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ABSTRACT

The construction of future lunar infrastructure will require efficient ground improvement
techniques capable of increasing the density and load-bearing capacity of lunar regolith to
support foundations, landing pads, mobility corridors, and in situ resource utilisation (ISRU)
facilities. This study presents the development and experimental evaluation of a second-
generation lunar vibrating drum roller (LVDR-2) scale model, incorporating an internally
mounted eccentric mass to more closely replicate the operating principle of full-scale
vibratory compaction equipment. Laboratory experiments were conducted using engineering-
grade lunar highlands regolith simulant (LHS-1E) to investigate the coupled influence of
translational speed, vibration frequency, and eccentric mass on compaction performance.
Surface settlement and vertical pressures were initially measured to identify the optimum
operating combination. The highest peak pressure was recorded at a translational speed of

4 km/h, a vibration frequency of 40 Hz, and an eccentric mass of 75.8 g. This combination
was subsequently adopted for detailed geotechnical investigations involving surface
settlement, vertical pressure, cone penetration resistance, bulk density, and vane shear
strength measurements. The optimised LVDR-2 model demonstrated enhanced compaction
performance, characterised by greater surface settlement, higher cone penetration resistance,
increased bulk density, and deeper stress transmission within the simulant compared with the
earlier LVDR-1 model. These findings provide important design guidance for the
development of mechanised lunar ground improvement systems supporting future lunar
infrastructure construction.

KEYWORDS: lunar infrastructure development, vibrating smooth drum roller, eccentric
mass, vibration frequency, compaction behavior, translational speed.

1. INTRODUCTION
The National Aeronautics and Space Administration (NASA) Artemis programme aims to
establish a sustained human presence on the Moon, with future missions focused on long-
term exploration, infrastructure development, and scientific operations within the lunar South
Pole region [1]. For long-term lunar infrastructure, surface preparation and ground
improvement will be essential to improve bearing capacity, reduce settlement, and support
repeated mobility and construction operations.

Lunar regolith is an unconsolidated granular material formed through prolonged

meteoroid impacts, thermal cycling, and space weathering processes over billions of years
[2]. The engineering behaviour of lunar regolith differs substantially from terrestrial soils due
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to the Moon’s reduced gravitational acceleration, vacuum environment, absence of water,
extreme temperature fluctuations, and highly angular particle morphology [3]. These
conditions significantly influence particle interaction, stress transmission, and compaction
behaviour, thereby limiting the direct transferability of terrestrial construction methodologies
to lunar environments.

Transporting large quantities of construction material from Earth is economically and
logistically impractical; therefore, future lunar construction will rely heavily on in situ
material handling, excavation, levelling, compaction, and stabilisation of lunar regolith [4, 5].
Although returned Apollo samples have provided an important understanding of lunar
regolith behaviour, the limited quantity of available lunar material restricts large-scale
experimental testing [2].

To address these challenges, several recent studies have investigated the adaptation of
terrestrial compaction techniques for lunar surface preparation using lunar highland regolith
simulants, which are widely adopted as terrestrial surrogates for experimental investigation
[6-9]. LHS-1E (previously known as MAB-1 mixed anorthosite and basalt), an engineering-
grade lunar highland regolith simulant composed primarily of anorthosite and basalt, has
been employed in several recent investigations because its geotechnical properties are
representative of lunar highland regolith [10, 11].

The success of future lunar construction activities will depend strongly on the ability
to mechanically improve and stabilise the lunar surface to facilitate the construction of roads,
landing pads, foundations, and other critical infrastructure required for sustained lunar
exploration [1, 12]. Compaction is one of the most widely used terrestrial methods for
improving granular soils, as it increases density through particle rearrangement and void
reduction [13, 14]. As outlined in NASA’s Excavation, Construction and Outfitting strategic
framework within the Space Technology Mission Directorate, a key performance objective is
to achieve an in situ density of 1900 kg/m? for compacted regolith [15]. Therefore, the
development of lightweight and effective mechanised compaction systems is essential for
future lunar surface construction. However, the suitability of different compaction methods
for lunar regolith remains insufficiently understood, particularly under dry, cohesionless,
low-gravity and vacuum-relevant conditions.

Scott et al. [16] demonstrated that rolling dynamic compaction (RDC) can improve
the density of dry LHS-1E, thereby establishing the feasibility of adapting terrestrial ground
improvement techniques for lunar applications. Subsequently, Agarwal et al. [6] evaluated six
industrial ground improvement techniques for potential lunar application and identified
vibrating smooth drum rollers (VSDRs) and RDC as the two most promising compaction
techniques for lunar surface preparation.

Building upon these findings, Agarwal et al. [7] conducted a direct comparative
investigation of these two compaction techniques and demonstrated that the VSDR
compaction technique, produced greater surface settlement, higher subsurface pressures,
improved density enhancement, and a larger depth of influence than RDC, indicating superior
compaction efficiency for lunar highland regolith simulant. Thereafter, Agarwal et al. [17]
systematically investigated the influence of translational speed, vibration frequency, and
roller mass on the compaction performance of the lunar vibrating drum roller (LVDR-1) scale
model and identified higher vibration frequency as the dominant parameter governing
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subsurface stress transmission and dynamic response. Further investigation by Agarwal et al.
[18] demonstrated that improved compaction performance was generally associated with
lower translational speed, higher vibration frequency, and heavier roller mass.

Despite these advances, several important research gaps remain regarding the
optimisation of vibratory drum roller design and the mechanistic understanding of lunar
regolith compaction. Previous investigations primarily focused on the first-generation scale
model (LVDR-1) in which additional mass was externally attached above the roller frame,
rather than via an internally rotating eccentric loading mechanism representative of
conventional vibratory drum rollers. Consequently, the influence of an eccentric loading
configuration on vibratory energy transmission, stress propagation, and densification
behaviour within LHS-1E remains insufficiently understood. In addition, limited research has
investigated how modifications to roller geometry, including drum aspect ratio, influence
compaction performance and subsurface response under vibratory loading conditions on
LHS-1E. Previous experimental systems also relied on manually adjusted vibration control
methods, limiting the precision of vibratory loading during testing. Furthermore, limited
information was available on whether the vibration response measured before surface contact
remained consistent once the roller engaged with the simulant during compaction. These
limitations are significant because future lunar compaction systems must maximise
densification efficiency while minimising transported mass and mechanical complexity for
extraterrestrial construction applications.

