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ABSTRACT 9 
 10 
The construction of future lunar infrastructure will require efficient ground improvement 11 
techniques capable of increasing the density and load-bearing capacity of lunar regolith to 12 
support foundations, landing pads, mobility corridors, and in situ resource utilisation (ISRU) 13 
facilities. This study presents the development and experimental evaluation of a second-14 
generation lunar vibrating drum roller (LVDR-2) scale model, incorporating an internally 15 
mounted eccentric mass to more closely replicate the operating principle of full-scale 16 
vibratory compaction equipment. Laboratory experiments were conducted using engineering-17 
grade lunar highlands regolith simulant (LHS-1E) to investigate the coupled influence of 18 
translational speed, vibration frequency, and eccentric mass on compaction performance. 19 
Surface settlement and vertical pressures were initially measured to identify the optimum 20 
operating combination. The highest peak pressure was recorded at a translational speed of 21 
4 km/h, a vibration frequency of 40 Hz, and an eccentric mass of 75.8 g. This combination 22 
was subsequently adopted for detailed geotechnical investigations involving surface 23 
settlement, vertical pressure, cone penetration resistance, bulk density, and vane shear 24 
strength measurements. The optimised LVDR-2 model demonstrated enhanced compaction 25 
performance, characterised by greater surface settlement, higher cone penetration resistance, 26 
increased bulk density, and deeper stress transmission within the simulant compared with the 27 
earlier LVDR-1 model. These findings provide important design guidance for the 28 
development of mechanised lunar ground improvement systems supporting future lunar 29 
infrastructure construction. 30 
 31 
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1. INTRODUCTION 35 
The National Aeronautics and Space Administration (NASA) Artemis programme aims to 36 
establish a sustained human presence on the Moon, with future missions focused on long-37 
term exploration, infrastructure development, and scientific operations within the lunar South 38 
Pole region [1]. For long-term lunar infrastructure, surface preparation and ground 39 
improvement will be essential to improve bearing capacity, reduce settlement, and support 40 
repeated mobility and construction operations.  41 

Lunar regolith is an unconsolidated granular material formed through prolonged 42 
meteoroid impacts, thermal cycling, and space weathering processes over billions of years 43 
[2]. The engineering behaviour of lunar regolith differs substantially from terrestrial soils due 44 



to the Moon’s reduced gravitational acceleration, vacuum environment, absence of water, 45 
extreme temperature fluctuations, and highly angular particle morphology [3]. These 46 
conditions significantly influence particle interaction, stress transmission, and compaction 47 
behaviour, thereby limiting the direct transferability of terrestrial construction methodologies 48 
to lunar environments. 49 

Transporting large quantities of construction material from Earth is economically and 50 
logistically impractical; therefore, future lunar construction will rely heavily on in situ 51 
material handling, excavation, levelling, compaction, and stabilisation of lunar regolith [4, 5]. 52 
Although returned Apollo samples have provided an important understanding of lunar 53 
regolith behaviour, the limited quantity of available lunar material restricts large-scale 54 
experimental testing [2].  55 

To address these challenges, several recent studies have investigated the adaptation of 56 
terrestrial compaction techniques for lunar surface preparation using lunar highland regolith 57 
simulants, which are widely adopted as terrestrial surrogates for experimental investigation  58 
[6–9]. LHS-1E (previously known as MAB-1 mixed anorthosite and basalt), an engineering-59 
grade lunar highland regolith simulant composed primarily of anorthosite and basalt, has 60 
been employed in several recent investigations because its geotechnical properties are 61 
representative of lunar highland regolith [10, 11]. 62 

The success of future lunar construction activities will depend strongly on the ability 63 
to mechanically improve and stabilise the lunar surface to facilitate the construction of roads, 64 
landing pads, foundations, and other critical infrastructure required for sustained lunar 65 
exploration [1, 12]. Compaction is one of the most widely used terrestrial methods for 66 
improving granular soils, as it increases density through particle rearrangement and void 67 
reduction [13, 14]. As outlined in NASA’s Excavation, Construction and Outfitting strategic 68 
framework within the Space Technology Mission Directorate, a key performance objective is 69 
to achieve an in situ density of 1900 kg/m³ for compacted regolith [15]. Therefore, the 70 
development of lightweight and effective mechanised compaction systems is essential for 71 
future lunar surface construction. However, the suitability of different compaction methods 72 
for lunar regolith remains insufficiently understood, particularly under dry, cohesionless, 73 
low-gravity and vacuum-relevant conditions. 74 

Scott et al. [16] demonstrated that rolling dynamic compaction (RDC) can improve 75 
the density of dry LHS-1E, thereby establishing the feasibility of adapting terrestrial ground 76 
improvement techniques for lunar applications. Subsequently, Agarwal et al. [6] evaluated six 77 
industrial ground improvement techniques for potential lunar application and identified 78 
vibrating smooth drum rollers (VSDRs) and RDC as the two most promising compaction 79 
techniques for lunar surface preparation. 80 

Building upon these findings, Agarwal et al. [7] conducted a direct comparative 81 
investigation of these two compaction techniques and demonstrated that the VSDR 82 
compaction technique, produced greater surface settlement, higher subsurface pressures, 83 
improved density enhancement, and a larger depth of influence than RDC, indicating superior 84 
compaction efficiency for lunar highland regolith simulant. Thereafter, Agarwal et al. [17] 85 
systematically investigated the influence of translational speed, vibration frequency, and 86 
roller mass on the compaction performance of the lunar vibrating drum roller (LVDR-1) scale 87 
model and identified higher vibration frequency as the dominant parameter governing 88 



subsurface stress transmission and dynamic response. Further investigation by Agarwal et al. 89 
[18] demonstrated that improved compaction performance was generally associated with 90 
lower translational speed, higher vibration frequency, and heavier roller mass.  91 

Despite these advances, several important research gaps remain regarding the 92 
optimisation of vibratory drum roller design and the mechanistic understanding of lunar 93 
regolith compaction. Previous investigations primarily focused on the first-generation scale 94 
model (LVDR-1) in which additional mass was externally attached above the roller frame, 95 
rather than via an internally rotating eccentric loading mechanism representative of 96 
conventional vibratory drum rollers. Consequently, the influence of an eccentric loading 97 
configuration on vibratory energy transmission, stress propagation, and densification 98 
behaviour within LHS-1E remains insufficiently understood. In addition, limited research has 99 
investigated how modifications to roller geometry, including drum aspect ratio, influence 100 
compaction performance and subsurface response under vibratory loading conditions on 101 
LHS-1E. Previous experimental systems also relied on manually adjusted vibration control 102 
methods, limiting the precision of vibratory loading during testing. Furthermore, limited 103 
information was available on whether the vibration response measured before surface contact 104 
remained consistent once the roller engaged with the simulant during compaction. These 105 
limitations are significant because future lunar compaction systems must maximise 106 
densification efficiency while minimising transported mass and mechanical complexity for 107 
extraterrestrial construction applications. 108 

