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ABSTRACT: Rolling dynamic compaction (RDC) is a soil improvement technique, which has been successfully applied to many
construction projects. Compared with conventional rollers, RDC has the ability to improve the ground more effectively and efficiently
since it has a greater depth of influence and higher travel speeds. This paper presents a three-dimensional finite element method
(FEM)-smoothed particle hydrodynamics (SPH) model which simulates the soil response and soil-roller interactions during the RDC
process. The developed FEM-SPH model was compared against results obtained from a field study and experimental tests. Parametric
studies were also performed to determine their influences on the effectiveness of RDC. The results of this study demonstrate the
capability of the FEM-SPH model to simulate the ground improvement induced by RDC.
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1 INTRODUCTION

Rolling dynamic compaction (RDC) is a specific form of
dynamic compaction, which has been used for soil densification
over the past few decades. It consists of towing heavy (6—
15 tonnes), non-circular (3-, 4- and 5-sided) modules behind a
tractor. During operation, the modules rotate and fall to impact
the ground. Compared to conventional circular drum rollers,
which operate at a typical speed of 4 km/h (Pinard, 1999), RDC
can achieve greater speeds (10—12 km/h), while also improving
the ground at deeper depths (1-3 m) due to its larger module
mass and its ability to deliver both kinetic and potential energies
to the ground during the compaction process. Therefore, RDC
has been successfully and extensively applied in a wider range of
earthworks construction, such as, in situ densification of existing
fills, large reclamation projects, reconstruction of rural roads and
mining and agricultural related applications (Avalle & Carter,
2005, Avalle & McKenzie, 2005, Bouazza & Avalle, 2006).
Previous researchers have studied the effectiveness of RDC
using different techniques, such as, field tests (Avalle & Carter,
2005, Scott & Jaksa, 2014, Bradley et al., 2019, Scott et al., 2019,
2020), experimental scale model tests (Rajarathnam et al., 2016,
Chung et al., 2017, Chen et al., 2022), numerical modelling (Kuo
etal., 2013, Chen et al., 2021a, b) and programming (Ranasinghe
et al., 2017a, b, 2019). In the numerical models developed by
Kuo et al. (2013) and Bradley et al. (2023), both the soil and the
roller were simulated using the finite element method (FEM).
Ground settlements and influence stresses predicted by the FEM
model at static and dynamic loadings were compared against
field data. It was reported that, the FEM model is capable of
simulating the soil responses under the impact roller. Due to the
continuum nature of the FEM, the main disadvantage of the
developed FEM model is that the motion of soil particles during
the compaction process is difficult to be simulated. Therefore,
the discrete element method (DEM) was adopted by Chen et al.
(2021a) and Chen et al. (2021b) to simulate the soil using a large
number of particles. Given the particulate nature of the DEM,
soil displacements induced by the roller are able to be tracked at
each time step, which provides detailed information on soil
movements. For example, the velocity vectors of soil particles
with respect to the motion of the roller were reported by Chen et
al. (2021b) to help understand the soil displacement pattern under
the roller. The velocity vectors of soil particles were also
employed by Chen et al. (2021a) to infer the depth of major
improvement of the roller. Although the DEM provides a greater

understanding of the behaviour of soil particles under the roller
at the microscopic scale, it has higher requirements on the
computational resources. As reported by Chen et al. (2021a), one
RDC simulation, consisting of 25 passes and approximately
54,000 particles, typically took approximately 30 days to run
using a supercomputer with 12 CPU cores (2 X Intel Xeon Gold
6248 Processor @2.4 GHz). It can be seen that, although the
DEM provides a greater understanding of the behaviour of soil
particles under the roller at a microscopic scale, it is
computationally expensive and therefore may be difficult to
apply to simulate large-scale problems or for industrial
applications. To overcome the limitations of the FEM and the
DEM, the smoothed particle hydrodynamics (SPH) method is
adopted in this paper to simulate the soil response under the roller.

The SPH is a continuum-based, mesh-free method, which was
originally introduced to study astrophysical problems by Lucy
(1977) and Gingold & Monaghan (1977). Instead of using a grid
or mesh, particles are employed in the SPH model. However,
unlike the particles used in the DEM, which represent actual
individual particles, the particles used in the SPH represent
discrete volumes of the computational domain. Therefore,
compared with the FEM and the DEM, the SPH has the ability to
model the dynamic characteristics of the problem with greater
computational efficiency. Due to its ability in modelling
problems related to discrete particles with large deformations,
the SPH has been adopted by many researchers to simulate the
behaviour of soil in studying geotechnical engineering related
problems (EI-Gindy et al., 2011, Gheshlaghi et al., 2021, Wang
etal., 2021).