To address these gaps, the present study investigates the compaction behaviour of
LHS-1E using a second-generation scale model of a lunar vibrating drum roller (LVDR-2).
The study was conducted in two phases. First, a parametric optimisation phase was
performed to identify the most effective operating combination of translational speed,
vibration frequency, and eccentric mass. Second, detailed geotechnical testing was
undertaken using the most prominent optimal operating combination to evaluate the resulting
densification behaviour and mechanical improvement of the simulant through surface
settlement measurements, earth pressure monitoring, acceleration response analysis, in situ
density testing, mini-cone penetration testing, and vane shear testing.

The novelty of this study lies in the systematic optimisation of speed, vibration frequency,
and eccentric mass for the LVDR-2 model, followed by detailed geotechnical validation. This
integrated approach provides new insight into the mechanisms of vibratory compaction of
LHS-1E and informs the development of future lunar surface preparation systems. The
findings demonstrate the potential applicability of vibratory roller-based compaction for lunar
surface preparation and contribute to the development of scalable surface improvement
methodologies for future lunar infrastructure construction.

2. STAGE 1 METHODOLOGY
Two test bins (Bins A and B), each measuring 750 mm in width, 1060 mm in length, and
1200 mm in depth, were used to contain the lunar highland regolith simulant (LHS-1E), as
illustrated in Figure 1. The simulant was placed to a depth of 380 mm within each bin,
providing sufficient depth to accommodate stress propagation beneath the roller while
minimising boundary effects during vibratory compaction. A steel separator plate was
installed between the bins to prevent stress transfer and material interaction between the two
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test sections during vibratory loading. Two large, instrumented soil bins were positioned
beneath the elliptical track, however, they can be translated perpendicular to the roller’s
direction of travel to allow for better access for bin filling and testing. The vibrating smooth
drum roller scale model was mobilised using a chain-driven carriage system powered by a
variable-speed electric motor, enabling controlled and repeatable translational motion
throughout the experimental test.

Preliminary testing was undertaken to identify the optimal combination of operating
parameters, including translational speed, vibration frequency, and eccentric mass. This
experimental phase was conducted to evaluate the influence of different parameter
combinations on the compaction response of the simulant and to determine the operating
parameters producing the most effective compaction performance for the LHS-1E simulant.
Further details regarding the scale model test rig, scaling methodology, and operating
mechanism are provided by Chung et al. [19].

[impactroner |1

: e [ Research Facility
L \

- Y= Rolling direction =

M B

Figure 1. Scale model test rig showing the test bins filled LHS-1E and the chain-driven carriage system
used to mobilise the LVDR-2 model.

The LVDR-1 scale model, utilised in earlier experimental investigations [7, 17, 18]
and illustrated in Figure 2a, incorporated a drum roller mass of 2.92 kg. To investigate higher
mass combinations in the LVDR-1 model, four rectangular steel blocks were affixed to the
frame above the drum roller. Although this approach enabled controlled variation of roller
mass during previous investigations, it introduced a limitation in the experimental test, as the
additional mass was externally attached rather than incorporated as eccentric mass within the
drum. Consequently, the vibratory mechanism did not fully replicate the operational
behaviour of conventional vibratory smooth drum rollers, in which vibration is generated
through the rotation of an internally mounted eccentric mass [20].

To address this limitation, an improved second-generation scaled model, LVDR-2,
was developed for the present study. The LVDR-2 model incorporated a 3D-printed drum
mounted to a rigid aluminium chassis as shown in Figure 2b, providing enhanced structural
stiffness and improved vibration transmission. In the LVDR-2 model, an internally mounted
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electric motor fitted with an eccentric mass was incorporated into the roller drum to generate
controlled vibratory loading, thereby more closely reproducing the vibration-generation
mechanism employed in full-scale vibratory compaction equipment [20, 21]. The vibration
frequency was regulated through motor speed control by using a GUI (graphical user
interface), thereby enabling consistent and repeatable operating parameters during testing.

In addition of the eccentric loading system, the geometric characteristics of the drum
were refined. In the present study, the aspect ratio was defined as the ratio of drum diameter
to drum width. The LVDR-1 model employed an aspect ratio of approximately 0.6, whereas
the LVDR-2 model adopted an increased aspect ratio of 0.8. The LVDR-2 scale model
incorporates a drum width of 250 mm and a drum diameter of 200 mm, representing a
geometrically scaled approximation of conventional terrestrial vibratory rollers. Drum
geometry, including the relationship between drum diameter and width, plays an important
role in governing contact area, stress distribution, and the efficiency of energy transmission
during vibratory compaction processes [20, 22].

Figure 2. Scale model: (a) LVDR-1 (2.92 kg version) and (b) LVDR-2.

The bespoke earth pressure cells (EPCs) utilised in this study, illustrated in Figure 3a,
are 19 mm in diameter and include integrated tri-axial accelerometers, as shown in Figure 3b.
Conventional EPCs with larger diameters have been widely employed in geotechnical
engineering for in situ earth pressure measurements under terrestrial conditions [23, 24].
However, the reduced dimensions of the bespoke sensors adopted in the present study enabled
pressure measurements within the scaled experimental setup while minimising disturbance to
the surrounding lunar highland regolith simulant. Each EPC—accelerometer assembly was
connected to a custom-built data acquisition system interfaced with a dedicated LabVIEW
program, enabling simultaneous real-time measurement of contact pressures and local
acceleration response during vibratory compaction. Prior to testing, all EPCs were zeroed to
eliminate the influence of overburden pressure, thereby ensuring that only roller-induced
dynamic stresses were recorded. At each depth, peak pressure values were determined by
averaging measurements obtained from 10 roller passes under each operating combination.

To ensure accurate capture of peak pressure responses and high-frequency vibration
effects during compaction, a sampling frequency of 7500 Hz was adopted. The integrated tri-
axial accelerometers additionally provided supplementary information regarding the dynamic
response and compaction behaviour of the simulant throughout the experimental testing.
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Figure 3. Earth pressure cell: (a) Plan view; (b) Internal 3-axis accelerometers.

Figure 4 illustrates the rolling direction and the position of earth pressure cells (EPCs)
within Bins A and B. The two bins were configured as mirror images with respect to EPC
placement to ensure consistency and uniformity in data acquisition across the test section.

As shown in Figure 4a, the LVDR-2 model traversed a centre lane within each bin to
minimise boundary effects during vibratory compaction. For the LVDR-2 model, the rolling
direction was maintained from Bin A to Bin B, as shown in Figure 4.