To address these gaps, the present study investigates the compaction behaviour of 109 
LHS-1E using a second-generation scale model of a lunar vibrating drum roller (LVDR-2). 110 
The study was conducted in two phases. First, a parametric optimisation phase was 111 
performed to identify the most effective operating combination of translational speed, 112 
vibration frequency, and eccentric mass. Second, detailed geotechnical testing was 113 
undertaken using the most prominent optimal operating combination to evaluate the resulting 114 
densification behaviour and mechanical improvement of the simulant through surface 115 
settlement measurements, earth pressure monitoring, acceleration response analysis, in situ 116 
density testing, mini-cone penetration testing, and vane shear testing. 117 
The novelty of this study lies in the systematic optimisation of speed, vibration frequency, 118 
and eccentric mass for the LVDR-2 model, followed by detailed geotechnical validation. This 119 
integrated approach provides new insight into the mechanisms of vibratory compaction of 120 
LHS-1E and informs the development of future lunar surface preparation systems. The 121 
findings demonstrate the potential applicability of vibratory roller-based compaction for lunar 122 
surface preparation and contribute to the development of scalable surface improvement 123 
methodologies for future lunar infrastructure construction. 124 
 125 

2. STAGE 1 METHODOLOGY 126 
Two test bins (Bins A and B), each measuring 750 mm in width, 1060 mm in length, and 127 
1200 mm in depth, were used to contain the lunar highland regolith simulant (LHS-1E), as 128 
illustrated in Figure 1. The simulant was placed to a depth of 380 mm within each bin, 129 
providing sufficient depth to accommodate stress propagation beneath the roller while 130 
minimising boundary effects during vibratory compaction. A steel separator plate was 131 
installed between the bins to prevent stress transfer and material interaction between the two 132 



test sections during vibratory loading. Two large, instrumented soil bins were positioned 133 
beneath the elliptical track, however, they can be translated perpendicular to the roller’s 134 
direction of travel to allow for better access for bin filling and testing. The vibrating smooth 135 
drum roller scale model was mobilised using a chain-driven carriage system powered by a 136 
variable-speed electric motor, enabling controlled and repeatable translational motion 137 
throughout the experimental test. 138 

Preliminary testing was undertaken to identify the optimal combination of operating 139 
parameters, including translational speed, vibration frequency, and eccentric mass. This 140 
experimental phase was conducted to evaluate the influence of different parameter 141 
combinations on the compaction response of the simulant and to determine the operating 142 
parameters producing the most effective compaction performance for the LHS-1E simulant. 143 
Further details regarding the scale model test rig, scaling methodology, and operating 144 
mechanism are provided by Chung et al. [19]. 145 

 146 

 147 
Figure 1. Scale model test rig showing the test bins filled LHS-1E and the chain-driven carriage system 148 

used to mobilise the LVDR-2 model. 149 
 150 

The LVDR-1 scale model, utilised in earlier experimental investigations [7, 17, 18] 151 
and illustrated in Figure 2a, incorporated a drum roller mass of 2.92 kg. To investigate higher 152 
mass combinations in the LVDR-1 model, four rectangular steel blocks were affixed to the 153 
frame above the drum roller. Although this approach enabled controlled variation of roller 154 
mass during previous investigations, it introduced a limitation in the experimental test, as the 155 
additional mass was externally attached rather than incorporated as eccentric mass within the 156 
drum. Consequently, the vibratory mechanism did not fully replicate the operational 157 
behaviour of conventional vibratory smooth drum rollers, in which vibration is generated 158 
through the rotation of an internally mounted eccentric mass [20]. 159 

To address this limitation, an improved second-generation scaled model, LVDR-2, 160 
was developed for the present study. The LVDR-2 model incorporated a 3D-printed drum 161 
mounted to a rigid aluminium chassis as shown in Figure 2b, providing enhanced structural 162 
stiffness and improved vibration transmission. In the LVDR-2 model, an internally mounted 163 



electric motor fitted with an eccentric mass was incorporated into the roller drum to generate 164 
controlled vibratory loading, thereby more closely reproducing the vibration-generation 165 
mechanism employed in full-scale vibratory compaction equipment [20, 21]. The vibration 166 
frequency was regulated through motor speed control by using a GUI (graphical user 167 
interface), thereby enabling consistent and repeatable operating parameters during testing.  168 

In addition of the eccentric loading system, the geometric characteristics of the drum 169 
were refined. In the present study, the aspect ratio was defined as the ratio of drum diameter 170 
to drum width. The LVDR-1 model employed an aspect ratio of approximately 0.6, whereas 171 
the LVDR-2 model adopted an increased aspect ratio of 0.8. The LVDR-2 scale model 172 
incorporates a drum width of 250 mm and a drum diameter of 200 mm, representing a 173 
geometrically scaled approximation of conventional terrestrial vibratory rollers. Drum 174 
geometry, including the relationship between drum diameter and width, plays an important 175 
role in governing contact area, stress distribution, and the efficiency of energy transmission 176 
during vibratory compaction processes [20, 22].  177 

 178 

  
(a) (b) 

Figure 2. Scale model: (a) LVDR-1 (2.92 kg version) and (b) LVDR-2. 179 
 180 
The bespoke earth pressure cells (EPCs) utilised in this study, illustrated in Figure 3a, 181 

are 19 mm in diameter and include integrated tri-axial accelerometers, as shown in Figure 3b. 182 
Conventional EPCs with larger diameters have been widely employed in geotechnical 183 
engineering for in situ earth pressure measurements under terrestrial conditions [23, 24]. 184 
However, the reduced dimensions of the bespoke sensors adopted in the present study enabled 185 
pressure measurements within the scaled experimental setup while minimising disturbance to 186 
the surrounding lunar highland regolith simulant. Each EPC–accelerometer assembly was 187 
connected to a custom-built data acquisition system interfaced with a dedicated LabVIEW 188 
program, enabling simultaneous real-time measurement of contact pressures and local 189 
acceleration response during vibratory compaction. Prior to testing, all EPCs were zeroed to 190 
eliminate the influence of overburden pressure, thereby ensuring that only roller-induced 191 
dynamic stresses were recorded. At each depth, peak pressure values were determined by 192 
averaging measurements obtained from 10 roller passes under each operating combination. 193 

To ensure accurate capture of peak pressure responses and high-frequency vibration 194 
effects during compaction, a sampling frequency of 7500 Hz was adopted. The integrated tri-195 
axial accelerometers additionally provided supplementary information regarding the dynamic 196 
response and compaction behaviour of the simulant throughout the experimental testing.  197 

 198 



  
(a) (b) 

Figure 3. Earth pressure cell: (a) Plan view; (b) Internal 3-axis accelerometers. 199 
 200 

Figure 4 illustrates the rolling direction and the position of earth pressure cells (EPCs) 201 
within Bins A and B. The two bins were configured as mirror images with respect to EPC 202 
placement to ensure consistency and uniformity in data acquisition across the test section. 203 
As shown in Figure 4a, the LVDR-2 model traversed a centre lane within each bin to 204 
minimise boundary effects during vibratory compaction. For the LVDR-2 model, the rolling 205 
direction was maintained from Bin A to Bin B, as shown in Figure 4.  206 