Since the SPH combines the advantages of both the FEM and
the DEM, in this study, a new numerical model is developed to
simulate soil responses under the Broons BH-1300 4-sided, 8-
tonne roller. The soil is modelled using the SPH and the roller is
simulated by the FEM. Results of the developed model are
validated against the field measurements and experimental test
results. Parametric studies are performed using the proposed
SPH model to provide a greater understanding of the influences
of these parameters on the effectiveness of RDC.

2 FIELD STUDY

A field study was undertaken by Scott et al. (2016) using the
BH-1300, 4-sided, 8-tonne impact roller at Monarto Quarries,
Callington, South Australia. The field trial was performed on a
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test pad, which was excavated to 1.5 m depth and then backfilled
with improved crushed rock quarry material. The fill material
was classified as a well-graded Sandy Gravel (GW) in
accordance with the Unified Soil Classification System. The
field particle size ranges between 0.07 and 10 mm, with Dso of
2 mm. The test pad had a length of 4 m, and two earth pressure
cells (EPCs) were buried at 0.7 and 1.1 m depths below the
ground surface to measure pressures induced by RDC. Ground
settlements were measured after every 2 roller passes until pass
10, and then every 5 passes thereafter until pass 80. The average
initial dry density of the soil was approximately 1725 kg/m>. The
roller was operated at a constant traveling speed of 11 km/h
during the field study.

3 NUMERICAL MODEL DEVELOPMENT

A three-dimensional numerical model is developed using the
commercial software LS-DYNA (LSTC, 2018) in this study. As
shown in Figure 1, the numerical model consists of the roller, the
soil mass, and a base. The base is simulated using the FEM and
it is used to facilitate the motion of the roller when multiple roller
passes are performed. The base is fixed at its initial location with
no movement or deformation permitted during the compaction
process. The sides of the base, which contact with the soil mass,
are set as non-reflecting boundaries. The roller is also modelled
using the FEM as a rigid body with dimensions of 1495 x 1495
% 1300 mm (height x length x width). According to Kuo et al.
(2013), the roller is effectively rigid relative to the stiffness of
the underlying soil and hence, the deformation of the roller
during compaction is negligible. The horizontal speed of the
roller is specified in the numerical model and in this study; a
value of 11 km/h is adopted. The effect of the spring-linkage
system on the 4-sided roller is modelled as an equivalent spring
according to Scott et al. (2020). The vertical speed of the roller
is not constrained and is calculated by the numerical model based
on the horizontal and rotational speeds of the roller, the
conditions of the underlying soil, and the undulating surface
compacted by the previous roller pass.

Roller travel direction

7800 mm

Sail mass

Figure 1. Numerical model setup.

The soil mass is simulated using the SPH with dimensions of
7800 x 2600 x 2600 mm (length % width x height). As mentioned
above, the computational domain is discretised into a set of
particles in SPH, and the field variables (velocity, acceleration,
density, and pressure/stress) are carried by the particles. The
approximation of the field variables in the computational domain
is obtained using two basic steps, namely the kernel
approximation and the particle approximation. The kernel
approximation involves the continuous integral representation of
a function variable g and its derivatives in the influence domain
Q using a smoothing function W(x — x',h), as shown in
Equation (1). A variety of smoothing functions has been
developed and used by many researchers. A detailed discussion
of the available smoothing functions is given by Liu & Liu
(2010). In this study, the most commonly adopted cubic B-spline
smoothing function [Equation (2)] is used.

g(x) = fﬂ g IW(x —x', h)dx' 60

where x is the coordinate vectors of the particle; x’ is the
coordinate vectors of any particle within the influence domain;
and 4 is the smoothing length which varies with time.
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dimensional space; and d is the distance between particles x and
x'.

The second step is particle approximation, which involves
discretising the continuous integral representation as a
summation of these values over the neighbouring particles (Liu
& Liu, 2010). As shown in Equation (3), the particle

approximation of g(x) can be expressed as:

where ag is

9 = L L g W (x =2, h) )

where m; and p; are the mass and density of particle j,
respectively; and M is the total number of particles within the
influence area at x.

The interaction between the FEM and the SPH is treated using
the penalty-based contact algorithm in LS-DYNA (LSTC, 2018).
Particles used in the SPH approach are checked for penetration
through the contact surface of the finite elements. If penetration
is detected, the contact forces are applied to the interface between
the penetrated SPH particles and the finite element nodes, which
are calculated based on the penetration depth and the contact
stiffness.