The EPCs were positioned along the bin centreline and maintained at a distance of
375 mm from the bin walls, thereby reducing the influence of the side walls on stress
distribution within the simulant. Additional lateral spacing was maintained to allow trial
testing to be conducted within both bins throughout this phase of experimental testing. A total
of six EPCs were installed, three in each bin with sensors embedded in the LHS-1E with a
lateral spacing of 100 mm with respect to each other and at vertical depths of 100, 200 and
300 mm, as illustrated in Figure 4b. At each depth, two EPCs were installed (one in each
bin), and the average of the recorded pressure was used to determine the peak pressure at that
depth. This setup was adopted to minimise experimental variability and to mitigate the
influence of sensor shadowing effects beneath the roller centreline, as reported by Dave and
Dasaka [25].
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Figure 4. Arrangement of earth pressure cells (EPCs) within the LVDR-2 test bins: (a) Plan view showing
the roller path and EPC locations; (b) Elevation view illustrating the embedment depths and vertical
spacing of the EPCs.

To identify the optimal operating combination of translational speed, vibration
frequency, and eccentric mass, a series of controlled laboratory experiments was conducted to
evaluate their influence on the compaction behaviour of LHS-1E under terrestrial laboratory
conditions. Three operating speeds of 1 km/h, 4 km/h, and 7 km/h were adopted, while
vibration frequencies of 30 Hz, 35 Hz, and 40 Hz were applied, resulting in nine speed—
frequency combinations. These combinations were subsequently evaluated under three
eccentric masses, i.e., 21.8 g, 49.8 g, and 75.8 g, yielding a total of 27 distinct test
combinations.

A minimum translational speed of 1 km/h was selected based on the findings of
Henrich [26], who identified an optimal operating speed range of approximately 1-4 km/h for
vibratory rollers. A maximum speed of 7 km/h was selected to extend beyond this range and
to facilitate comparison with previous investigations involving the LVDR-1 model, in which
a translational speed of approximately 6 km/h at 40 Hz produced the most effective
compaction response [17].

For initial compaction passes, LVDR-2 incorporated a drum mass of 4.5 kg and was
fitted with an eccentric mass of 21.8 g. Eccentric masses of 49.8 g and 75.8 g were
subsequently introduced to evaluate the influence of dynamic loading amplitude on
compaction behaviour. The eccentric masses were mounted to the motor shaft within the
drum frame without direct contact with the drum shell. Rotation of the eccentric mass
generates periodic inertial forces, resulting in dynamic frequency of the roller drum.
Variation in eccentric mass directly influences the amplitude of dynamic loading generated
by a vibratory drum roller and, consequently, affects compaction efficiency through changes
in vibratory energy transfer [20, 27, 28].

Vibration frequencies applied during testing were verified using Fast Fourier
Transform (FFT) analyses performed on the signals obtained from the EPCs. The FFT
analyses confirmed the operational vibration frequencies associated with each combination,
thereby ensuring accuracy and consistency in the applied dynamic loading parameters.
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Prior to executing the different test combinations, a preliminary compaction phase
was undertaken to induce the majority of initial surface settlement and minimise subsequent
densification effects during systematic testing. This preliminary compaction phase comprised
50 passes of the LVDR-2 model at a baseline translational speed of 1 km/h and a vibration
frequency of 25 Hz, using the lightest eccentric mass (21.8 g). A preliminary compaction
phase was undertaken to induce initial surface settlement before the parametric investigation.
The initial roller passes promoted particle rearrangement and progressive densification,
consistent with the fundamental mechanisms of vibratory compaction reported in literature
[20, 22]. The use of a lower vibration frequency during this stage enabled controlled initial
densification while limiting excessive dynamic loading effects on simulant.

Following the preliminary compaction phase conducted at 25 Hz and 1 km/h, the
remaining two translational speeds (4 km/h and 7 km/h) were also evaluated at 25 Hz for the
lightest eccentric mass configuration of 21.8 g to maintain consistency in the staged testing
sequence prior to commencement of the primary testing combinations. Although these
additional 25 Hz tests were conducted as part of the staged testing program, they are included
in Table 1 using roman numerals, as they were not considered part of the 27 primary test
combinations. Following this, the same sequence of translational speeds was systematically
repeated at vibration frequencies of 30 Hz, 35 Hz, and 40 Hz. Upon completion of testing for
the 21.8 g eccentric mass configuration, the eccentric mass was increased to 49.8 g, and the
same sequence of vibration frequencies and translational speeds was repeated. Following
completion of this stage, the eccentric mass was further increased to 75.8 g, and an identical
testing sequence conducted. The complete experimental program is summarised in Table 1.

This structured methodology enabled systematic evaluation of the coupled effects of
translational speed, vibration frequency, and eccentric mass on stress transmission and
compaction behaviour for LHS-1E. By maintaining identical initial material conditions
throughout the experiment, variability associated with simulant preparation was minimised,
consistent with established experimental practice in vibratory compaction studies [22].
Translational speeds of the LVDR-2 model, initially measured in mm/s, were converted to
full-scale equivalents in km/h using established scaling relationships [29].
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Table 1. Experimental test matrix and operating parameters for LVDR-2 compaction testing.

Combination Eccentric Mass (g) (i[:rej:) (Izr]:f/zgc) frezzll:lact;fn(ilz) Number of Passes
i 1 21 25 0-50
ii 1 21 25 51-60
il 4 85 25 61-70
v 7 150 25 71-80
1 1 21 30 81-90
2 4 85 30 91-100
3 Mass A (21.8 g) 7 150 30 101-110
4 1 21 35 111-120
5 4 85 35 121-130
6 7 150 35 131-140
7 1 21 40 141-150
8 4 85 40 151-160
9 7 150 40 161-170
10 1 21 30 171-180
11 4 85 30 181-190
12 7 150 30 191-200
13 1 21 35 201-210
14 Mass B (49.8 g) 4 85 35 211-220
15 7 150 35 221-230
16 1 21 40 231-240
17 4 85 40 241-250
18 7 150 40 251-260
19 1 21 30 261-270
20 4 85 30 271-280
21 7 150 30 281-290
22 1 21 35 291-300
23 Mass C (75.8 g) 4 85 35 301-310
24 7 150 35 311-320
25 1 21 40 321-330
26 4 85 40 331-340
27 7 150 40 341-350

Surface settlement measurements were conducted along the centreline of the test lane
to quantify vertical deformation of the simulant. A standard tape measure was used in
conjunction with fixed reference bolts installed on the test rig frame, providing stable and
repeatable datum points throughout the experiment. Settlement measurements were recorded
at 150 mm intervals along the centreline of the test lane within each bin following completion
of each test combination. For each operating combination, the LVDR-2 model completed a
total of 10 passes, after which 10 settlement measurements, comprising five measurements
within each bin, were obtained and averaged to determine the surface settlement response.
Initial measurements obtained prior to compaction (0-passes) were treated as the baseline,
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thereby enabling the influence of subsequent compaction passes on surface settlement
behaviour to be evaluated.