The EPCs were positioned along the bin centreline and maintained at a distance of 207 
375 mm from the bin walls, thereby reducing the influence of the side walls on stress 208 
distribution within the simulant. Additional lateral spacing was maintained to allow trial 209 
testing to be conducted within both bins throughout this phase of experimental testing. A total 210 
of six EPCs were installed, three in each bin with sensors embedded in the LHS-1E with a 211 
lateral spacing of 100 mm with respect to each other and at vertical depths of 100, 200 and 212 
300 mm, as illustrated in Figure 4b. At each depth, two EPCs were installed (one in each 213 
bin), and the average of the recorded pressure was used to determine the peak pressure at that 214 
depth. This setup was adopted to minimise experimental variability and to mitigate the 215 
influence of sensor shadowing effects beneath the roller centreline, as reported by Dave and 216 
Dasaka [25].  217 

 218 

 219 
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19 mm



 221 
(b) 222 

Figure 4. Arrangement of earth pressure cells (EPCs) within the LVDR-2 test bins: (a) Plan view showing 223 
the roller path and EPC locations; (b) Elevation view illustrating the embedment depths and vertical 224 

spacing of the EPCs. 225 
 226 

To identify the optimal operating combination of translational speed, vibration 227 
frequency, and eccentric mass, a series of controlled laboratory experiments was conducted to 228 
evaluate their influence on the compaction behaviour of LHS-1E under terrestrial laboratory 229 
conditions. Three operating speeds of 1 km/h, 4 km/h, and 7 km/h were adopted, while 230 
vibration frequencies of 30 Hz, 35 Hz, and 40 Hz were applied, resulting in nine speed–231 
frequency combinations. These combinations were subsequently evaluated under three 232 
eccentric masses, i.e., 21.8 g, 49.8 g, and 75.8 g, yielding a total of 27 distinct test 233 
combinations. 234 

A minimum translational speed of 1 km/h was selected based on the findings of 235 
Henrich [26], who identified an optimal operating speed range of approximately 1–4 km/h for 236 
vibratory rollers. A maximum speed of 7 km/h was selected to extend beyond this range and 237 
to facilitate comparison with previous investigations involving the LVDR-1 model, in which 238 
a translational speed of approximately 6 km/h at 40 Hz produced the most effective 239 
compaction response [17]. 240 

For initial compaction passes, LVDR-2 incorporated a drum mass of 4.5 kg and was 241 
fitted with an eccentric mass of 21.8 g. Eccentric masses of 49.8 g and 75.8 g were 242 
subsequently introduced to evaluate the influence of dynamic loading amplitude on 243 
compaction behaviour. The eccentric masses were mounted to the motor shaft within the 244 
drum frame without direct contact with the drum shell. Rotation of the eccentric mass 245 
generates periodic inertial forces, resulting in dynamic frequency of the roller drum. 246 
Variation in eccentric mass directly influences the amplitude of dynamic loading generated 247 
by a vibratory drum roller and, consequently, affects compaction efficiency through changes 248 
in vibratory energy transfer [20, 27, 28]. 249 

Vibration frequencies applied during testing were verified using Fast Fourier 250 
Transform (FFT) analyses performed on the signals obtained from the EPCs. The FFT 251 
analyses confirmed the operational vibration frequencies associated with each combination, 252 
thereby ensuring accuracy and consistency in the applied dynamic loading parameters. 253 



Prior to executing the different test combinations, a preliminary compaction phase 254 
was undertaken to induce the majority of initial surface settlement and minimise subsequent 255 
densification effects during systematic testing. This preliminary compaction phase comprised 256 
50 passes of the LVDR-2 model at a baseline translational speed of 1 km/h and a vibration 257 
frequency of 25 Hz, using the lightest eccentric mass (21.8 g). A preliminary compaction 258 
phase was undertaken to induce initial surface settlement before the parametric investigation. 259 
The initial roller passes promoted particle rearrangement and progressive densification, 260 
consistent with the fundamental mechanisms of vibratory compaction reported in literature 261 
[20, 22]. The use of a lower vibration frequency during this stage enabled controlled initial 262 
densification while limiting excessive dynamic loading effects on simulant. 263 

Following the preliminary compaction phase conducted at 25 Hz and 1 km/h, the 264 
remaining two translational speeds (4 km/h and 7 km/h) were also evaluated at 25 Hz for the 265 
lightest eccentric mass configuration of 21.8 g to maintain consistency in the staged testing 266 
sequence prior to commencement of the primary testing combinations. Although these 267 
additional 25 Hz tests were conducted as part of the staged testing program, they are included 268 
in Table 1 using roman numerals, as they were not considered part of the 27 primary test 269 
combinations. Following this, the same sequence of translational speeds was systematically 270 
repeated at vibration frequencies of 30 Hz, 35 Hz, and 40 Hz. Upon completion of testing for 271 
the 21.8 g eccentric mass configuration, the eccentric mass was increased to 49.8 g, and the 272 
same sequence of vibration frequencies and translational speeds was repeated. Following 273 
completion of this stage, the eccentric mass was further increased to 75.8 g, and an identical 274 
testing sequence conducted. The complete experimental program is summarised in Table 1. 275 

This structured methodology enabled systematic evaluation of the coupled effects of 276 
translational speed, vibration frequency, and eccentric mass on stress transmission and 277 
compaction behaviour for LHS-1E. By maintaining identical initial material conditions 278 
throughout the experiment, variability associated with simulant preparation was minimised, 279 
consistent with established experimental practice in vibratory compaction studies [22]. 280 
Translational speeds of the LVDR-2 model, initially measured in mm/s, were converted to 281 
full-scale equivalents in km/h using established scaling relationships [29].  282 
 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 



Table 1. Experimental test matrix and operating parameters for LVDR-2 compaction testing. 298 

Combination Eccentric Mass (g) 
Speed 
(km/h) 

Speed 
(mm/sec) 

Vibrating 
frequency (Hz) 

Number of Passes 

i 

Mass A (21.8 g) 

1 21 25 0-50 

ii 1 21 25 51-60 

iii 4 85 25 61-70 

iv 7 150 25 71-80 

1 1 21 30 81-90 

2 4 85 30 91-100 

3 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 

Mass B (49.8 g) 

1 21 30 171-180 

11 4 85 30 181-190 

12 7 150 30 191-200 

13 1 21 35 201-210 

14 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 

Mass C (75.8 g) 

1 21 30 261-270 

20 4 85 30 271-280 

21 7 150 30 281-290 

22 1 21 35 291-300 

23 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 

 299 
Surface settlement measurements were conducted along the centreline of the test lane 300 

to quantify vertical deformation of the simulant. A standard tape measure was used in 301 
conjunction with fixed reference bolts installed on the test rig frame, providing stable and 302 
repeatable datum points throughout the experiment. Settlement measurements were recorded 303 
at 150 mm intervals along the centreline of the test lane within each bin following completion 304 
of each test combination. For each operating combination, the LVDR-2 model completed a 305 
total of 10 passes, after which 10 settlement measurements, comprising five measurements 306 
within each bin, were obtained and averaged to determine the surface settlement response. 307 
Initial measurements obtained prior to compaction (0-passes) were treated as the baseline, 308 



thereby enabling the influence of subsequent compaction passes on surface settlement 309 
behaviour to be evaluated. 310 
 311 