3.1 Soil constitutive law

Considering the nonlinear behaviour of soil during the RDC
compaction process, the cap model is adopted as the soil
constitutive law to simulate the soil response in this study. This
model has been successfully used to simulate soil behaviour
under dynamic compaction in previous studies (Zhou et al., 2020,
Yao et al., 2022, Zhou et al., 2022). As shown in Figure 2, the
extended cap model has three surfaces, which are the failure
envelope (f7), the cap surface (f3), and the tension cutoff (f3), in
the \/J_ZPB —J; plane. J; and J,p represent the first invariant of the
stress and the second invariant of the deviatoric stress tensor,
respectively. A detailed description of the theories associated
with the cap model is given by LSTC (2018). The three surfaces
of the cap model are defined by Equations (4)—(6), respectively.

fi =lap — @ + v exp(—pJ;) — 6J, )
fo =Tz — XU = LGP = 17 — L(OP2 ®)
f3 =T- ]1 (6)

where a, y, § and 6 are the material parameters of the failure
surface; R is the curvature of the hardening cap; T is the
maximum hydrostatic tension; and k is the hardening parameter
related to the actual plastic volumetric change &7 and ¥ which
is given by:

el [X (k)] = W{1 — exp[-D (X (k) — X,]} (7)

where W, D and X, are the material parameters, and X, is the
initial value of the cap parameter X (k).

According to Zhou et al. (2020), the parameters a and 6 used
in Equation (4) can be calculated using the internal friction angle
(¢p) and cohesion () obtained from consolidated drained triaxial
test results as follows:

6°crcos

Q= 59 (8)
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In this study, the value of the maximum hydrostatic tension,
T, is assumed to be zero since the soil is under compression
during the RDC compaction process. The values of y and 8 are
assumed to be zero to convert the curved failure envelope f; to a
linear failure surface. The parameter X, is the initial cap position
on the J; axis, with larger values of X, indicating higher
pressures required to compress the soil. In this study, before the
compaction commences, there are no additional forces imposed
on the soil, therefore, it is reasonable to assume that the vertical
stress of the soil at a given point is only due to the weight of the
soil above that point. Based on the horizontal and vertical
stresses of soil near the depth of 2600 mm (the bottom of the soil
body) obtained from the numerical model, X, equals 81 kPa.
Therefore, there are five parameters in the cap model that need
to be calibrated, which are a, 6, W, D and R.

Vhp

f

J1

T 0 X X(x)

Figure 2. The yield surface of the extended two-invariant cap model in
\/J2p — J1 plane (LSTC, 2018).

3.2 Model parameters

Consolidated drained triaxial and oedometer tests were
performed to obtain the geotechnical properties of the soil. The
¢ and c derived from the triaxial test results are 29.6° and
8.8 kPa, respectively, and the values of a and 6 are then
calculated using Equations (8) and (9). Other parameters used in
the cap model are calibrated using the obtained consolidated
drained triaxial and oedometer test results. The cap model input
parameters are shown in Table 1.

Table 1. The cap model input parameters.

Mass density (t/mm?®) 1.725E-9
Initial bulk modulus (MPa) 443
Initial shear modulus (MPa) 20.5
a (MPa) 0.0105
0 0.228
R 439
D (MPa™) 0.05
w 0.34

The initial spacing of SPH particles is an essential parameter
in determining the accuracy and efficiency of the numerical
model. As shown in Equation (2), the initial smoothing length
relates to the initial distance between the SPH particles, which
affects the computational time of the numerical model. Smaller
SPH particle initial spacing increases the accuracy of the model
but also increases the simulation running time. Therefore, it is
important to select the appropriate particle initial spacing. In
addition, a constant particle initial spacing in all directions is
recommended to ensure the stability of the model (Bojanowski,
2014). Four numerical tests, with particle initial spacing equal to
52, 104, 200, and 325 mm, were performed up to two roller
passes to examine the optimum particle initial spacing. Other
parameters were kept constant in these four tests.