3. STAGE 1 RESULTS AND DISCUSSION
Compaction testing was conducted to evaluate the influence of translational speed, vibration
frequency, and eccentric mass on the compaction response of LHS-1E. The primary objective
of this testing phase was to identify the optimal operating combination which is capable of
producing the most effective densification behaviour prior to undertaking detailed
geotechnical investigations. Key response parameters, including surface settlement and peak
vertical pressure, were analysed to assess the effectiveness of each operating combination.
The findings from Stage 1 testing were used to determine the operating parameters adopted in
Stage 2.

Figure 5 presents the average surface settlement as a function of the number of
compaction passes performed using the LVDR-2 model along the centre test lane. The results
indicate that settlement was greatest during the initial stages of compaction, which is
consistent with established soil mechanics principles that loose granular soils experience
substantial early densification through particle rearrangement and void reduction under
applied compactive effort [13, 30]. This trend is also consistent with previous investigations
on LHS-1E by Agarwal et al. [6, 7, 17, 18], which similarly reported that settlement was
greatest during the initial stages of compaction, primarily due to the initially loose packing
condition of the simulant.

Approximately 8 mm of surface settlement was recorded within the first 20 passes,
after which the rate of settlement decreased substantially. As described previously, the initial
50 passes were conducted at a translational speed of 1 km/h, a vibration frequency of 25 Hz,
and an eccentric mass of 21.8 g. Beyond this stage, different combinations of translational
speed and vibration frequency were applied while maintaining the eccentric mass of 21.8 g to
further evaluate the compaction response of the simulant. Between the 50th and 170th pass,
testing conducted using the 21.8 g eccentric mass produced only minor additional settlement,
despite variations in roller translational speed and vibration frequency. This behaviour
indicates that the dynamic loading generated under the lowest eccentric mass configuration
produced limited additional densification following the initial settlement phase.

A notable increase in surface settlement was observed after the 180th pass, following
an increase in eccentric mass from 21.8 g to 49.8 g. This behaviour indicates that increasing
the eccentric mass increased the magnitude of dynamic stresses transmitted into the simulant,
resulting in greater surface deformation.

Following completion of the 260th pass, the eccentric mass was further increased
from 49.8 g to 75.8 g, and testing was repeated using the same combinations of translational
speed and vibration frequency adopted for the previous eccentric mass configurations. During
this stage, lower vibration frequencies of 30 and 35 Hz produced negligible additional
settlement, indicating that these frequencies generated limited additional densification.
However, following an increase in vibration frequency from 35 Hz to 40 Hz after the 320th
pass, an additional increase in settlement was observed. Surface settlement reached
approximately 24 mm by the 350th pass. Overall, the results indicate that the combination of
heavier eccentric mass and higher vibration frequency enhanced the compaction performance
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of the LVDR-2 model, suggesting a coupled influence of eccentric mass and vibration
frequency on the settlement response.
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Figure 5. Surface settlement versus cumulative number of passes.

Figure 6 illustrates the dynamic pressure response of LHS-1E during the 230th pass of
LVDR-2 operating at a translational speed of 7 km/h, a vibration frequency of 35 Hz, and an
eccentric mass of 49.8 g. Pressure measurements obtained from EPCs 1 and 6, 2 and 5, and 3
and 4, installed at depths of 100 mm, 200 mm, and 300 mm, respectively, indicate that peak
vertical pressures were greatest near the surface and progressively decreased with increasing
depth. This behaviour is consistent with previous vibratory compaction investigations, which
similarly reported attenuation of roller-induced dynamic stresses with depth beneath the roller
drum [6, 7, 17, 18, 23, 31].

The time at which each EPC recorded the peak pressure varied according to the sensor
location within the test bins, consistent with the EPC arrangement illustrated previously in
Figure 4. The pressure responses shown in Figure 6 exhibit oscillatory fluctuations
throughout the 5-second measurement interval due to the cyclic vibration generated by the
rotating eccentric mass within the vibratory drum mechanism. These fluctuations are
additionally associated with transient roller—simulant interaction during cyclic drum loading,
consistent with observations reported by Mooney and Rinehart [22] and Richart et al. [31].
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Figure 6. Measured dynamic pressure response obtained from the EPCs during Pass 230; 7 km/h
translational speed, 35 Hz vibration frequency, eccentric mass 49.8 g.

Figure 7 presents the measured peak vertical pressures with depth for varying
vibration frequencies (30 Hz, 35 Hz, and 40 Hz) under eccentric masses of 21.8 g, 49.8 g, and
75.8 g, (hereafter referred to as Mass A, Mass B, and Mass C, respectively). For each test
combination, the peak pressure responses recorded from the six EPCs, installed at depths of
100 mm, 200 mm, and 300 mm (with two EPCs buried at each depth as previously shown in
Figure 4b), were averaged. In addition, the reported peak pressures were also averaged over
10 roller passes conducted for each operating combination to minimise experimental
variability and improve the repeatability of the measurements.

The results are presented for constant translational speeds of 1 km/h (Figure 7a),

4 km/h (Figure 7b), and 7 km/h (Figure 7¢). From Figure 7, it is evident that the combination
of Mass C (75.8 g) and a vibration frequency of 40 Hz produced the most effective
compaction response across all operating speeds. Under the operating combinations of
eccentric Mass C (75.8 g) and 40 Hz frequency, the measured peak pressures at depths of

100 mm, 200 mm, and 300 mm were approximately 20 kPa, 7 kPa, and 4 kPa, respectively, at
a translational speed of 1 km/h. At 4 km/h, the corresponding peak pressures increased to
approximately 27 kPa, 8 kPa, and 5 kPa, respectively, whereas at 7 km/h the measured peak
pressures were approximately 24 kPa, 6 kPa, and 5 kPa.

The findings further suggest that an operating speed of 4 km/h combined with a
vibration frequency of 40 Hz and eccentric Mass C (75.8 g) represented the most effective
operating parameters among the various combinations investigated in the present study. The
enhanced pressure response observed at the intermediate translational speed may be
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attributed to a more favourable balance between vibration impact spacing, contact duration,
and vibratory energy transmission into the simulant.

