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Ground response of rolling
dynamic compaction—a finite
element modelling approach

A. C. Bradley*, M. B. Jaksa* and Y. L. Kuo

School of Civil, Environmental and Mining Engineering, University of Adelaide, Adelaide, SA, Australia

Rolling dynamic compaction (RDC) technology utilises a heavy non-circular module
(impact roller) to compact the underlying soil dynamically. The stresses imparted to
the soil through this technique and the resulting vibrations, have been the subject of
investigation in the field. A finite element (FE) model predicting the settlement and
densification of a coarse-grained fill material subject to RDC with a BH-1300 4-
sided 8 tonne impact roller has been shown to provide good agreement with that
observed in the field. This paper presents estimates using the developed FE model
for the peak particle velocity and acceleration, and the maximum stresses applied
through each impact upon a coarse-grained soil. Distributions of the results and
their empirical formulae are presented herein.
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1 Introduction

Rolling dynamic compaction (RDC) technology involves the use of a heavy non-
cylindrical rolling module incorporating 3, 4 or 5 sides. The module is typically towed at
a speed of 10-12 km/h. The module consequently pivots about its corners to impact the soil
along its face. Through this technique, a substantial amount of energy is delivered to the
ground with each impact. Imparting stress and vibration, RDC can be utilised to improve the
bearing capacity of underlying soils at depth for a specified number of passes (N). However,
the stress at depth and resulting vibration, in terms of peak particle velocity (PPV) and peak
particle acceleration (PPA) during RDC, may be hazardous or unsuitable at specific sites,
especially with brittle or vulnerable nearby structures. Understanding the extent to which
RDC affects its surroundings will improve the success of future applications.

Within the literature, the maximum vertical stress applied, and the in-situ vibration of
the soil, have been modestly investigated in the field. These were carried out with the use of
Earth pressure cells (EPCs) and in-situ accelerometers, as summarised in Table 1.

In their field investigations using EPCs at 0.7 and 1.1 m depth, respectively, Scott et al.
(2016) and Scott et al. (2019a) reported a significant range of estimates for the peak vertical
stress less the initial overburden, and the PPA at depth, as summarised in Table 2. The
significant variability of the stress and PPA measured by Scott et al. (2016) and Scott et al.
(2019a) is likely borne from a combination of factors, including but not limited to: sampling
frequency and resolution, and the kinematic behaviour of the roller whereby the roller may
engage in erratic “skipping motion.” Further, the first 50 passes appear to be markedly lower,
inferring that the response is, understandably, dependent on the progression of the
densification of the subsoil.

Research on the ground vibrations along the surface due to RDC is exclusive to that
presented by Avalle (2007), as shown in Figure 1, where the surface vibration with respect to
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distance, across a variety of site conditions and literature, is
presented. Moreover, Avalle (2007) presented the results with
reference to “safe” levels of vibration as specified by the BS 7385-
2: 1993 (British Standards, 1993) and DIN 4150-3: 1999 (Deutsche
Norm, 1999) standards.

Subject to initial conditions and limitations, a finite element
(FE) model can provide insight to the distribution and
magnitude of the effectiveness of RDC on an underlying soil.

10.3389/fbuil.2023.1334090

In their effort to investigate the effectiveness of RDC, with a
BH-1300 4-sided 8-tonne impact roller, Bradley et al. (2023)
developed a FE model, using LS-DYNA (LSTC, 2015), that

the settlement and
soil.

reproduced, with good agreement,
densification of a coarse-grained
methodology, the kinematics and energy of the roller are

Following their

representative of typical motion as observed in the field by
Bradley et al. (2019).

TABLE 1 Studies of 4-sided impact roller reporting PPA, PPV, and in-situ stress history.