Table 2 presents the required simulation running time for each
particle initial spacing. Although the running time decreases

significantly, when the particle initial spacing increases to
325 mm, it was observed from the model results that the motion
of'the roller is affected by such a large particle spacing. As shown
in Figure 3a, when the roller rotates about its corner, due to the
large spacing of the particles, the corner of the roller drops below
the soil located at the ground surface, which results in unstable
roller motion. When the particle spacing decreases to 200 mm,
the motion of the roller becomes stable. However, the corner of
the roller in Figure 3D is still slightly below the ground surface.
This phenomenon is further improved when the spacing equals
104 mm (Figure 3c¢), and no significant improvement is observed
when the particle spacing reduces to 52 mm (Figure 3d). In
addition, the simulation running time increases to 24 hours for a
52 mm spacing, compared with the required 9.2 hours for a
104 mm spacing. Therefore, the optimum particle initial spacing
is selected to be 104 mm to optimise computational time and
ensure a stable motion of the roller. A total of 30 roller passes
with a 104 mm particle initial spacing were performed in the
numerical simulation on a supercomputer (2 x Intel Xeon Gold
6248 Processor @2.4 GHz) using the ANSYS (LS-DYNA)
software.

Table 2. Required simulation running time.
Particle initial spacing (mm) 52 104 200 325

Simulation running time (hours) 24 9.2 5.9 33

Figure 3. The motion of the roller with respect to different particle
initial spacing: (a) 325 mm, (b) 200 mm, (c) 104 mm, (d) 52 mm.

4 MODEL VALIDATION

4.1 Comparison between the SPH model and field study

Ground settlement is often considered as an important indicator
of soil improvement induced by RDC, since measuring ground
settlement is relatively efficient and requires less testing
equipment compared to other in situ testing methods, such as
nuclear density tests, dynamic cone penetration tests, cone
penetration tests, and seismic surface wave techniques.
Therefore, ground settlements obtained from the numerical
model are compared against those measured by the field tests. In
the field tests, ground settlement was measured by surveying the
ground surface imparted by the roller, and the readings were
taken after every 2 roller passes up to pass 10 and then every 5
passes thereafter. Ground settlement was obtained by tracking
the movement of the SPH particles during RDC compaction in
the numerical model.

Figure 4 plots ground settlements with respect to the number
of passes from the numerical model and the field tests. It can be
seen that ground settlement increases with an increasing number
of passes, and the rate of change in ground settlement diminishes
with the number of passes. Two trend lines are drawn to fit the
numerical results and field measurements. In general, the shape
of these two trend lines is similar, which indicates that the
numerical ground settlements are in broad agreement with the
measured results from the field study. Ground settlements after
30 roller passes predicted by the numerical model and measured
in the field trial are approximately 96.8 and 107.2 mm,
respectively. Therefore, it can be concluded that the numerical
model is able to provide reasonable predictions of ground
settlements induced by the roller.
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Figure 4. Ground settlements obtained from the numerical model and
field tests.

4.2 Comparison between the SPH model and experimental tests

The soil displacement pattern at the centreline of the roller
obtained from the SPH model is compared against that reported
by Chen et al. (2022) from experimental tests, as shown in Figure
5. In Chen et al. (2022), soil displacements were measured from
the movement of a one-particle thick layer of dyed fused quartz
located along the centreline of the traverse of the roller, using a
high speed digital camera and the particle image velocimetry
(PIV) technique. Subsets, with a diameter of approximately
25 mm, were used in the PIV analysis. Therefore, each soil
displacement vector displayed in Figure Sb represents the
average displacement of soil particles located within that subset.
This is similar to the soil displacement vectors measured from
the SPH model (Figure 5a), where each SPH particle represents
a portion of the computational domain (in this study, the soil
mass). It is worth mentioning that the roller used by Chen et al.
(2022) is the 1:13 scale model of the 4-sided, 8-tonne impact
roller with dimensions of 115 X 115 X 100 mm (height X length
X width), and a weight of 3.64 kg. Therefore, the scales used in
Figures 5a and 5b are different. In addition, the operating speed
of the roller in the numerical model is 11 km/h, while the scaled
roller in Figure 5b travelled at a speed corresponding to 12 km/h.

It can be seen from Figures 5a and 5b that the soil beneath the
roller is compacted and displaces downwards. As the roller
travels from right to the left in both Figures 5a and 5b, the soil is
also pushed and displaces in the lateral direction of the roller’s
motion. Soil displacement vectors from Chen et al. (2022) show
more obvious horizontal displacements than those predicted by
the numerical model. This discrepancy can be explained by the
different properties of the soil and different roller operating
speeds used in the experiments and the numerical model.