This finding contrasts with the previous LVDR-1 model, in which lower roller speed
i.e., 2 km/h, produced better compaction outcomes [18]. In the present LVDR-2 model,
however, the intermediate speed i.e., 4 km/h, showed improved performance, indicating a
discrepancy between the two scaled roller configurations. To examine this further, the present
results were compared with previous studies on full-scale vibratory rollers. Henrich [26]
suggested that vibratory compactors generally operate effectively within a travelling speed
range of approximately 1-4 km/h, indicating that effective compaction occurs within a
moderate operating speed range. Therefore, the findings provide confidence that the LVDR-2
scale model captures behaviour representative of a full-scale vibratory roller system. Across
all the scaled experimental testing performed, speeds in the range of approximately 2—4 km/h
appear to provide favourable compaction performance for lunar simulant.

At lower speeds (1 km/h), excessive localised loading and repeated vibration over the
same region may have limited efficient stress propagation, whereas at higher speeds (7 km/h),
the reduced number of vibration cycles per unit distance likely diminish the transfer of
dynamic compaction energy into the underlying layers, consistent with previous vibratory
compaction studies [17, 18, 21, 22].
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Figure 7. Peak vertical pressure—depth responses for varying vibration frequencies and eccentric mass
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conditions of the LVDR-2 at translational speeds of: (a) 1 km/h; (b) 4 km/h; and (¢) 7 km/h.
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Figure 8 presents the measured peak vertical pressures plotted against depth for
varying translational speeds of the LVDR-2 model under eccentric mass configurations of
Mass A, Mass B, and Mass C. Subfigures 8a, 8b, and 8c show the results obtained at constant
vibration frequencies of 30 Hz, 35 Hz, and 40 Hz, respectively enabling direct comparison of
the effects of translational speed and eccentric mass on subsurface pressure transmission.

At vibration frequencies of 30 Hz and 35 Hz, the highest peak pressures at a depth of
100 mm were observed under the eccentric Mass C configuration, occurring at operating
speeds of 1 km/h and 4 km/h, respectively. In both cases, the maximum peak pressure was
approximately 10 kPa. In contrast, at a vibration frequency of 40 Hz, a substantially higher
maximum peak pressure of approximately 27 kPa was recorded at an operating speed of
4 km/h, also under the Mass C configuration. It is evident from Figure 8 that the Mass C
configuration consistently produced the highest peak pressures across all vibration
frequencies investigated in this study.

From Figure 8, it can be observed that higher vibration frequencies enhanced the
transmission of dynamic energy, consistent with observations reported in previous vibratory
compaction studies [17, 18, 20]. Conversely, lower vibration frequencies resulted in
comparatively reduced peak pressure responses irrespective of translational speed and
eccentric mass configuration, thereby limiting stress propagation at depth during vibratory
compaction.
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Figure 8. Peak vertical pressure—depth responses for varying translational speeds of the LVDR-2 under
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Figure 9 presents the measured peak vertical pressure—depth responses for varying
translational speeds under vibration frequencies of 30 Hz, 35 Hz, and 40 Hz. Figures 9a, 9b,
and 9c correspond to eccentric masses of Mass A, Mass B, and Mass C, respectively. Within
each eccentric mass configuration, translational speed was varied across 1 km/h, 4 km/h, and
7 km/h, while vibration frequency was varied across 30 Hz, 35 Hz, and 40 Hz, enabling direct
evaluation of their combined influence on subsurface pressure transmission within LHS-1E.

For the eccentric mass configurations of Mass A and Mass B, the highest peak
pressures at a depth of 100 mm were observed at an operating speed of 7 km/h at 40 Hz
vibration frequency, with peak pressure responses of approximately 10 kPa and 15 kPa,
respectively. However, under the highest eccentric mass configuration of Mass C, the
maximum peak pressure of approximately 27 kPa was recorded at an operating speed of
4 km/h at 40 Hz vibration frequency.

The heaviest eccentric mass configuration, Mass C, consistently produced greater
pressures than the lower eccentric mass configurations across the range of translational
speeds and vibration frequencies tested. The increased eccentric mass generated greater
centrifugal forces within the drum assembly, enabling more effective transfer of vibratory
energy into the simulant and resulting in enhanced stress propagation with depth, consistent
with established vibratory roller behaviour [20, 27].
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501 Figure 9. Peak vertical pressure—depth responses for varying vibration frequencies and translational

502 speeds of the LVDR-2 under eccentric mass conditions of: (a) Mass A (21.8 g); (b) Mass B (49.8 g); and (c)
503 Mass C (75.8 g).
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Figure 10 presents the vertical acceleration response measured over a one-second
interval, spanning 0.5 seconds on either side of the time corresponding to the peak pressure
response at an EPC depth of 100 mm for selected operating combinations. Figures 10a, 10b,
10c and 10d correspond to the 340th pass at 4 km/h, 40 Hz and Mass C; the 350th pass at
7 km/h, 40 Hz and Mass C; the 310th pass at 4 km/h, 35 Hz and Mass C; and the 260th pass
at 7 km/h, 40 Hz and Mass B, respectively.

Figure 10 demonstrates that the vertical acceleration response was strongly influenced
by both vibration frequency and eccentric mass. A comparison of Figures 10a and 10c, where
the translational speed (4 km/h) and eccentric mass (Mass C) were held constant while the
vibration frequency increased from 35 Hz to 40 Hz, shows a substantial increase in the peak
vertical acceleration from approximately 0.4 g to 1.3 g. This indicates that increasing the
vibration frequency markedly enhanced the dynamic response of the LVDR-2 model.