Study Soil Passes ) DCP CPT PPV/A SGT ND SR EPC
Avalle and Young (2004) Fill 30 Y Y Y
Avalle and McKenzie (2005) Fill 48 Y Y Y
Bouazza and Avalle (2006) Fill 48 Y Y
Avalle (2007) Various — Y
Avalle et al. (2009) Fill 18 Y Y Y
Jaksa et al. (2012) Sand (TP) 16 Y Y Y
Scott et al. (2016) Sandy Gravel 80 Y Y Y Y Y Y
Scott et al. (2019a) Sandy Gravel 80 Y Y
Scott et al. (2019b) Sand (TP) 16 Y Y Y Y Y
Scott et al. (2020) Sandy Gravel 40, 100 Y

Note: S, Surface Settlement measured; DCP, Dynamic Cone Penetrometer test; CPT, Cone Penetration Test; PPV/A, Peak Particle Velocity/Acceleration; TP, Test Pad; SGT, Seismic
Geophysical Techniques; ND, Nuclear Densometer test; SR, Sand Replacement test; EPC, Earth Pressure Cell.

TABLE 2 Summary of peak ground response study per pass by Scott et al. (2016) and Scott et al. (2019a).

Peak EPC (kPa) PPA (g's)
Average® Average®
Scott et al. (2019a) 0.7 166 461 + 95 1,115 1.3 63+ 13 13.2
Scott et al. (2016) 1.1 131 377 £ 32 716 0.8 34 +04 10.5
*At 95% confidence.
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FIGURE 1

Vibration results for 25 case study sites (after Avalle, 2007).
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FIGURE 2
Global model layout in LS-DYNA (Bradley et al,, 2023).

This paper aims to explore the peak ground response of RDC of
the BH-1300 4-sided 8-tonne impact roller using the FE model
presented by Bradley et al. (2023). Firstly, estimates for the peak
cartesian stresses, and mean pressure are presented, including the
horizontal distribution of the peak vertical stress. Secondly, the PPA
and PPV are examined, initially with respect to depth, and then for
along the soil surface. The model predictions are benchmarked
against field measurements available within the literature.

2 Methodology

A FE analysis is performed, using LS-DYNA, involving the 4-
sided 8-tonne impact roller undertaking N =30 passes, with
10 impacts per pass, using the FE model formulation and
methodology as presented by Bradley et al. (2023), as shown in
Figure 2. To ensure confidence in capturing the peak values, the FE
simulations are performed at an elevated sample frequency of 1 kHz.

Bradley et al. (2023) examined the numerical efficacy of two FE
100 mm x 100 mm x 100 mm and

Understandably, the
observed improved performance with the finer mesh. However,

mesh resolutions, namely,

200 mm x 200 mm x 200 mm. authors
in the context of the present ground vibration analyses, the coarser
FE mesh resolution is selected. Given the significantly increased
sampling frequency, simulating and post-processing the finer mesh
would incur exponentially greater resource and time demands,
which are well-beyond the scope of this study.

As explained by Bradley et al. (2023), at the beginning of each
subsequent pass, the module is returned to the start of the lane, with
respect to the initial position of the roller in Figure 2. To distribute
the disturbance of the surface soils upon dropping of the module
during the resetting phase, and to simulate the somewhat random
positioning of the roller that occurs in the field, a variable reset offset
(r;), is adopted in the FE model simulations. The values of r; used by
Bradley et al. (2023) are also adopted in this study.

As also explained by Bradley et al. (2023), a constant downward
vertical loading (L) is applied to the nodes of the roller to represent the
vertical contribution of load through the double-linkage spring
mechanism of the roller to better represent the somewhat complex
nature of the roller’s motion. Within this study, L = 0.25 N is considered.
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The characteristics of the soil adopted in the FE model is identical to
that specified by Bradley et al. (2023), from their field trial, reproduced
in Table 3; however, in order to model a coarse-grained soil with no
fines content, ie., a cohesionless material, effective cohesion
(c'y=1kPa. Bradley et al. (2023) performed particle size
distribution tests (Standards Australia, 2009) on bulk samples of the
fill material with a maximum particle size of no greater than 20 mm to
describe their material as a poorly-graded sandy gravel with a trace of
fines by the Unified Soil Classification System (USCS). Informed by a
combination of dynamic cone penetration (DCP) (Standards Australia,
1997) and nuclear density meter testing (Standards Australia, 2007), the
initial density (p,) and initial dry density (p,,) of the fill, prior to RDC,
the soil was reasonably homogenous throughout the lift. The specific
gravity of the solids (G;) of the fill material was estimated by Bradley
et al. (2023) from 11 pycnometer tests (Standards Australia, 2006).
Further, the maximum void ratio (e,,,) of the fill material was
1289.5.5.1 (Standards Australia, 1998).
However, the minimum void ratio (e,;,) of the fill material was
selected by Bradley et al. (2023) as that associated with the
maximum dry density from the modified Proctor test (Standards
Australia, 2017). Hence, for a given dry density (p,,), the void ratio
(eg), and relative density (Dry) were thus calculated. Consolidated
undrained triaxial compression tests (Standards Australia, 2016) were