3. STAGE 1 RESULTS AND DISCUSSION 312 
Compaction testing was conducted to evaluate the influence of translational speed, vibration 313 
frequency, and eccentric mass on the compaction response of LHS-1E. The primary objective 314 
of this testing phase was to identify the optimal operating combination which is capable of 315 
producing the most effective densification behaviour prior to undertaking detailed 316 
geotechnical investigations. Key response parameters, including surface settlement and peak 317 
vertical pressure, were analysed to assess the effectiveness of each operating combination. 318 
The findings from Stage 1 testing were used to determine the operating parameters adopted in 319 
Stage 2.  320 

Figure 5 presents the average surface settlement as a function of the number of 321 
compaction passes performed using the LVDR-2 model along the centre test lane. The results 322 
indicate that settlement was greatest during the initial stages of compaction, which is 323 
consistent with established soil mechanics principles that loose granular soils experience 324 
substantial early densification through particle rearrangement and void reduction under 325 
applied compactive effort [13, 30]. This trend is also consistent with previous investigations 326 
on LHS-1E by Agarwal et al. [6, 7, 17, 18], which similarly reported that settlement was 327 
greatest during the initial stages of compaction, primarily due to the initially loose packing 328 
condition of the simulant. 329 

Approximately 8 mm of surface settlement was recorded within the first 20 passes, 330 
after which the rate of settlement decreased substantially. As described previously, the initial 331 
50 passes were conducted at a translational speed of 1 km/h, a vibration frequency of 25 Hz, 332 
and an eccentric mass of 21.8 g. Beyond this stage, different combinations of translational 333 
speed and vibration frequency were applied while maintaining the eccentric mass of 21.8 g to 334 
further evaluate the compaction response of the simulant. Between the 50th and 170th pass, 335 
testing conducted using the 21.8 g eccentric mass produced only minor additional settlement, 336 
despite variations in roller translational speed and vibration frequency. This behaviour 337 
indicates that the dynamic loading generated under the lowest eccentric mass configuration 338 
produced limited additional densification following the initial settlement phase. 339 

A notable increase in surface settlement was observed after the 180th pass, following 340 
an increase in eccentric mass from 21.8 g to 49.8 g. This behaviour indicates that increasing 341 
the eccentric mass increased the magnitude of dynamic stresses transmitted into the simulant, 342 
resulting in greater surface deformation.  343 

Following completion of the 260th pass, the eccentric mass was further increased 344 
from 49.8 g to 75.8 g, and testing was repeated using the same combinations of translational 345 
speed and vibration frequency adopted for the previous eccentric mass configurations. During 346 
this stage, lower vibration frequencies of 30 and 35 Hz produced negligible additional 347 
settlement, indicating that these frequencies generated limited additional densification. 348 
However, following an increase in vibration frequency from 35 Hz to 40 Hz after the 320th 349 
pass, an additional increase in settlement was observed. Surface settlement reached 350 
approximately 24 mm by the 350th pass. Overall, the results indicate that the combination of 351 
heavier eccentric mass and higher vibration frequency enhanced the compaction performance 352 



of the LVDR-2 model, suggesting a coupled influence of eccentric mass and vibration 353 
frequency on the settlement response. 354 

 355 
Figure 5. Surface settlement versus cumulative number of passes. 356 

 357 
Figure 6 illustrates the dynamic pressure response of LHS-1E during the 230th pass of 358 

LVDR-2 operating at a translational speed of 7 km/h, a vibration frequency of 35 Hz, and an 359 
eccentric mass of 49.8 g. Pressure measurements obtained from EPCs 1 and 6, 2 and 5, and 3 360 
and 4, installed at depths of 100 mm, 200 mm, and 300 mm, respectively, indicate that peak 361 
vertical pressures were greatest near the surface and progressively decreased with increasing 362 
depth. This behaviour is consistent with previous vibratory compaction investigations, which 363 
similarly reported attenuation of roller-induced dynamic stresses with depth beneath the roller 364 
drum [6, 7, 17, 18, 23, 31]. 365 

The time at which each EPC recorded the peak pressure varied according to the sensor 366 
location within the test bins, consistent with the EPC arrangement illustrated previously in 367 
Figure 4. The pressure responses shown in Figure 6 exhibit oscillatory fluctuations 368 
throughout the 5-second measurement interval due to the cyclic vibration generated by the 369 
rotating eccentric mass within the vibratory drum mechanism. These fluctuations are 370 
additionally associated with transient roller–simulant interaction during cyclic drum loading, 371 
consistent with observations reported by Mooney and Rinehart [22] and Richart et al. [31]. 372 
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 374 
Figure 6. Measured dynamic pressure response obtained from the EPCs during Pass 230; 7 km/h 375 

translational speed, 35 Hz vibration frequency, eccentric mass 49.8 g. 376 
 377 

Figure 7 presents the measured peak vertical pressures with depth for varying 378 
vibration frequencies (30 Hz, 35 Hz, and 40 Hz) under eccentric masses of 21.8 g, 49.8 g, and 379 
75.8 g, (hereafter referred to as Mass A, Mass B, and Mass C, respectively). For each test 380 
combination, the peak pressure responses recorded from the six EPCs, installed at depths of 381 
100 mm, 200 mm, and 300 mm (with two EPCs buried at each depth as previously shown in 382 
Figure 4b), were averaged. In addition, the reported peak pressures were also averaged over 383 
10 roller passes conducted for each operating combination to minimise experimental 384 
variability and improve the repeatability of the measurements. 385 

The results are presented for constant translational speeds of 1 km/h (Figure 7a), 386 
4 km/h (Figure 7b), and 7 km/h (Figure 7c). From Figure 7, it is evident that the combination 387 
of Mass C (75.8 g) and a vibration frequency of 40 Hz produced the most effective 388 
compaction response across all operating speeds. Under the operating combinations of 389 
eccentric Mass C (75.8 g) and 40 Hz frequency, the measured peak pressures at depths of 390 
100 mm, 200 mm, and 300 mm were approximately 20 kPa, 7 kPa, and 4 kPa, respectively, at 391 
a translational speed of 1 km/h. At 4 km/h, the corresponding peak pressures increased to 392 
approximately 27 kPa, 8 kPa, and 5 kPa, respectively, whereas at 7 km/h the measured peak 393 
pressures were approximately 24 kPa, 6 kPa, and 5 kPa. 394 

The findings further suggest that an operating speed of 4 km/h combined with a 395 
vibration frequency of 40 Hz and eccentric Mass C (75.8 g) represented the most effective 396 
operating parameters among the various combinations investigated in the present study. The 397 
enhanced pressure response observed at the intermediate translational speed may be 398 



attributed to a more favourable balance between vibration impact spacing, contact duration, 399 
and vibratory energy transmission into the simulant.  400 