Similarly, comparison of Figures 10b and 10d, where the translational speed (7 km/h)
and vibration frequency (40 Hz) were maintained constant while the eccentric mass increased
from Mass B to Mass C, reveals a pronounced increase in the peak vertical acceleration from
approximately 0.2 g to 1.1 g. These results demonstrate that increasing the eccentric mass
also substantially amplified the vertical acceleration response. Overall, the findings indicate
that both higher vibration frequency and larger eccentric mass significantly enhanced the
dynamic excitation generated by the LVDR-2 model, which is consistent with the greater
pressure transmission and compaction performance observed in the preceding results.
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Figure 10. Vertical acceleration vs time responses measured at a depth of 100 mm beneath the roller
drum over a 1-second interval: (a) 4 km/h, 40 Hz, Mass C; (b) 7 km/h, 40 Hz, Mass C; (c) 4km/h, 35 Hz,
Mass C; (d) 7 km/h, 40 Hz, Mass B.
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To further examine the dynamic behaviour of the simulant within the influence zone
beneath the roller drum, a 0.1-second segment of the acceleration responses, previously
presented in Figures 10a and 10b, is enlarged and shown in Figures 11a and 11b,
respectively. Figures 11a and 11b illustrate the vertical acceleration—time response of the
simulant during cyclic vibratory loading. An initial downward (negative) acceleration occurs
as the roller drum applies dynamic loading to the simulant surface. Following this loading
phase, resistance within the compacted simulant is mobilised, resulting in an upward
acceleration response. The acceleration amplitude subsequently decreases and gradually
approaches equilibrium prior to the commencement of the next vibration cycle.

The interval between successive acceleration cycles is approximately 0.025 s,
corresponding to the operating vibration frequency of 40 Hz applied during testing. The
observed cyclic acceleration behaviour demonstrates the repeated loading—unloading
response induced by the vibratory drum mechanism during compaction. The comparatively
higher acceleration amplitudes observed under lower translational speed conditions further
indicate increased transmission of vibratory energy into the simulant. The increased
acceleration response observed at lower speed is likely associated with the longer duration of
roller—simulant interaction during each vibration cycle, allowing greater transmission of
vibratory energy into the simulant. This behaviour is consistent with observations reported in
previous investigations by Agarwal et al. [17, 18].

Future investigations should therefore focus on detailed assessment of acceleration
amplitude variations under different operating conditions to establish clearer relationships
between vibratory energy transmission, stiffness evolution, and compaction performance
within lunar regolith simulants.
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Figure 11. Zoomed vertical acceleration—time responses measured beneath the roller drum over a 0.1-
second interval at a depth of 100 mm under a constant eccentric mass of 75.8 g and vibration frequency of
40 Hz for translational speeds of: (a) 4 km/h; and (b) 7 km/h.

Figures 7, 8 and 9 demonstrate that peak vertical pressures were greatest near the
surface and progressively decreased with increasing depth, consistent with previous vibratory
compaction investigations reported by Agarwal et al. [6, 7, 17, 18] and Rinehart and Mooney
[23]. However, the rate of attenuation varied significantly depending on the operating
parameters applied. Although peak pressures decreased with depth, the 4 km/h, 40 Hz, and
Mass C (75.8 g) eccentric mass configuration consistently produced the highest pressure
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responses at the measured depths of 100 mm, 200 mm, and 300 mm compared with the
remaining speed—frequency- eccentric mass combinations tested in the LVDR-2 model. This
observation is consistent with the surface settlement and acceleration-time response results,
which also demonstrated greater densification under the same operating combinations.

4. STAGE 2 METHODOLOGY
Following completion of Stage 1, the optimal operating combination was adopted for
subsequent testing. This stage of testing focused on evaluating changes in the geotechnical
behaviour of the simulant resulting from vibratory compaction, including surface settlement,
peak vertical pressure response, bulk density, cone penetration resistance, and vane shear
strength.

The simulant was placed in a loose condition to replicate the relatively unconsolidated
nature of the lunar surface and to evaluate the capability of the LVDR-2 model to improve
the densification and geotechnical characteristics of the simulant through vibratory
compaction. A target bulk density of 1550 kg/m?* was adopted for the LHS-1E simulant. This
density represents a loose regolith simulant condition that can be reproducibly achieved under
terrestrial laboratory conditions and is typical of the density of near-surface lunar regolith.
The adopted placement density falls within the typical lunar regolith density range of
approximately 870 kg/m? to 1930 kg/m? reported from Apollo mission samples and
documented in the Lunar Sourcebook [3]. However, due to the inability to replicate key lunar
environmental conditions, including vacuum exposure, reduced gravitational acceleration,
and the presence of agglutinates, the lower-bound densities reported for in situ lunar regolith
could not be reproduced under terrestrial laboratory conditions [3]. To define the achievable
density range for the simulant, minimum and maximum dry densities of 1450 kg/m?* and 2000
kg/m?, respectively, were determined in accordance with AS 1289.5.5.1 [32], as previously
reported by Agarwal et al. [10]. Based on these minimum and maximum density values and
using Eq. (1), the adopted initial placement density corresponds to a relative density of
approximately 23%.

RD(%) — Prr;ax X P~ Pmin X 100 (1)

Pmax—Pmin

where p, pmin, and P q, represent the in situ, minimum, and maximum dry densities of the
simulant, respectively. Based on the adopted placement density and bin geometry,
approximately 468 kg of LHS-1E simulant was placed within each test bin prior to
compaction testing.

To achieve a homogeneous placement density throughout each bin, the simulant was
weighed and carefully placed using 5-litre buckets. The LHS-1E simulant was pluviated
through a 2.36 mm sieve, while the fall height was controlled to remain below 200 mm to
achieve a loose placement condition and maintain uniformity of the initial density throughout
both test bins. To further enhance placement consistency, the simulant was placed in 50 mm
thick layers and screeded against timber formwork installed around the perimeter of the bins,
thereby enabling consistent layer thickness and surface levelling throughout placement.
Although the placement procedure was time-intensive, subsequent density measurements
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demonstrated good agreement with the target placement density. Placement of the simulant
was further complicated by significant dust generation due to the desiccated nature and high
fines content of the LHS-1E material. Accordingly, appropriate personal protective
equipment, including safety glasses, respiratory masks, coveralls, and gloves, was worn
throughout handling and placement of the simulant to address associated health and safety
considerations during testing.

Figure 12 illustrates a schematic of the configuration adopted for the detailed
geotechnical testing, including the lane arrangement, rolling direction, and testing locations.
The central test lane was compacted using the optimal operating combination identified
during Stage 1. Figure 12a additionally identifies the locations of the geotechnical tests
conducted to evaluate the influence of the LVDR-2 model on the densification behaviour and
uniformity of the LHS-1E simulant.

Figure 12b illustrates the arrangement of the EPCs embedded within the simulant.
Three EPCs were installed in Bin A at depths of 100 mm, 200 mm, and 300 mm below the
simulant surface. The EPCs were positioned at vertical intervals of 100 mm and laterally
offset by 100 mm to minimise potential sensor interaction effects during vibratory loading.
For each depth, representative peak pressure values were determined by averaging
measurements obtained from 20 roller passes.
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623 Figure 12. Schematic configuration of the detailed geotechnical testing showing: (a) plan view of
624 the testing locations and rolling direction; and (b) elevation view of the EPC arrangement and
625 embedment depths.

