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Abstract 12 

The earth-rock dam, as one of the most prominent types of dams at present, the quality of its 13 

compaction construction directly affects the structural stability and long-term service performance of 14 

the dam. This study investigates the particle-scale compaction mechanisms and free-boundary effects 15 

of rockfill under roller compaction without lateral confinement. Two PFC2D models were developed 16 

for sections parallel and perpendicular to the roller travel direction. The evolution of porosity, surface 17 

settlement ratio, particle displacement and rotation, transient velocity fields, and contact-force chains 18 

was examined. In both sections, the mean porosity decreased with the number of roller passes, showing 19 

rapid densification during the initial passes followed by gradual stabilization. Weak lateral confinement 20 

near the free boundaries promoted particle migration toward the free surfaces, causing a pronounced 21 

decrease in surface elevation without a commensurate reduction in porosity and thereby producing a 22 

distinct settlement–porosity mismatch. In the travel-direction section, the horizontal thrust induced by 23 

roller motion intensified particle translation and rotation, yielding a mean surface settlement ratio of 24 

17.06% after compaction, compared with 11.46% in the transverse section. By contrast, the central zone 25 

developed a more stable load-bearing force-chain network and exhibited lower particle mobility. These 26 

findings demonstrate that settlement near an unconfined edge arises not only from pore compression 27 

but also from lateral particle migration and surface-profile reconstruction. Consequently, settlement-28 

based indicators alone may overestimate the degree of compaction near free boundaries.  29 

Keywords: rockfill; PFC2D; discrete element method; roller compaction; free boundary; particle-scale 30 

mechanism 31 

1. Introduction 32 

Earth–rockfill dams are widely used in hydraulic and hydropower engineering because they permit 33 

extensive use of locally available materials, are comparatively economical, adapt well to complex 34 
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topographic and geological conditions, and perform favorably under seismic loading (Liu, 2022); Wu 35 

and Zhang, 2018; Zhou et al., 2006). Rockfill, a discontinuous frictional granular material composed of 36 

gravel, crushed rock, and blocks over a wide size range, is commonly used in dam construction because 37 

of its availability, compactability, and high shear strength (Zhou et al., 2018). Repeated mechanical 38 

loading during roller compaction causes particles to overcome interparticle resistance and undergo 39 

translation, rotation, and rearrangement. These processes reduce void space, enhance interlocking, and 40 

increase the density, stiffness, and overall stability of the fill (Zhang, 2020). A sound understanding of 41 

the macro- and particle-scale responses of rockfill during compaction is therefore essential for 42 

improving fill-quality control. 43 

Field compaction trials have long been the principal means of investigating rockfill response and 44 

selecting construction parameters. Zhu et al. examined placement standards for high rockfill dams 45 

through field trials  (Zhu et al., 2019; Zhu, 2020), whereas An et al. optimized construction parameters 46 

using tests conducted at different roller speeds and vibration settings (An et al., 2020). Full-scale 47 

vibratory compaction tests have also been performed on asphalt mixtures, crushed stone, roller-48 

compacted concrete, and other granular or composite materials (Dan et al., 2020); Tong, 2008; Liu et 49 

al., 2015; Zhu et al., 1999; Huang et al., 2010). Although field testing directly captures macroscopic 50 

compaction behavior under construction conditions, it is costly and time-consuming and cannot 51 

continuously resolve particle-scale translation, rotation, contact-network evolution, or local porosity 52 

changes. 53 

Finite-element modeling has been used to reduce experimental costs and evaluate the influence of 54 

operating parameters. Kenneally et al., for example, analyzed the dynamic response of a vibratory 55 

roller–layered soil system (Kenneally et al., 2015), and Li et al. investigated the effects of drum mass, 56 
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excitation force, vibration frequency, and travel speed on the compaction of rockfill subgrades (Li et al., 57 