This finding contrasts with the previous LVDR-1 model, in which lower roller speed 401 
i.e., 2 km/h, produced better compaction outcomes [18]. In the present LVDR-2 model, 402 
however, the intermediate speed i.e., 4 km/h, showed improved performance, indicating a 403 
discrepancy between the two scaled roller configurations. To examine this further, the present 404 
results were compared with previous studies on full-scale vibratory rollers. Henrich [26] 405 
suggested that vibratory compactors generally operate effectively within a travelling speed 406 
range of approximately 1–4 km/h, indicating that effective compaction occurs within a 407 
moderate operating speed range. Therefore, the findings provide confidence that the LVDR-2 408 
scale model captures behaviour representative of a full-scale vibratory roller system. Across 409 
all the scaled experimental testing performed, speeds in the range of approximately 2–4 km/h 410 
appear to provide favourable compaction performance for lunar simulant. 411 

At lower speeds (1 km/h), excessive localised loading and repeated vibration over the 412 
same region may have limited efficient stress propagation, whereas at higher speeds (7 km/h), 413 
the reduced number of vibration cycles per unit distance likely diminish the transfer of 414 
dynamic compaction energy into the underlying layers, consistent with previous vibratory 415 
compaction studies [17, 18, 21, 22].     416 
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(c) 

Figure 7. Peak vertical pressure–depth responses for varying vibration frequencies and eccentric mass 431 
conditions of the LVDR-2 at translational speeds of: (a) 1 km/h; (b) 4 km/h; and (c) 7 km/h. 432 
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Figure 8 presents the measured peak vertical pressures plotted against depth for 434 
varying translational speeds of the LVDR-2 model under eccentric mass configurations of 435 
Mass A, Mass B, and Mass C. Subfigures 8a, 8b, and 8c show the results obtained at constant 436 
vibration frequencies of 30 Hz, 35 Hz, and 40 Hz, respectively enabling direct comparison of 437 
the effects of translational speed and eccentric mass on subsurface pressure transmission.  438 

At vibration frequencies of 30 Hz and 35 Hz, the highest peak pressures at a depth of 439 
100 mm were observed under the eccentric Mass C configuration, occurring at operating 440 
speeds of 1 km/h and 4 km/h, respectively. In both cases, the maximum peak pressure was 441 
approximately 10 kPa. In contrast, at a vibration frequency of 40 Hz, a substantially higher 442 
maximum peak pressure of approximately 27 kPa was recorded at an operating speed of 443 
4 km/h, also under the Mass C configuration. It is evident from Figure 8 that the Mass C 444 
configuration consistently produced the highest peak pressures across all vibration 445 
frequencies investigated in this study. 446 

From Figure 8, it can be observed that higher vibration frequencies enhanced the 447 
transmission of dynamic energy, consistent with observations reported in previous vibratory 448 
compaction studies [17, 18, 20]. Conversely, lower vibration frequencies resulted in 449 
comparatively reduced peak pressure responses irrespective of translational speed and 450 
eccentric mass configuration, thereby limiting stress propagation at depth during vibratory 451 
compaction. 452 

 453 
 454 
 455 
 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 



 
(a) 

 
(b) 

(c) 
Figure 8. Peak vertical pressure–depth responses for varying translational speeds of the LVDR-2 under 466 
three eccentric mass configurations at fixed vibration frequencies of: (a) 30 Hz; (b) 35 Hz; and (c) 40 Hz. 467 
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Figure 9 presents the measured peak vertical pressure–depth responses for varying 469 
translational speeds under vibration frequencies of 30 Hz, 35 Hz, and 40 Hz. Figures 9a, 9b, 470 
and 9c correspond to eccentric masses of Mass A, Mass B, and Mass C, respectively. Within 471 
each eccentric mass configuration, translational speed was varied across 1 km/h, 4 km/h, and 472 
7 km/h, while vibration frequency was varied across 30 Hz, 35 Hz, and 40 Hz, enabling direct 473 
evaluation of their combined influence on subsurface pressure transmission within    LHS-1E.  474 

For the eccentric mass configurations of Mass A and Mass B, the highest peak 475 
pressures at a depth of 100 mm were observed at an operating speed of 7 km/h at 40 Hz 476 
vibration frequency, with peak pressure responses of approximately 10 kPa and 15 kPa, 477 
respectively. However, under the highest eccentric mass configuration of Mass C, the 478 
maximum peak pressure of approximately 27 kPa was recorded at an operating speed of 479 
4 km/h at 40 Hz vibration frequency. 480 

The heaviest eccentric mass configuration, Mass C, consistently produced greater 481 
pressures than the lower eccentric mass configurations across the range of translational 482 
speeds and vibration frequencies tested. The increased eccentric mass generated greater 483 
centrifugal forces within the drum assembly, enabling more effective transfer of vibratory 484 
energy into the simulant and resulting in enhanced stress propagation with depth, consistent 485 
with established vibratory roller behaviour [20, 27]. 486 
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(b) 

 
(c) 

Figure 9. Peak vertical pressure–depth responses for varying vibration frequencies and translational 501 
speeds of the LVDR-2 under eccentric mass conditions of: (a) Mass A (21.8 g); (b) Mass B (49.8 g); and (c) 502 

Mass C (75.8 g). 503 
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Figure 10 presents the vertical acceleration response measured over a one-second 504 
interval, spanning 0.5 seconds on either side of the time corresponding to the peak pressure 505 
response at an EPC depth of 100 mm for selected operating combinations. Figures 10a, 10b, 506 
10c and 10d correspond to the 340th pass at 4 km/h, 40 Hz and Mass C; the 350th pass at 507 
7 km/h, 40 Hz and Mass C; the 310th pass at 4 km/h, 35 Hz and Mass C; and the 260th pass 508 
at 7 km/h, 40 Hz and Mass B, respectively.  509 

Figure 10 demonstrates that the vertical acceleration response was strongly influenced 510 
by both vibration frequency and eccentric mass. A comparison of Figures 10a and 10c, where 511 
the translational speed (4 km/h) and eccentric mass (Mass C) were held constant while the 512 
vibration frequency increased from 35 Hz to 40 Hz, shows a substantial increase in the peak 513 
vertical acceleration from approximately 0.4 g to 1.3 g. This indicates that increasing the 514 
vibration frequency markedly enhanced the dynamic response of the LVDR-2 model. 515 

Similarly, comparison of Figures 10b and 10d, where the translational speed (7 km/h) 516 
and vibration frequency (40 Hz) were maintained constant while the eccentric mass increased 517 
from Mass B to Mass C, reveals a pronounced increase in the peak vertical acceleration from 518 
approximately 0.2 g to 1.1 g. These results demonstrate that increasing the eccentric mass 519 
also substantially amplified the vertical acceleration response. Overall, the findings indicate 520 
that both higher vibration frequency and larger eccentric mass significantly enhanced the 521 
dynamic excitation generated by the LVDR-2 model, which is consistent with the greater 522 
pressure transmission and compaction performance observed in the preceding results.  523 

 524 

  
(a) (b) 

  
(c) (d) 

Figure 10. Vertical acceleration vs time responses measured at a depth of 100 mm beneath the roller 525 
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, 526 