estimated as per AS

undertaken by Bradley et al. (2023) at varying confinements, and strain
rates, to identify the critical state effective angle of friction (¢,) and the
apparent peak effective cohesion (c’) of the fill material; thus allowing
for the calculation of the Drucker-Prager cohesion (d') and slope (M).
The volumetric behaviour of the fill material was investigated by
Bradley et al. (2023) with 1D-compression tests (Standards
Australia, 2020) to estimate the virgin compression line void ratio
intercept (er), apparent preconsolidation pressure (p.), logarithmic
slopes of the unload-reload line (x) and the virgin compression line ().

3 Results

A multiple pass scenario for N = 30 passes of the BH-1300, 8-
tonne, 4-sided impact roller was successfully modelled. The
motion of the roller produced within the FE model is well
correlated with the field derived typical motion time history

frontiersin.org
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TABLE 3 Summary of geotechnical parameters for fill material (Bradley et al., 2023).

Po (t/m?’) Pdio (t/m3) G (t/m3) €o €max €min Drq (%)

pc (kPa) A

197

3¢’ = 1kPa is selected to represent cohesionless soil.

' (kPa) 9e(®) d' (kPa)

Peak Applied Vertical Stress (kPa)

10 100 1000

Depth (m)

35 <
(FEM) Peak Vertical Stress
essesss Min/ Max
e & == Scott et al. (2016)
Scott et al. (2019b)

e Average
—a&— Canala et al (2014)
e=m{em Scott et al. (2019a)

A e=mgmm Scott et al. (2020)

FIGURE 3

Vertical Stress
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Peak vertical stresses: (A) Applied vertical stress (¢4) with depth; and (B) Typical distribution of peak in-situ vertical stress (o,) during impact [N = 5].
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FIGURE 4
Peak applied vertical stress (o’j) for lateral offsets: (A) 2.5 m; and (B) 5 m.
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produced by Bradley et al. (2019); no “skipping motion” is
present. With 95% confidence, the average peak kinetic energy
of the roller through each impact is 64.4 £ 0.3 kJ; the average
energy loss of the roller through each impact is 24.8 + 0.6 kJ; and
the average energy absorbed by the soil through each impact is

Frontiers in Built Environment 04

19.7 + 1.2 k]. Hence, the motion of the roller was reasonably
represented in accordance with the methodology by Bradley
et al. (2023).

In the sub-sections that follow, firstly, results of the in-situ peak
cartesian stresses are presented in Section 3.1 against field

frontiersin.org
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A Horizontal Offset from Peak (mm)
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FIGURE 5
Horizontal distribution of peak in-situ applied vertical stress with each impact: (A) 0.1 m depth; (B) 0.5 m depth; and (C) 0.9 m depth.
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FIGURE 6
Distribution of average peak applied vertical stress: (A) Along the horizontal; and (B) Along the horizontal with respect to horizontal offset from
the peak.
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FIGURE 7

Summary of peak in-situ applied stresses and their typical distributions during impact: (A) aﬁ; (B) of

observations available in the literature. Subsequently, in Section 3.2,
the resulting ground vibration at depth, in terms of the PPV and
PPA, are examined. Finally, in Section 3.3, the ground vibration

along the soil surface is assessed with respect to lateral distance from
the centreline of the target lane (D).

3.1 Peak applied in-situ stress

The peak applied in-situ stress is the peak stress less the
initial stress at rest. The resulting peak applied vertical stress (o)

Frontiers in Built Environment
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with respect to depth, for each impact for all 30 passes, is
presented in Figure 3. Although the FE simulation appears to
have modestly underestimated the peak ¢# within 1m of
the surface, there is still good agreement between the
maximum o7 estimated and field measurements reported by
Scott et al. (2019a, 2019b, 2020). This is despite differences,
between the setting in some of the field investigations and to
that in the simulation.