2021). The finite element method (FEM) is well suited to continuum-scale stress and deformation 58 

analyses, but it does not directly represent particle rearrangement, rotation, local sliding, or force-chain 59 

reconstruction in strongly discontinuous materials such as rockfill. 60 

The discrete element method (DEM) explicitly resolves particle contacts and motion and can 61 

therefore track structural rearrangement and load transfer during compaction at the particle scale. PFC- 62 

and EDEM-based studies have simulated the compaction of asphalt mixtures, subgrade fills, rockfill, 63 

and slag and have examined density or porosity, particle migration, parameter sensitivity, and contact-64 

force evolution  (Micaelo et al., 2011; Chen et al., 2024); Ma et al., 2023; Zhang, 2022; Xu et al., 2023; 65 

Li et al., 2018; Peng et al., 2024; Xu et al., 2025; Pei and Yang, 2018; Tang, 2008; Ma et al., 2013; Jiang, 66 

2010; Wang et al., 2020; Peters et al., 2005). Collectively, these studies demonstrate that DEM can link 67 

macroscopic compaction response to particle motion, contact population, and load-bearing networks. 68 

Most existing DEM studies of roller compaction focus on the number of passes, travel speed, 69 

vibration parameters, or overall compaction performance 30. (Chen et al., 2021; Liu, 2016; Zhang, 70 

2015) ; Cheng, 2012; Li et al., 2013). To limit computational cost, they also commonly employ small 71 

domains with rigid or periodic lateral boundaries. Previous studies have shown that rockfill and broadly 72 

graded particle assemblies are sensitive to specimen size and boundary conditions  (Wu et al., 2024; 73 

Huang et al., 2014), and that particle rotation, sliding, and contact dissipation vary with lateral 74 

confinement (Liu et al., 2017). However, the manner in which outward particle migration near 75 

placement edges or exposed faces alters the relationship between surface settlement and pore 76 

compression remains insufficiently understood. To address this gap, two PFC2D models without 77 

vertical sidewalls were established for orthogonal sections. Particle displacement, rotation, velocity, and 78 
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contact forces were then used to elucidate the settlement–porosity mismatch near free boundaries. 79 

2. PFC2D modeling of rockfill compaction 80 

2.1 Numerical model and boundary conditions 81 

Two-dimensional discrete element simulations were performed using Particle Flow Code 6.0 82 

(PFC6.0; Itasca Consulting Group). The model consisted of a rockfill assembly and a roller-loading 83 

system and was designed to investigate particle displacement and micromechanical response during 84 

compaction with unconfined lateral edges. Circular particles represented the rockfill, a rigid wall 85 

formed the base, and rigid loading walls represented the roller. No vertical sidewalls were imposed. 86 

Instead, the assembly terminated in 45° loose-fill slopes so that edge particles could migrate outward 87 

under loading. 88 

The model was 12 m wide at the base and 10.3 m wide at the crest, with an average loose-lift 89 

thickness of 0.85 m and side slopes of 45°. These dimensions accommodated both the roller-affected 90 

zone and the outward-migration zones at the edges. Free boundary denotes an inclined granular surface 91 

on which particles may move in both the normal and tangential directions, rather than a rigid boundary 92 

with prescribed zero displacement. 93 

Based on previous studies and the objectives of this work, the roller was represented by a 94 

combination of rigid circular and planar walls. A rigid circle was used in the section parallel to roller 95 

travel, whereas an equivalent rectangular rigid platen was used to reproduce the transverse loading 96 

footprint in the perpendicular section. 97 

During vibratory compaction, the principal external loads acting on the rockfill are the roller 98 

weight and the excitation force. Because the excitation force varies periodically and the roller can 99 

transmit compression but not tension, the applied roller force was expressed as: 100 
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 𝐹(ݐ) = ܩ} + 𝐹௠௔௫ sin(߱ݐ) 𝐹(ݐ) > 00 𝐹(ݐ) ≤ 0 (1) 101 

where G is the roller weight (N), Fmax is the peak excitation force (N), and ω is the angular 102 

frequency of the roller eccentric mass (rad/s). 103 

Table 1 104 

Principal parameters of the vibratory roller 105 

Para
meter 

Operating mass 
(kg) 

Travel 
speed 
(m/s) 

Frequen
cy (Hz) 