Mass C; (d) 7 km/h, 40 Hz, Mass B. 527 

Speed 4 km/h, 40 Hz, Mass C 
Speed 7 km/h, 40 Hz, Mass C 
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To further examine the dynamic behaviour of the simulant within the influence zone 528 
beneath the roller drum, a 0.1-second segment of the acceleration responses, previously 529 
presented in Figures 10a and 10b, is enlarged and shown in Figures 11a and 11b, 530 
respectively. Figures 11a and 11b illustrate the vertical acceleration–time response of the 531 
simulant during cyclic vibratory loading. An initial downward (negative) acceleration occurs 532 
as the roller drum applies dynamic loading to the simulant surface. Following this loading 533 
phase, resistance within the compacted simulant is mobilised, resulting in an upward 534 
acceleration response. The acceleration amplitude subsequently decreases and gradually 535 
approaches equilibrium prior to the commencement of the next vibration cycle. 536 

The interval between successive acceleration cycles is approximately 0.025 s, 537 
corresponding to the operating vibration frequency of 40 Hz applied during testing. The 538 
observed cyclic acceleration behaviour demonstrates the repeated loading–unloading 539 
response induced by the vibratory drum mechanism during compaction. The comparatively 540 
higher acceleration amplitudes observed under lower translational speed conditions further 541 
indicate increased transmission of vibratory energy into the simulant. The increased 542 
acceleration response observed at lower speed is likely associated with the longer duration of 543 
roller–simulant interaction during each vibration cycle, allowing greater transmission of 544 
vibratory energy into the simulant. This behaviour is consistent with observations reported in 545 
previous investigations by Agarwal et al. [17, 18]. 546 

Future investigations should therefore focus on detailed assessment of acceleration 547 
amplitude variations under different operating conditions to establish clearer relationships 548 
between vibratory energy transmission, stiffness evolution, and compaction performance 549 
within lunar regolith simulants. 550 

 551 

  

(a) (b) 
Figure 11. Zoomed vertical acceleration–time responses measured beneath the roller drum over a 0.1-552 

second interval at a depth of 100 mm under a constant eccentric mass of 75.8 g and vibration frequency of 553 
40 Hz for translational speeds of: (a) 4 km/h; and (b) 7 km/h. 554 

 555 
Figures 7, 8 and 9 demonstrate that peak vertical pressures were greatest near the 556 

surface and progressively decreased with increasing depth, consistent with previous vibratory 557 
compaction investigations reported by Agarwal et al. [6, 7, 17, 18] and Rinehart and Mooney 558 
[23]. However, the rate of attenuation varied significantly depending on the operating 559 
parameters applied. Although peak pressures decreased with depth, the 4 km/h, 40 Hz, and 560 
Mass C (75.8 g) eccentric mass configuration consistently produced the highest pressure 561 



responses at the measured depths of 100 mm, 200 mm, and 300 mm compared with the 562 
remaining speed–frequency- eccentric mass combinations tested in the LVDR-2 model. This 563 
observation is consistent with the surface settlement and acceleration-time response results, 564 
which also demonstrated greater densification under the same operating combinations. 565 
 566 

4. STAGE 2 METHODOLOGY 567 
Following completion of Stage 1, the optimal operating combination was adopted for 568 
subsequent testing. This stage of testing focused on evaluating changes in the geotechnical 569 
behaviour of the simulant resulting from vibratory compaction, including surface settlement, 570 
peak vertical pressure response, bulk density, cone penetration resistance, and vane shear 571 
strength. 572 

The simulant was placed in a loose condition to replicate the relatively unconsolidated 573 
nature of the lunar surface and to evaluate the capability of the LVDR-2 model to improve 574 
the densification and geotechnical characteristics of the simulant through vibratory 575 
compaction. A target bulk density of 1550 kg/m³ was adopted for the LHS-1E simulant. This 576 
density represents a loose regolith simulant condition that can be reproducibly achieved under 577 
terrestrial laboratory conditions and is typical of the density of near-surface lunar regolith. 578 
The adopted placement density falls within the typical lunar regolith density range of 579 
approximately 870 kg/m³ to 1930 kg/m³ reported from Apollo mission samples and 580 
documented in the Lunar Sourcebook [3]. However, due to the inability to replicate key lunar 581 
environmental conditions, including vacuum exposure, reduced gravitational acceleration, 582 
and the presence of agglutinates, the lower-bound densities reported for in situ lunar regolith 583 
could not be reproduced under terrestrial laboratory conditions [3]. To define the achievable 584 
density range for the simulant, minimum and maximum dry densities of 1450 kg/m³ and 2000 585 
kg/m³, respectively, were determined in accordance with AS 1289.5.5.1 [32], as previously 586 
reported by Agarwal et al. [10]. Based on these minimum and maximum density values and 587 
using Eq. (1), the adopted initial placement density corresponds to a relative density of 588 
approximately 23%. 589 
 590 

𝑅𝐷(%) =
ఘ೘ೌೣ

ఘ
×

ఘିఘ೘೔೙

ఘ೘ೌೣିఘ೘೔೙
× 100          (1) 591 

 592 
where 𝜌, 𝜌௠௜௡, and 𝜌௠௔௫  represent the in situ, minimum, and maximum dry densities of the 593 
simulant, respectively. Based on the adopted placement density and bin geometry, 594 
approximately 468 kg of LHS-1E simulant was placed within each test bin prior to 595 
compaction testing. 596 

To achieve a homogeneous placement density throughout each bin, the simulant was 597 
weighed and carefully placed using 5-litre buckets. The LHS-1E simulant was pluviated 598 
through a 2.36 mm sieve, while the fall height was controlled to remain below 200 mm to 599 
achieve a loose placement condition and maintain uniformity of the initial density throughout 600 
both test bins. To further enhance placement consistency, the simulant was placed in 50 mm 601 
thick layers and screeded against timber formwork installed around the perimeter of the bins, 602 
thereby enabling consistent layer thickness and surface levelling throughout placement. 603 
Although the placement procedure was time-intensive, subsequent density measurements 604 



demonstrated good agreement with the target placement density. Placement of the simulant 605 
was further complicated by significant dust generation due to the desiccated nature and high 606 
fines content of the LHS-1E material. Accordingly, appropriate personal protective 607 
equipment, including safety glasses, respiratory masks, coveralls, and gloves, was worn 608 
throughout handling and placement of the simulant to address associated health and safety 609 
considerations during testing. 610 

Figure 12 illustrates a schematic of the configuration adopted for the detailed 611 
geotechnical testing, including the lane arrangement, rolling direction, and testing locations. 612 
The central test lane was compacted using the optimal operating combination identified 613 
during Stage 1. Figure 12a additionally identifies the locations of the geotechnical tests 614 
conducted to evaluate the influence of the LVDR-2 model on the densification behaviour and 615 
uniformity of the LHS-1E simulant. 616 

Figure 12b illustrates the arrangement of the EPCs embedded within the simulant. 617 
Three EPCs were installed in Bin A at depths of 100 mm, 200 mm, and 300 mm below the 618 
simulant surface. The EPCs were positioned at vertical intervals of 100 mm and laterally 619 
offset by 100 mm to minimise potential sensor interaction effects during vibratory loading. 620 
For each depth, representative peak pressure values were determined by averaging 621 
measurements obtained from 20 roller passes. 622 



 
(a) 

 
(b) 

Figure 12. Schematic configuration of the detailed geotechnical testing showing: (a) plan view of 623 
the testing locations and rolling direction; and (b) elevation view of the EPC arrangement and 624 
embedment depths. 625 
 626 