626
627 Surface settlement measurements were conducted using the same measurement
628  procedure described previously for Stage 1.
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In situ density measurements were obtained using a nuclear density gauge (NDG) HS-
5001SD [33] in accordance with the manufacturer’s operating manual [34] and the relevant
Australian Standard [35]. The NDG determines in situ density through gamma radiation
attenuation using a caesium-137 source and is widely adopted for field density assessment of
compacted soils due to its rapid and relatively non-destructive measurement capability [36].
Density measurements were conducted prior to compaction and following completion of 20
passes of the LVDR-2 model within the centre test lane. Owing to the limited dimensions of
the testing bins, measurements were obtained at two predetermined locations along the centre
lane at the 0-pass condition and after completion of the 20th pass, as illustrated in Figure 12a.
Density readings were initially obtained at a depth of 50 mm, followed by measurements at
25 mm depth intervals to a maximum depth of 300 mm. At each depth, three measurements
were recorded and averaged to determine the representative in situ density. Where the
variation between measurements exceeded 0.5%, an additional measurement was conducted
at the corresponding depth to ensure consistency and repeatability of the recorded density
values.

Mini cone penetration tests (mini-CPTs) were conducted using a Geomil digital cone
penetrometer equipped with a 25 mm shaft diameter, a cone cross-sectional area of 500 mm?,
and a 60° apex angle [37]. The mini-CPT system utilises a cone mounted at the end of a
penetration rod, which was manually penetrated perpendicular to the simulant surface at a
penetration rate of approximately 20 mm/s in accordance with the relevant Australian
Standard testing procedure [38]. Cone penetration resistance was recorded at 10 mm depth
intervals, while penetration depth was monitored using a synchronised depth encoder
integrated within the testing system. Mini-CPT measurements were conducted prior to
compaction and after 20 roller passes within the centre test lane to evaluate changes in
penetration resistance.

Vane shear testing was conducted to evaluate the shear strength behaviour of the
LHS-1E before and after vibratory compaction. Testing was performed using a calibrated
field vane shear tester (Model 16-T0174) in general accordance with AS 1289.6.2.1 [39]. The
vane shear apparatus consisted of a four-bladed vane with dimensions of 50.8 mm in height
and 25.4 mm in diameter attached to an extension rod and calibrated torque-reading
mechanism [40]. The vane was manually pushed into the simulant to the required test depth
while ensuring minimal disturbance during penetration. Vane shear measurements were
conducted at depths of 100 mm, 200 mm, and 300 mm within the centre test lane prior to
compaction and following completion of 20 roller passes to evaluate the influence of
vibratory compaction on the shear resistance behaviour of the simulant. Three measurements
were obtained at each testing depth for peak and remoulded shear strength, and the
corresponding average values were used to represent the peak and remoulded shear strengths
at each depth.

5. STAGE 2 RESULTS AND DISCUSSION
The compaction response of the simulant was assessed using measurements of in situ density,
cone penetration resistance, vane shear strength, surface settlement, and subsurface pressure
response to provide a comprehensive evaluation of the compaction behaviour with depth.
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Figure 13 presents the variation in surface settlement with increasing roller passes for
the LVDR-2 scale model under the optimal operating combination of 4 km/h translational
speed, 40 Hz vibration frequency, and an eccentric mass of 75.8 g. A total of 20 roller passes
was applied within the centre test lane of each bin.

The first roller pass produced the greatest surface settlement, consistent with previous
observations reported by Agarwal et al. [6, 7, 17, 18], reflecting the very loose initial
placement condition of LHS-1E. The majority of surface settlement occurred during the
initial 10 roller passes. Beyond this, subsequent passes produced only marginal additional
settlement, indicating progressive stabilisation of surface deformation and a reduction in the
rate of densification with increasing compaction effort. This behaviour is consistent with
established vibratory compaction behaviour, in which the majority of particle rearrangement
and void reduction occurs during the early stages of compaction [22].

Following 10 and 20 roller passes, the measured surface settlements were
approximately 23 mm and 29 mm, respectively. These results indicate that the combined
influence of heavier eccentric mass, higher vibration frequency, and intermediate
translational speed promoted improved densification behaviour.

Number of Passes
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Figure 13. Surface settlement versus number of passes.

Figure 14 presents the variation in averaged peak vertical pressure with depth below
the simulant surface for the LVDR-2 model operating at a translational speed of 4 km/h,
vibration frequency of 40 Hz, and eccentric mass of 75.8 g. Peak pressure measurements
obtained from the three EPCs installed at depths of 100 mm, 200 mm, and 300 mm were
averaged over 20 roller passes at each depth to evaluate the subsurface pressure response
during vibratory compaction. The highest averaged peak pressure (17 kPa) was recorded at a
depth of 100 mm. In contrast, the averaged peak pressure progressively decreased with depth,
reaching approximately 5 kPa at a depth of 300 mm.

The highest stress levels were therefore concentrated within the near-surface region,
while progressively lower pressure magnitudes were observed at greater depths. This
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behaviour indicates attenuation of vibratory stress transmission with depth and is consistent
with the established behaviour of vibratory compaction of granular materials [31, 41].
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Figure 14. Variation in averaged peak vertical pressure with depth for the LVDR-2 model
operating at a translational speed of 4 km/h, vibration frequency of 40 Hz, and eccentric mass of 75.8 g,
averaged over 20 roller passes.

Figure 15 presents the in situ density with depth below the surface for increasing
numbers of roller passes using the LVDR-2 model. Prior to compaction, the target placement
density for the LHS-1E simulant was 1550 kg/m?; however, the measured average initial in
situ density following preparation of the test bins was approximately 1570 kg/m?,
corresponding to a relative density of approximately 28%. This measured density represents
the average in situ density throughout the depth before vibratory compaction. The slight
increase relative to the target placement density may be attributed to minor variations in
particle packing and variability during placement and levelling of the simulant within the test
bins. Accordingly, the measured pre-compaction density was adopted as the baseline
condition for subsequent assessment of density evolution during vibratory compaction.

The results demonstrate that vibratory compaction using the LVDR-2 model produced
a progressive increase in in situ density with increasing roller passes at all measured depths.
At a depth of 50 mm, the measured in situ density after 20 roller passes increased to
approximately 1791 kg/m?, corresponding to a relative density of approximately 69%. This
represents an increase in relative density of approximately 41% relative to the average initial
placement condition. In contrast, at a depth of 300 mm, the corresponding density after 20
passes was approximately 1663 kg/m?, corresponding to a relative density of approximately
47% and an increase in relative density of approximately 19%.