Drum 
diameter 

(mm) 

Compacti
on width 

(mm) 

Excitatio
n force 

（kN） 

Value 
17000(front drum) 
9000(rear drum) 

1.1 27 1600 2170 435 

2.2 Particle-size distribution and specimen generation 106 

Particle-size distribution strongly affects compaction. To represent the field material as realistically 107 

as practicable, the particle assembly was generated from the measured grading of the test-section 108 

rockfill and was subsequently compacted from its loose placement state. 109 

Following the particle-number estimation method based on sieve statistics proposed in Ref. [37], 110 

the number of particles in each size interval was calculated from the bulk density of the rockfill. This 111 

procedure allowed the target gradation and loose-placement state to be represented simultaneously in 112 

the DEM model. Because PFC particles are rigid and initial interpenetration was excluded, overlap was 113 

not permitted during particle generation. 114 

The initial porosity is given by: 115 

 ݊ = 1 − ௏೏௏  (2) 116 

Assuming an approximately uniform solid density across all size classes, the mass fraction of each 117 

class can be approximated by its solid-volume fraction. The number of particles in size class ݅ is then 118 

estimated as: 119 

 ݊௜ = ௠೔௏೏గ௥೔2  (3) 120 

where Vd is the total solid volume of the particles, V is the bulk volume of the assembly, i denotes 121 
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the size-class index, ni is the number of particles in class i, ri is the representative particle radius (the 122 

mean of the minimum and maximum radii in that interval), and mi is the fraction assigned to class i. 123 

Particles in each size interval were generated randomly within the prescribed bounds in PFC2D. 124 

The arithmetic mean of the minimum and maximum radii was adopted as the representative radius ri 125 

for particle-number estimation. Particles were first generated in a larger rectangular domain and allowed 126 

to settle under gravity to a loose equilibrium state. The settled assembly was then imported into the 127 

target geometry, and particles outside the prescribed boundary were removed. The resulting numbers of 128 

particles in each size interval are listed in Table 2. 129 

Table 2 130 

Number of particles in each size interval of the numerical model 131 

Particle 
diameter 

(mm) 

Cumulative 
percent finer by 

volume (%) 

Number of 
particles 

Particle 
diameter 

(mm) 

Cumulative 
percent finer by 

volume (%) 

Number of 
particles 

300 100 9 40 41 1348 

200 95 67 20 28 2896 

100 80 115 10 21 5071 

80 71 251 5 18 70819 

60 59 687    

The particles were initially distributed randomly in a larger rectangular domain and deposited 132 

under gravity until the porosity reached approximately 0.16. The assembly was then imported into the 133 

target boundaries, and particles outside the geometry were deleted. Compaction commenced after static 134 

equilibrium was reached, defined by an average unbalanced-force ratio, aratio, below 10⁻⁵. 135 

2.3 Contact model and micromechanical parameter calibration 136 

Micromechanical parameters such as normal stiffness, shear stiffness, friction coefficient, and 137 

rolling-resistance coefficient do not have unique relationships with macroscopic elastic modulus, 138 

strength, or compressibility. They must therefore be selected or calibrated with reference to the study 139 

objective, material behavior, and available experiments. Parameter ranges adopted in previous PFC 140 
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studies were first compared, as summarized in Table 3. 141 

Table 3  142 

Micromechanical parameters adopted in previous PFC studies 143 

No. Source Material Contact model Model parameters 

1 Tang [25] Asphalt mixture 
Linear contact 

model 
Kn=Ks=1×108N/m 

2 Zhang [32] 
Roller-compacted 

concrete 

Bonded contact 
model 

Kn=Ks=1×108N/m 

n_bond=s_bond=2×105N 

3 Ma [26] 
Gravelly soil 
foundation 

Linear contact 
model 

Kn=Ks=1.5×106N/m 

4 Jiang [27] Soil–rock mixture 
Bonded contact 

model 
Kn=Ks=1×109N/m 

n_bond=s_bond=2×105N 

5 Zhang [19] Rockfill 
Rolling-resistance 

linear model 
Kn=Ks=1×108N/m 

μ=0.47μr=0.5 

Most previous numerical studies of rockfill compaction have used laterally confined domains. 144 