The average of 2 produced by the FE model along the lane, for

all 30 passes, with respect to depth (d) is well represented by Eq. 1,
and the maximum by Eq. 2.
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B  Max. Principal Deviatoric Stress (kPa) |
250 Centreline of
Module
1.4m
FIGURE 8

Typical distributions of maximum principal deviatoric stresses during impact: (A) horizontal; and (B) lateral.

Depth, d (m)
= o
N [, ] - [9,]

N
w

3.5

— ®m —Scottetal. (2016) —m— Scott et al. (2019a)

FIGURE 9
Summary of at depth PPA (in g); and PPV (in mm/s).

G4 = 730.495 - 71014 (1)
G =894.711 ¢ 1024 )

v| max

Additionally, o with respect to varying lateral offsets (LO), is
presented in Figure 4, with the field measurements reported by Scott
etal. (2019b). The FE model reproduced the far field estimates for LO =
5m, however the FE model did not necessarily reproduce the field
measurements for LO = 2.5 m. The results are well fit by Eqs 3, 4.

_ 6087

0.9|D=2.5m = 500 : d0'266 (3)
_ 498
aﬁD:Sm = 125 : d0A737 (4)

The distribution of 0% along the lane and in the direction of rolling,
for all 30 passes, is presented in Figure 5 at three different depths: 0.1,
0.5, and 0.9 m. These distributions illustrate the importance of the
location and resolution of sampling relative to where greatest impact is

Frontiers in Built Environment

100 1000

Average e++++++ Min / Max

(FEM)

applied. Figure 6 presents the results from Figure 5, superimposed onto
a single plot and infers that a horizontal offset of 200 mm from the peak
at 0.5m depth may be underestimated by approximately 20%. This
sensitivity of “hit or miss” is evident in the range of measurements
reported within the literature. Nevertheless, majority of the loading per
blow spans approximately 1 m, akin to the length of the impact face of
the RDC module.

Although ¢4 through RDC is an indicator for the extent of influence
RDC has at depth, it is also important to consider the stress applied
orthogonally to it and the mean pressure. The peak applied horizontal
(0;3‘) and lateral (o) stress, in addition to the peak applied mean
pressure (p), are presented in Figure 7. Their averages, for all 30 passes,
with respect to depth is represented well by Eqs 5-7. The apparent line of
maxima is notably acting at angles, as the kinetic compactive energy
tends to be delivered underneath and behind the roller. This is likely a
consequence of the contribution of the angular momentum of the RDC
module within the complex interaction of each impact.

frontiersin.org
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FIGURE 10
Surface peak particle: (A) acceleration; and (B) velocity.
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A feature of RDC is the disturbance of the near surface soils as
the roller shears and dilates the surface material. Namely, this is a
product of the magnitude of the shear stress applied through each
impact exceeding the capacity of the soil to resist. Figure 8 presents
the typical distribution of the maximum principal deviatoric stress
through each impact.

3.2 Vibration at depth

Figure 9 presents the PPA and PPV values obtained at the nodes,
for each impact across all 30 passes for 0.2<d <3.5m. The PPA
results fit well with the upper bound estimates measured in the field
by Scott et al. (2016) and Scott et al. (2019a). The respective average
and maximum PPAs and PPVs with depth are represented well by
Eqgs 8-11.

Frontiers in Built Environment

3.3 Surface vibration

In the previous section, the PPAs and PPVs with respect to
depth were reported. In this section, the PPA and PPV along the
ground surface with respect to the lateral distance (D) to the
centreline of the lane subject to RDC are reported and presented
in Figure 10. As can be seen, and as expected, the results suitably
envelope the field data obtained by Avalle (2007). The
idealisation of representing the soil in a FE simulation
removes the imperfections and discontinuities that would
otherwise retard, mitigate or reduce the PPA and PPV in the
field. Nonetheless, the trends presented ought to provide a
conservative upper estimate for PPA and PPV along the
ground surface.
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Upon further inspection, estimates at D > 6 m appear to be
subject to boundary effects. This is despite a non-reflecting
boundary being defined along the outer perimeter of the soil
mass. One possible explanation is the soil mass is tied to an
elastic boundary defined with a non-reflecting boundary
condition. This is required within the model formulation of
Bradley et al. (2023), as the constitutive model for the soil mass
does not permit the use of a non-reflecting boundary condition
along it directly, and so it must be incorporated indirectly.
However, this approach would be imperfect, and the model
would be subject to boundary effects along the interface
between the soil mass and the elastic boundary. There is,
however, no significant evidence to suggest the boundary
effects extend any closer than D = 6m.