5 PARAMETRIC STUDY

5.1 Roller weight

In addition to the 8-tonne impact roller, Broons also
manufactures and operates a heavier version of the 4-sided roller,
which weighs 12 tonnes (BH-1300HD). Therefore, in this study,
the effect of module weight on the ground improvement results
is investigated using the developed numerical model. The roller
mass was increased to 12 tonnes and other inputs remained
constant in the model. The simulation was performed up to 15
passes. Figure 6 presents ground settlement results for both the
8- and 12-tonne rollers. As one would expect, the 12-tonne roller
produces greater ground settlements when compared with those
induced by the 8-tonne roller. Figure 6 also suggests that the 12-
tonne roller is able to achieve similar soil improvement results as
those of the 8-tonne roller with greater efficiency, since fewer
passes are required for the 12-tonne roller.
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)
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Figure 5. Soil displacement vectors: (a) from the SPH model, (b) from
Chen et al. (2022).
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Figure 6. Ground settlements induced by 8- and 12-tonne rollers.

In addition to ground settlement, velocity vectors of SPH
particles are also plotted to examine soil movements under the 8-
and 12-tonne rollers, since velocity vectors directly reflect the
response of the soil induced by RDC. As shown in Figure 7, the
overall soil displacement pattern induced by the 8-tonne roller is
similar to that of the 12-tonne roller. Compared with the 8-tonne
roller, the 12-tonne roller results in greater soil movements as
evidenced by the larger velocity vectors under the roller in Figure
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7b. Greater velocity vectors observed at deeper depths and
greater distances from the contact point between the roller and
the soil indicate that the 12-tonne roller has a greater influence
zone. In general, based on the numerical results, the heavier roller
induces greater soil improvements at higher efficiency. However,
there are also several other factors that need to be taken into
consideration when deciding whether the 8- or 12-tonne roller
would be used in practice. For example, the heavier roller
induces greater vibrations to the ground, which can be
problematic if the construction site is close to infrastructure. In
such cases, continuous vibration monitoring of the ground is
required to determine appropriate safe distances for which the
roller can be operated without inducing potential hazards to the
nearby buildings.
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8-tonne roller

12-tonne roller
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Figure 7. Velocity vectors of SPH particles just after the module’s
impact: (a) 8-tonne roller, (b) 12-tonne roller.

5.2 Operating speed

The influence of operating speed on the effectiveness of the roller
is also assessed in this study. The speed of the roller was
increased to 13 km/h and other inputs remained constant in the
model. Figure 8 presents ground settlements measured in the
numerical model when the roller is operated at 11 and 13 km/h.
Ground settlements increase as the operating speed rises.
However, a faster operating speed does not always yield greater
soil improvement. As reported by Clifford (1980) and Scott et al.
(2020), there is an upper limit of roller operating speed and the
roller will start to skip on the ground and result in inadequate
delivery of energy to the ground if the travelling speed is too fast.
In addition, a higher operating speed is difficult to be maintained
if the construction site is small or restricted. Therefore, it is
recommended to conduct field trials to determine the appropriate
operation of RDC before commencing actual projects. It is noted
that, due to computational and time constraints, only 13 km/h
was adopted in the simulation in comparison with the 11 km/h
speed. In future work, a range of operating speeds will be
investigated to provide a detailed comparison of the soil
improvement results induced by different roller speeds.

6 CONCLUSIONS

This paper presents a three-dimensional FEM-SPH model
developed using LS-DYNA to investigate the performance of the
4-sided, 8-tonne, Broons BH-1300 impact roller. The roller was
simulated using the FEM and the soil was modelled by the SPH.
The numerical model was compared and validated against a field
trial that was conducted using the same impact roller on the same
soil properties. Ground settlements predicted by the numerical
model were in good agreement with the field data. The soil
displacement pattern obtained from the numerical model was
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Figure 8. Ground settlements induced by the 8-tonne roller travelling at
11 and 13 km/h speeds.

also compared against that measured in experiments and it was
found that the numerical model predicts well the soil
displacement pattern under the roller. Therefore, it was
concluded that, the numerical model provides reasonable
predictions of ground improvements induced by RDC.

A preliminary parametric study was then performed using the
proposed numerical model to examine the effects of the roller’s
weight and operating speed on the effectiveness of RDC. The
results indicated that the heavier roller produces greater soil
displacements and has a larger influence zone, and a higher
operating speed results in larger ground settlements. However,
the operating speed also affects the motion of the roller, which
requires further investigation. In general, the results of this study
suggest that the soil response under RDC can be well simulated
using the SPH method. Future work will extend this model by
examining the influences of operating speed on the motion of the
roller and also explore the effectiveness of different RDC
modules.
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