contribute to understanding the fundamental principles of
friction behaviour of granular materials.

2 DEM simulation of different friction coefficients

2.1 Construction of DEM models

In the field of subgrade compaction, the use of DEM allows for the analysis of the
macro-mechanical behaviour of the compaction process from a microscopic mechan-
ics perspective[12]. Therefore, in this study, DEM is employed to investigate the im-
pact of different friction coefficients on the effectiveness of vibratory compaction.
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Vibratory loading was then initiated with an amplitude of 400kPa and a vibration
frequency of 45Hz. The entire model is shown in the Figure 1.
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Fig. 1. DEM model generation and vibration load application.

To make the DEM model more representative of actual subgrade compaction pro-
jects, the real particle shapes obtained in Section 3.1 were imported into EDEM. The
software used an internal particle filling algorithm to populate the particle model's
boundaries with sub-spheres, creating clump models that share the same characteris-
tics as the real particle shapes. 8 kg of particles consistent with the gradation in actual
engineering were randomly generated. To improve simulation efficiency, particles
with diameters less than Smm were set as spherical particles[13]. Subsequently, these
particles were allowed to free-fall into a steel drum with a diameter of 160mm and a
height of 250mm. Once stabilized, a rigid loading plate with a diameter of 153mm
and a height of 10mm applied a static load of 100kPa to the surface of the sample for
10s. The simulation considered five different sets of friction coefficients between the
particles, which were set to 0.1, 0.3, 0.5, 0.7, and 0.9.

2.2 Effect of friction coefficient on vibration compaction characteristics

The evolution of dry density can be used to reflect the vibration compaction charac-
teristics of coarse-grained soil. Figure 2 and Figure 3 depict the variations in dry den-
sity over vibration time and the relationship between dry density and friction coeffi-
cient, respectively. The dry density exhibits three distinct phases: a rapid increase
phase, a gradual increase phase, and a stable phase, as dry density increases rapidly at
first, followed by a slower increase until it eventually stabilizes. This pattern aligns
with the results of Ye's[14] indoor vibratory compaction experiments. The final dry
density decreases as the friction coefficient increases. When the friction coefficient is
less than 0.5, it has a more significant impact on dry density. However, when the fric-
tion coefficient exceeds 0.5, its influence on dry density significantly diminishes. It is
evident that the friction coefficient has a considerable impact on the final dry density.
Hence, it is necessary to explore the factors affecting the surface friction coefficient of
coarse-grained soil during the vibratory compaction process.
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Fig. 2. Evolution curves of dry density with vibration time.
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Fig. 3. Evolution curves of dry density with friction coefficient

3 Test materials, instruments and methods

3.1 Test material and quantification of particle surface roughness

The test materials used in this study were obtained from a road construction site, in-
cluding pebble-grained soil and rubble-grained soil. To meet the size requirements of
the experimental equipment, 25 kg samples of the pebble-grained soil and rubble-
grained soil were separately subjected to sieve analysis. Twenty particles with particle
sizes in the range of 10-20 mm were selected from each type. To prevent the influ-
ence of dust and fine particles adhering to the surface of particles on the test results,
the sieved particles were initially washed with water and then dried in an oven for 24
hours for later use.

To obtain the surface roughness of pebble particles and rubble particles, this study
endeavours to quantify the shape indices of particles. Currently, 3D laser scanning
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technology has been widely employed to capture the real shape of coarse particles[15-
16]. In this study, an automated dual-axis 3D laser scanner was used to scan 200 peb-
ble particles and 200 rubble particles.

The index of roughness is to describe the local fluctuation degree of the particle
surface, which is an important factor affecting the interface friction between parti-
cles[17]. The calculation formula of roughness is as follows[18]:
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Where S; represents the area of the i-th triangular facet, Ny is the total number of
triangular facets, d; denotes the deviation distance of the i-th triangular facet from the
reference surface, » represents the average radius of the particles, and Vp is the particle
volume.

The probability distribution for calculating the roughness indexes of pebble parti-
cles and rubble particles respectively is shown in the Figure 4. The roughness of peb-
ble particles varies approximately between 0 and 0.005, while the roughness of rubble
particles varies roughly between 0.005 and 0.015. Rubble particles exhibit much more
pronounced local surface irregularities compared to pebble particles. When examining
the shape of the probability density distribution curves, the curve for pebble particles
is narrower, indicating that pebbles are generally smoother overall. In contrast, the
roughness distribution curve for rubble particles is broader and flatter, suggesting
greater variability in roughness among rubble particles. Due to the limited range of
roughness variation, it is considered that the average roughness values for pebbles and
rubbles stone can be taken, with values of 0.002 and 0.009, respectively.
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Fig. 4. Probability distributions of R for (a) Pebbles and (b) Rubbles.