Under such conditions, particle rotation and lateral displacement are suppressed, and rolling contributes 145 

relatively little to the overall compaction response. The present study instead focuses on displacement, 146 

rearrangement, and edge response under free-boundary conditions. In this setting, lateral flow and 147 

rotation become more prominent; a conventional linear contact model without rolling resistance may 148 

permit unrealistically free rotation and thus distort the predicted displacement pattern and local 149 

compaction response. 150 

A rolling-resistance linear contact model was therefore adopted. By supplementing the linear 151 

contact law with rolling resistance, the model limits unrealistic particle rolling and better represents 152 

rotational resistance and energy dissipation at contacts between coarse particles. The model has been 153 

widely applied in DEM analyses of granular materials (Ai et al., 2011). The resisting moment comprises 154 

elastic and viscous contributions. The elastic rolling-resistance moment increases approximately 155 

linearly with rotation until a limiting value is reached and remains at that limit while the rolling direction 156 

is unchanged. 157 

The sensitivity analysis indicated that normal and shear contact stiffnesses primarily govern 158 
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contact deformation and assembly stiffness and therefore control the macroscopic compressive response. 159 

The friction and rolling-resistance coefficients mainly affect sliding, rotation, and rearrangement. 160 

Calibration against the field-test response yielded ܭ௡ = 1.0 × 107N/m , ܭ௦ = 1.0 × 107N/m , ߤ =161 

0.5 , and ߤ௥ = 0.5 . The calibrated model reproduced the observed bulk compression and particle 162 

rearrangement with reasonable fidelity and was therefore used in the subsequent free-boundary 163 

simulations. The adopted parameters are listed in Table 4. 164 

Table 4  165 

Micromechanical parameters of the rockfill DEM model 166 

Parameter Value 

Initial porosity 0.16 

Normal contact stiffness, Kn 1×107 N/m 

Shear contact stiffness, Ks 1×107 N/m 

Friction coefficient, μ 0.5 

Rolling-resistance coefficient, μr 0.5 

Particle density 2760 kg/m3 

2.4 Monitoring scheme and evaluation metrics 167 

The analysis focused on the evolution of porosity, surface settlement, and particle displacement at 168 

different locations and after successive roller passes. Two monitoring systems were implemented: 169 

surface-elevation sampling and internal porosity measurement. 170 

2.4.1 Surface settlement measurement 171 

Fixed x-coordinates were assigned along the model surface at an interval of 0.01 m, and a total of 172 

990 balls with a radius of 0.005 m were used as sampling points. After each pass, the surface elevation 173 

at every x-coordinate was reidentified and compared with its initial value to obtain the surface profile 174 

and the spatial distribution of settlement ratio. These points were used only for post-processing and did 175 

not participate in particle contacts. 176 

This measure describes the geometric change in surface elevation at a fixed spatial coordinate 177 

rather than the vertical displacement of a particular particle. Consequently, when particles migrate 178 
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laterally, the elevation loss at a fixed x-coordinate reflects vertical densification, particles leaving the 179 

sampling line, and surface-profile reconstruction. 180 

The surface settlement ratio was calculated as: 181 

௜ݏ  = ℎ೔0−ℎ೔1ℎ೔0  (4) 182 

where si is the surface settlement ratio at location i, hi0 is the surface elevation before compaction, 183 

and hi1 is the elevation after compaction. 184 

2.4.2 Local porosity measurement 185 

Twenty-nine measurement circles were arranged horizontally within the model (Fig. 1.). Each 186 

circle had a diameter of 0.66 m and a center elevation of 0.33 m. PFC2D calculated the two-dimensional 187 

local porosity from the particle area within each circle. The values were used to compare relative 188 

densification at different locations and after different numbers of passes within the same two-189 

dimensional model. Adjacent circles overlapped to provide a quasi-continuous profile with distance 190 