These results indicate that the vibratory energy imparted by the LVDR-2 model was
most effective within the near-surface region of the simulant, where particle rearrangement
and void reduction were greatest. The progressive reduction in densification with increasing
depth suggests attenuation of vibratory energy transmission within the lunar highland regolith
simulant during compaction. This behaviour is consistent with vibratory compaction
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mechanisms reported in previous studies, in which the influence of dynamic loading
progressively decreases with depth beneath the roller drum [6, 7, 17, 18, 22, 31].
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Figure 15. Measured in situ density versus depth for 0 and 20 passes.

Figure 16 illustrates the variation in cone tip resistance with depth for increasing
numbers of roller passes. The pre-compaction condition (0-pass), shown in Figure 16,
exhibits a gradual increase in cone tip resistance with depth, which is consistent with the
expected penetration response of a soil mass with relatively uniform density, where cone
resistance is primarily governed by increasing overburden stress rather than compaction-
induced densification [18, 42, 43].

After 20 roller passes, the largest increase in cone tip resistance was observed at
shallow depths, while the magnitude of resistance increase progressively diminished with
depth. The maximum cone tip resistance of approximately 0.5 MPa was recorded at a depth
of 60 mm. This behaviour indicates that the influence of vibratory compaction was greatest
near the ground surface and progressively attenuated with increasing depth beneath the roller
drum. The observed cone penetration response is consistent with the in situ density results.
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Figure 16. Resistance versus depth results are shown for 0 and 20 roller passes.

Figure 17 presents the variation in peak and residual shear strength with depth before
compaction (0 passes) and following completion of 20 roller passes. Prior to compaction, the
peak shear strength remained relatively uniform throughout the simulant profile, indicating
that the material was prepared with broadly consistent initial shear resistance. In contrast, the
residual shear strength exhibited a gradual increase with depth, reflecting the influence of
increasing overburden confinement within the relatively uniform simulant. Following 20
roller passes, both peak and residual shear strengths increased considerably, although the
magnitude of improvement progressively diminished with depth.

The peak shear strength profile (Figure 17a) shows that the largest increase occurred
at a depth of 100 mm, where the peak shear strength increased from approximately 4 kPa
under the pre-compaction condition to approximately 15 kPa after 20 passes. At a depth of
200 mm, the peak shear strength increased from approximately 3.5 kPa to 5 kPa, whereas
only a negligible increase was observed at 300 mm, where the peak shear strength remained
close to 4 kPa under both conditions. These results indicate that the influence of vibratory
compaction was greatest nearest the surface and progressively reduced with depth.

A similar trend was observed for the residual shear strength profile (Figure 17b).
Following 20 roller passes, the residual shear strength increased from approximately 2 kPa to
7 kPa at 100 mm depth and from approximately 3 kPa to 4 kPa at 200 mm depth. In contrast,
the residual shear strength at 300 mm remained essentially unchanged at approximately
4 kPa, indicating that the compactive influence at this depth was limited.

The reduction in strength with depth is consistent with the attenuation of roller-
induced dynamic stresses beneath the drum, as previously observed from the earth pressure
cell measurements, cone penetration tests, and in situ density measurements. The negligible
increase in both peak and residual shear strengths at 300 mm further indicates that, under the
investigated operating combination, the effective influence of the LVDR-2 model was
primarily confined to the upper 200 mm, where vibratory energy transmission and particle
rearrangement were most pronounced.
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Figure 16. Variations of shear strength with depth after 0 and 20 passes: (a) peak shear strength;
and (b) residual shear strength.

6. CONCLUSION
This study presented the development and comprehensive experimental evaluation of a
second-generation lunar vibrating drum roller (LVDR-2) scale model incorporating an
internally mounted eccentric mass to more closely replicate the operating principle of full-
scale vibratory smooth drum roller compaction equipment. The experimental investigation
demonstrated that the redesigned vibratory mechanism substantially improved the
compaction performance of engineering-grade lunar highlands regolith simulant (LHS-1E),
with eccentric mass and vibration frequency exerting a greater influence on densification
behaviour than translational speed.

The optimum operating combination of the LVDR-2 scale model from the 27 tested in
this study, comprised a translational speed of 4 km/h, a vibration frequency of 40 Hz, and an
eccentric mass of 75.8 g. This combination consistently produced the highest vertical
pressures, greatest surface settlement, highest vertical acceleration, and deepest stress
transmission within the simulant profile.

Compared with the previously developed LVDR-1 scale model, the optimised LVDR-
2 achieved superior overall compaction performance. The LVDR-2 scale model attained a
maximum bulk density of 1791 kg/m?, representing an approximately 10% increase relative
to the best-performing LVDR-1 operating combination employing the 4.45 kg roller mass at
2 km/h and 40 Hz.

Across both the LVDR-1 and LVDR-2 model investigations, higher vibration
frequencies consistently produced the most effective compaction response, confirming their
dominant influence on stress transmission and densification of the simulant. The results
further indicate that moderate translational speeds, generally within the range of 2—4 km/h,
provide the most favourable compaction performance. However, translational speed had a
comparatively smaller influence than vibration frequency and eccentric mass, indicating that
increasing roller speed alone does not necessarily improve densification. This finding
suggests that future lunar regolith compaction systems should prioritise appropriate vibration
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frequency and roller loading while maintaining the travelling speed within a moderate
operational range.

Overall, this study advances the current understanding of vibratory compaction
mechanisms in LHS-1E and provides comprehensive experimental evidence linking
operating parameters, stress transmission, acceleration response, and density and strength
improvement. The results of this study indicate that roller speed had a comparatively smaller
influence on compaction performance than frequency and eccentric mass. The results
establish an important foundation for the development of mechanised lunar ground
improvement technologies capable of supporting future foundations, landing pads, mobility
corridors, and ISRU infrastructure.

Although the present investigation was conducted under terrestrial laboratory
conditions, the compaction behaviour of lunar regolith is expected to be influenced by
reduced gravity, vacuum, and electrostatically charged particles on the lunar surface. Future
work will therefore investigate the performance of the LVDR-2 under simulated lunar
environmental conditions, including gravity offloading and vacuum testing, while further
optimising drum geometry, eccentric mass configuration, and intelligent compaction
methodologies to support future autonomous lunar construction systems.
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