Surface settlement measurements were conducted using the same measurement 627 
procedure described previously for Stage 1.  628 



In situ density measurements were obtained using a nuclear density gauge (NDG) HS-629 
5001SD [33] in accordance with the manufacturer’s operating manual [34] and the relevant 630 
Australian Standard [35]. The NDG determines in situ density through gamma radiation 631 
attenuation using a caesium-137 source and is widely adopted for field density assessment of 632 
compacted soils due to its rapid and relatively non-destructive measurement capability [36]. 633 
Density measurements were conducted prior to compaction and following completion of 20 634 
passes of the LVDR-2 model within the centre test lane. Owing to the limited dimensions of 635 
the testing bins, measurements were obtained at two predetermined locations along the centre 636 
lane at the 0-pass condition and after completion of the 20th pass, as illustrated in Figure 12a. 637 
Density readings were initially obtained at a depth of 50 mm, followed by measurements at 638 
25 mm depth intervals to a maximum depth of 300 mm. At each depth, three measurements 639 
were recorded and averaged to determine the representative in situ density. Where the 640 
variation between measurements exceeded 0.5%, an additional measurement was conducted 641 
at the corresponding depth to ensure consistency and repeatability of the recorded density 642 
values. 643 

Mini cone penetration tests (mini-CPTs) were conducted using a Geomil digital cone 644 
penetrometer equipped with a 25 mm shaft diameter, a cone cross-sectional area of 500 mm², 645 
and a 60° apex angle [37]. The mini-CPT system utilises a cone mounted at the end of a 646 
penetration rod, which was manually penetrated perpendicular to the simulant surface at a 647 
penetration rate of approximately 20 mm/s in accordance with the relevant Australian 648 
Standard testing procedure [38]. Cone penetration resistance was recorded at 10 mm depth 649 
intervals, while penetration depth was monitored using a synchronised depth encoder 650 
integrated within the testing system. Mini-CPT measurements were conducted prior to 651 
compaction and after 20 roller passes within the centre test lane to evaluate changes in 652 
penetration resistance. 653 

Vane shear testing was conducted to evaluate the shear strength behaviour of the 654 
LHS-1E before and after vibratory compaction. Testing was performed using a calibrated 655 
field vane shear tester (Model 16-T0174) in general accordance with AS 1289.6.2.1 [39]. The 656 
vane shear apparatus consisted of a four-bladed vane with dimensions of 50.8 mm in height 657 
and 25.4 mm in diameter attached to an extension rod and calibrated torque-reading 658 
mechanism [40]. The vane was manually pushed into the simulant to the required test depth 659 
while ensuring minimal disturbance during penetration. Vane shear measurements were 660 
conducted at depths of 100 mm, 200 mm, and 300 mm within the centre test lane prior to 661 
compaction and following completion of 20 roller passes to evaluate the influence of 662 
vibratory compaction on the shear resistance behaviour of the simulant. Three measurements 663 
were obtained at each testing depth for peak and remoulded shear strength, and the 664 
corresponding average values were used to represent the peak and remoulded shear strengths 665 
at each depth.  666 

 667 
5. STAGE 2 RESULTS AND DISCUSSION 668 

The compaction response of the simulant was assessed using measurements of in situ density, 669 
cone penetration resistance, vane shear strength, surface settlement, and subsurface pressure 670 
response to provide a comprehensive evaluation of the compaction behaviour with depth. 671 



Figure 13 presents the variation in surface settlement with increasing roller passes for 672 
the LVDR-2 scale model under the optimal operating combination of 4 km/h translational 673 
speed, 40 Hz vibration frequency, and an eccentric mass of 75.8 g. A total of 20 roller passes 674 
was applied within the centre test lane of each bin.  675 

The first roller pass produced the greatest surface settlement, consistent with previous 676 
observations reported by Agarwal et al. [6, 7, 17, 18], reflecting the very loose initial 677 
placement condition of LHS-1E. The majority of surface settlement occurred during the 678 
initial 10 roller passes. Beyond this, subsequent passes produced only marginal additional 679 
settlement, indicating progressive stabilisation of surface deformation and a reduction in the 680 
rate of densification with increasing compaction effort. This behaviour is consistent with 681 
established vibratory compaction behaviour, in which the majority of particle rearrangement 682 
and void reduction occurs during the early stages of compaction [22].  683 

Following 10 and 20 roller passes, the measured surface settlements were 684 
approximately 23 mm and 29 mm, respectively. These results indicate that the combined 685 
influence of heavier eccentric mass, higher vibration frequency, and intermediate 686 
translational speed promoted improved densification behaviour.687 
 688 

 689 
Figure 13. Surface settlement versus number of passes. 690 

 691 
Figure 14 presents the variation in averaged peak vertical pressure with depth below 692 

the simulant surface for the LVDR-2 model operating at a translational speed of 4 km/h, 693 
vibration frequency of 40 Hz, and eccentric mass of 75.8 g. Peak pressure measurements 694 
obtained from the three EPCs installed at depths of 100 mm, 200 mm, and 300 mm were 695 
averaged over 20 roller passes at each depth to evaluate the subsurface pressure response 696 
during vibratory compaction. The highest averaged peak pressure (17 kPa) was recorded at a 697 
depth of 100 mm. In contrast, the averaged peak pressure progressively decreased with depth, 698 
reaching approximately 5 kPa at a depth of 300 mm. 699 

The highest stress levels were therefore concentrated within the near-surface region, 700 
while progressively lower pressure magnitudes were observed at greater depths. This 701 
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behaviour indicates attenuation of vibratory stress transmission with depth and is consistent 702 
with the established behaviour of vibratory compaction of granular materials [31, 41]. 703 
 704 

 705 
Figure 14. Variation in averaged peak vertical pressure with depth for the LVDR-2 model 706 

operating at a translational speed of 4 km/h, vibration frequency of 40 Hz, and eccentric mass of 75.8 g, 707 
averaged over 20 roller passes. 708 

 709 
Figure 15 presents the in situ density with depth below the surface for increasing 710 

numbers of roller passes using the LVDR-2 model. Prior to compaction, the target placement 711 
density for the LHS-1E simulant was 1550 kg/m³; however, the measured average initial in 712 
situ density following preparation of the test bins was approximately 1570 kg/m³, 713 
corresponding to a relative density of approximately 28%. This measured density represents 714 
the average in situ density throughout the depth before vibratory compaction. The slight 715 
increase relative to the target placement density may be attributed to minor variations in 716 
particle packing and variability during placement and levelling of the simulant within the test 717 
bins. Accordingly, the measured pre-compaction density was adopted as the baseline 718 
condition for subsequent assessment of density evolution during vibratory compaction. 719 

The results demonstrate that vibratory compaction using the LVDR-2 model produced 720 
a progressive increase in in situ density with increasing roller passes at all measured depths. 721 
At a depth of 50 mm, the measured in situ density after 20 roller passes increased to 722 
approximately 1791 kg/m³, corresponding to a relative density of approximately 69%. This 723 
represents an increase in relative density of approximately 41% relative to the average initial 724 
placement condition. In contrast, at a depth of 300 mm, the corresponding density after 20 725 
passes was approximately 1663 kg/m³, corresponding to a relative density of approximately 726 
47% and an increase in relative density of approximately 19%. 727 