3.2 Test instruments and methods

The surface friction tests in this study were conducted using a friction and wear test-
ing machine. This instrument primarily consists of modules such as an LVDT (Linear
Variable Differential Transformer) displacement sensor, an integrated pressure sen-
sor, a high-precision self-calibrating motor system, a symmetrical elastic cantilever,
and a control console (Figure 5). It employs a weight-loading mechanism and a sym-
metrical cantilever design to ensure load balance and stability. The instrument can
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apply a maximum normal load of 10N and has a rotational speed range from 0 to
1200 rpm. Relative sliding between the friction pair and the test specimen generates
tangential forces, which can be measured in real-time by monitoring the minute dis-
placements of the symmetrical elastic cantilever, allowing for the real-time measure-
ment of the friction coefficient.
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Fig. 5. Schematic diagram of friction and wear testing machine.

According to the requirements of the testing instrument, the dimensions of the fric-
tion pair consist of a 60mm diameter and a 4mm height circular disc made of diamond
material. Diamond was chosen for its smooth surface, which closely resembles the
particle surfaces, and its sufficient hardness, making it suitable for use as the friction
pair material. Considering the actual pressures and relative velocities of particles dur-
ing vibratory compaction, the normal pressure (Fx) and relative sliding velocity (vr)
for the particles were determined based on DEM simulation results. Sixteen sets of
tests were conducted, with Fx ranging from 0 to SN and v ranging from 0 to 20mm/s,
as shown in Table 1. Each test involved a sliding displacement of 50cm.

Table 1. Setting of test conditions for pebbles and rubbles.

Type of particles Fn(N) vi(mm/s)
Pebble particles 1/3/5 1/5/10/15/20
Rubble particles 3 10

4 Analysis of surface friction characteristics

4.1 Effect of normal pressure on friction coefficient

Figure 6 illustrates the variation of the friction coefficient with sliding displacement at
different relative sliding velocities. The friction coefficient first increases to a peak
value and then gradually decreases, approaching a plateau. This behaviour is attribut-
ed to the uneven distribution of surface asperities on the particles, with only a portion
of the area making contact during the sliding process. As sliding displacement in-
creases, the interlocking forces between asperities gradually increase, causing the
friction coefficient to rise to its peak. With further sliding displacement, the asperities
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in the contact region are sheared, resulting in a decrease in the friction coefficient. As
surface asperities wear and accumulate, the particle surface gradually matches the
surface of the friction pair, leading to a stabilized friction coefficient. The friction
coefficient exhibits continuous fluctuations during the sliding process because each
shear of an asperity on the particle's surface is an energy release process. As asperities
are continually sheared and worn flat during the sliding friction process, the friction
coefficient fluctuates[19]. From Figure 7, it can be observed that both the peak fric-
tion coefficient and the average friction coefficient decrease as the relative sliding
velocity increases. The reduction in the friction coefficient is more pronounced at
lower relative sliding velocities, indicating that it is more significantly affected by
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changes in relative sliding velocity under such conditions.

Friction coefficient

Fig. 6. Evolution of friction coefficient with sliding displacement at different relative sliding
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Fig. 7. Evolution of friction coefficient with relative sliding velocity.
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4.2  Effect of relative sliding velocity on friction coefficient

Figure 8 presents the evolution of the friction coefficient with sliding displacement at
a constant relative sliding velocity of 10mm/s under different normal pressures. Simi-
larly, the friction coefficient first increases to its peak value and then gradually de-
creases, approaching a plateau. Combining this with Figure 9, it is evident that as the
normal pressure increases, both the peak friction coefficient and the average friction
coefficient gradually decrease.
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Fig. 8. Evolution of friction coefficient with sliding displacement at different normal pressure.
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4.3  Effect of surface roughness on friction coefficient

Figure 10 illustrates the evolution of the friction coefficient with sliding displacement
for both pebble particle and rubble particle. The friction coefficient first increases to
its peak value and then gradually decreases, approaching a plateau. From Figure 11, it
can be observed that larger roughness implies a greater number and height of surface
asperities on the particles, resulting in a higher friction coefficient. In general, the
roughness of rubble particles is greater than that of pebble particles, the friction coef-
ficient of rubble particles is higher than that of rubble particles.
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Fig. 10. Evolution of friction coefficient with sliding displacement at different roughness.
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Conclusion

This study primarily conducted numerical simulations with varying friction coeffi-
cients. It quantified the roughness indicators of pebble particles and rubble particles
through three-dimensional scanning and subsequently performed a series of surface
friction tests. The main conclusions drawn from this study are as follows:

1.

2.

The final dry density decreases as the friction coefficient increases. The higher the
friction coefficient, the less pronounced its effect on dry density.

The roughness of pebble particles varies approximately between 0 and 0.005, while
the roughness of rubble particles varies roughly between 0.005 and 0.015. Rubble
particles exhibit much more pronounced local surface irregularities compared to
pebble particles.

. The friction coefficient decreases as the relative sliding velocity increases, decreas-

es as the normal pressure increases, and increases as the roughness increases. The
roughness of rubble particles is greater than the roughness of pebble particles.
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