In maintaining a conservative approach with respect to
erroneous disturbance resulting from RDC and the suspected
presence of boundary effects, the trends for PPA and PPV are
considered to be best estimated within the region 1.6<D <6m,
for all 30 passes. As is evident from Figure 10, the averages of the
surface PPAs and PPVs are well represented by Eqs 12, 13.

PPA, = 2.375- (D - 0.65)"%
PPV, = 132.032- (D - 0.65)™"%*

(12)
(13)

4 Conclusion

This paper presented results of a FE simulation of RDC
performed by a Broons BH-1300 4-sided 8-tonne impact roller
on coarse-grained soil subjected up to 30 passes, using the
formulation as presented by Bradley et al. (2023). These
results have reasonably reproduced field observations available
within the literature by use of the FE simulation approach. A
greater understanding of the extent RDC has on the ground
is achievable with the use of FE simulations.
Distributions and trends for the in-situ stresses were
presented. Further, the PPA and PPV for at depth and along
the surface were also presented.

response

However, there are limitations to consider when utilising the
FE simulation approach. In the field, the imperfections,
discontinuities, layering, and heterogeneity of soils are likely
to impact the results by typically reducing the PPA and PPV
at depth and along the surface. The idealisation of representing
the soil in a FE simulation removes these imperfections.
Therefore, trends presented herein, and any potential
parametric studies utilising the FE simulation, are ought to
provide a conservative upper estimate for PPA and PPV.

Another limitation is that the FE simulation considered the
roller running along a single lane. In the field, RCD is undertaken
with adjacent lanes, modifying the ground conditions lateral to
each lane. The impact of the inclusion of adjacent lanes on the
results is non-trivial and may be an area of future study. It is
presumed the additional effective confinement of the soil due to
compactive action in adjacent lanes would attribute to a larger
applied stress and ergo performance. This may provide an
explanation as to why the peak applied vertical stress in the

upper 1 m below the roller and at the intermediate lateral offset of
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2.5 m was not necessarily reproduced, Figure 3 and Figure 4.
Nevertheless, the FE
reproduction of the average stresses as observed in the field.

simulation presents a reasonable
However, the peak values of stress in the upper 1 m are likely
underestimated and may require to be increased by a factor of 2.

The results presented herein are reflective of the use of the
200 mm x 200mm x 200mm FE mesh
Improved results may be obtained with a finer FE mesh

course resolution.
resolution, but at greater computational cost. Boundary effects
were also identified within the model. This suggests either the
width of the soil mass may need to be increased or another
approach is needed to better mitigate the boundary effects when
investigating far-field estimates.

Ideally with a field or scale-model investigation, future studies
would be served well by a robust investigation utilising the FE
simulation approach with respect to varying soil conditions. Further,
there is room to improve upon Bradley et al. (2023)’s model
formulation. Multiple distinct layers, in place of a homogenous
soil mass, each with their own geotechnical characteristics and
behaviour, as is typically the case in the field, is one such
consideration.
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Nomenclature

Py

d

d

P

PPA
PPV
PPA,
PPV,
PPA,
PPV,

ri

effective cohesion

depth below ground surface
Drucker-Prager effective cohesion

lateral distance to centreline of roller’s path
initial relative density

initial void ratio

maximum void ratio

minimum void ratio

virgin compression line void ratio intercept

specific gravity of the solids

added vertical loading to each node of the roller

lateral offset

Drucker-Prager slope

number of passes

peak applied mean pressure

apparent preconsolidation pressure
peak particle acceleration

peak particle velocity

peak particle acceleration at depth
peak particle velocity at depth

surface peak particle acceleration
surface peak particle velocity

set of reset offsets

logarithmic slope of unload-reload line
logarithmic slope of virgin compression line
initial bulk density

initial dry density

peak applied horizontal stress

peak applied lateral stress

peak applied vertical stress

critical state effective internal angle of friction
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