These results indicate that the vibratory energy imparted by the LVDR-2 model was 728 
most effective within the near-surface region of the simulant, where particle rearrangement 729 
and void reduction were greatest. The progressive reduction in densification with increasing 730 
depth suggests attenuation of vibratory energy transmission within the lunar highland regolith 731 
simulant during compaction. This behaviour is consistent with vibratory compaction 732 
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mechanisms reported in previous studies, in which the influence of dynamic loading 733 
progressively decreases with depth beneath the roller drum [6, 7, 17, 18, 22, 31]. 734 

 735 

 736 
Figure 15. Measured in situ density versus depth for 0 and 20 passes.  737 

 738 
Figure 16 illustrates the variation in cone tip resistance with depth for increasing 739 

numbers of roller passes. The pre-compaction condition (0-pass), shown in Figure 16, 740 
exhibits a gradual increase in cone tip resistance with depth, which is consistent with the 741 
expected penetration response of a soil mass with relatively uniform density, where cone 742 
resistance is primarily governed by increasing overburden stress rather than compaction-743 
induced densification [18, 42, 43]. 744 

After 20 roller passes, the largest increase in cone tip resistance was observed at 745 
shallow depths, while the magnitude of resistance increase progressively diminished with 746 
depth. The maximum cone tip resistance of approximately 0.5 MPa was recorded at a depth 747 
of 60 mm. This behaviour indicates that the influence of vibratory compaction was greatest 748 
near the ground surface and progressively attenuated with increasing depth beneath the roller 749 
drum. The observed cone penetration response is consistent with the in situ density results. 750 
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 751 
Figure 16. Resistance versus depth results are shown for 0 and 20 roller passes. 752 

 753 
Figure 17 presents the variation in peak and residual shear strength with depth before 754 

compaction (0 passes) and following completion of 20 roller passes. Prior to compaction, the 755 
peak shear strength remained relatively uniform throughout the simulant profile, indicating 756 
that the material was prepared with broadly consistent initial shear resistance. In contrast, the 757 
residual shear strength exhibited a gradual increase with depth, reflecting the influence of 758 
increasing overburden confinement within the relatively uniform simulant. Following 20 759 
roller passes, both peak and residual shear strengths increased considerably, although the 760 
magnitude of improvement progressively diminished with depth. 761 

The peak shear strength profile (Figure 17a) shows that the largest increase occurred 762 
at a depth of 100 mm, where the peak shear strength increased from approximately 4 kPa 763 
under the pre-compaction condition to approximately 15 kPa after 20 passes. At a depth of 764 
200 mm, the peak shear strength increased from approximately 3.5 kPa to 5 kPa, whereas 765 
only a negligible increase was observed at 300 mm, where the peak shear strength remained 766 
close to 4 kPa under both conditions. These results indicate that the influence of vibratory 767 
compaction was greatest nearest the surface and progressively reduced with depth. 768 

A similar trend was observed for the residual shear strength profile (Figure 17b). 769 
Following 20 roller passes, the residual shear strength increased from approximately 2 kPa to 770 
7 kPa at 100 mm depth and from approximately 3 kPa to 4 kPa at 200 mm depth. In contrast, 771 
the residual shear strength at 300 mm remained essentially unchanged at approximately 772 
4 kPa, indicating that the compactive influence at this depth was limited. 773 

The reduction in strength with depth is consistent with the attenuation of roller-774 
induced dynamic stresses beneath the drum, as previously observed from the earth pressure 775 
cell measurements, cone penetration tests, and in situ density measurements. The negligible 776 
increase in both peak and residual shear strengths at 300 mm further indicates that, under the 777 
investigated operating combination, the effective influence of the LVDR-2 model was 778 
primarily confined to the upper 200 mm, where vibratory energy transmission and particle 779 
rearrangement were most pronounced. 780 
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(a) (b) 
Figure 16. Variations of shear strength with depth after 0 and 20 passes: (a) peak shear strength; 781 

and (b) residual shear strength. 782 
 783 

6. CONCLUSION 784 
This study presented the development and comprehensive experimental evaluation of a 785 
second-generation lunar vibrating drum roller (LVDR-2) scale model incorporating an 786 
internally mounted eccentric mass to more closely replicate the operating principle of full-787 
scale vibratory smooth drum roller compaction equipment. The experimental investigation 788 
demonstrated that the redesigned vibratory mechanism substantially improved the 789 
compaction performance of engineering-grade lunar highlands regolith simulant (LHS-1E), 790 
with eccentric mass and vibration frequency exerting a greater influence on densification 791 
behaviour than translational speed.  792 

The optimum operating combination of the LVDR-2 scale model from the 27 tested in 793 
this study, comprised a translational speed of 4 km/h, a vibration frequency of 40 Hz, and an 794 
eccentric mass of 75.8 g. This combination consistently produced the highest vertical 795 
pressures, greatest surface settlement, highest vertical acceleration, and deepest stress 796 
transmission within the simulant profile. 797 

Compared with the previously developed LVDR-1 scale model, the optimised LVDR-798 
2 achieved superior overall compaction performance. The LVDR-2 scale model attained a 799 
maximum bulk density of 1791 kg/m³, representing an approximately 10% increase relative 800 
to the best-performing LVDR-1 operating combination employing the 4.45 kg roller mass at 801 
2 km/h and 40 Hz.  802 

Across both the LVDR-1 and LVDR-2 model investigations, higher vibration 803 
frequencies consistently produced the most effective compaction response, confirming their 804 
dominant influence on stress transmission and densification of the simulant. The results 805 
further indicate that moderate translational speeds, generally within the range of 2–4 km/h, 806 
provide the most favourable compaction performance. However, translational speed had a 807 
comparatively smaller influence than vibration frequency and eccentric mass, indicating that 808 
increasing roller speed alone does not necessarily improve densification. This finding 809 
suggests that future lunar regolith compaction systems should prioritise appropriate vibration 810 
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frequency and roller loading while maintaining the travelling speed within a moderate 811 
operational range. 812 

Overall, this study advances the current understanding of vibratory compaction 813 
mechanisms in LHS-1E and provides comprehensive experimental evidence linking 814 
operating parameters, stress transmission, acceleration response, and density and strength 815 
improvement. The results of this study indicate that roller speed had a comparatively smaller 816 
influence on compaction performance than frequency and eccentric mass. The results 817 
establish an important foundation for the development of mechanised lunar ground 818 
improvement technologies capable of supporting future foundations, landing pads, mobility 819 
corridors, and ISRU infrastructure. 820 

Although the present investigation was conducted under terrestrial laboratory 821 
conditions, the compaction behaviour of lunar regolith is expected to be influenced by 822 
reduced gravity, vacuum, and electrostatically charged particles on the lunar surface. Future 823 
work will therefore investigate the performance of the LVDR-2 under simulated lunar 824 
environmental conditions, including gravity offloading and vacuum testing, while further 825 
optimising drum geometry, eccentric mass configuration, and intelligent compaction 826 
methodologies to support future autonomous lunar construction systems. 827 
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