from the boundary. 191 

 192 

Fig. 1. Arrangement of measurement circles for local porosity 193 

2.5 Simulation of the roller-compaction process 194 

2.5.1 Definition of simulation cases 195 

Roller compaction is inherently three-dimensional. In a longitudinal section parallel to roller travel, 196 

particles are subjected to both vertical contact loading and the horizontal action generated by forward 197 

rolling. In a transverse section perpendicular to travel, the response primarily reflects load distribution 198 

across the drum width, overlap between adjacent lanes, and lateral extrusion. To separate these dominant 199 

directional mechanisms, two orthogonal PFC2D models were established, as illustrated in Fig. 2. 200 
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The travel-direction model used a rolling rigid circle to reproduce particle translation and rotation 201 

as the drum approached, contacted, and moved away from a location. The transverse model used a 202 

rectangular rigid platen with lane-by-lane loading to represent extrusion and overlap across the drum 203 

width. Both sections retained free edges so that the response of the weakly confined boundary zones 204 

could be compared with that of the central zone. 205 

 206 

Fig. 2. Conceptual representation of the two orthogonal PFC2D sections 207 

Modeling the two directions separately reduces computational cost while isolating their principal 208 

mechanical contributions, thereby facilitating identification of the mechanisms responsible for 209 

anomalous edge response. 210 

2.5.2 Section parallel to roller travel 211 

The travel-direction model is shown in Fig. 3. It was used to analyze particle motion under the 212 

combined vertical load and longitudinal horizontal action generated by a moving roller. A rigid circular 213 

wall with a radius of 0.8 m represented the roller. 214 

The roller weight and excitation force supplied the vertical load, whereas forward rolling 215 

transferred a horizontal action to particles in contact with the drum, producing longitudinal 216 

translation, local spreading, and rotation. This model was used to identify the influence of rolling on 217 

particle migration, surface settlement, and contact-network evolution and is hereafter referred to as 218 



 

- 12 - 
 

Case 1. 219 

 220 

Fig. 3. Rolling-compaction model for the section parallel to roller travel 221 

2.5.3 Section perpendicular to roller travel 222 

The transverse loading model is shown in Fig. 4. It represents the stress and deformation response 223 

across the roller width and was used to compare compaction in the central and free-boundary zones 224 

under lateral extrusion. 225 

A rectangular rigid platen 2.17 m wide and 1.6 m high represented the transverse contact footprint 226 

of the roller. The platen was advanced from left to right in discrete lanes along the model surface. 227 

Adjacent lanes overlapped by 20%, consistent with the field construction parameters, to reproduce 228 

overlapping roller passes. 229 

 230 

Fig. 4. Lane-based overlapping loading model for the section perpendicular to roller travel 231 

In the transverse section, the contact area between the roller and rockfill was approximated as 232 

rectangular; the equivalent vibratory contact stress was therefore expressed as: 233 

(ݐ)ܲ  = 𝐹(ݐ)/234 (5) ܤܮ 

where L is the roller width and B is the roller–ground contact length. From roller geometry, B = 235 

(D/2)sinβ, where D is the roller diameter and β is the rolling-resistance angle; β≈51° was adopted for 236 
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the field roller. 237 

 238 

Fig. 5. Loading–unloading cycle at a single platen position 239 

To represent the time-varying load at a fixed location as the roller passed, a complete loading–240 

unloading cycle was applied at each platen position (Fig. 5). As the roller approached, covered, and left 241 

a location, the local force increased, reached its peak, and then decreased. Each cycle comprised three 242 

stages to allow sufficient time for force transmission and particle rearrangement: 243 

(1) Loading: the roller enters the local zone and the force increases gradually from zero to its peak 244 

value; 245 

(2) Unloading: the vertical force decreases progressively to zero;  246 

(3) Rebound and relaxation: the rockfill material rebounds and rearranges until a quasi-static 247 

equilibrium is recovered. 248 

After completing a loading cycle, the platen moved to the next lane until the entire model surface 249 

had been covered. This model is hereafter referred to as Case 2. 250 
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3. Compaction response and free-boundary effects 251 

3.1 Overall compaction behavior 252 

3.1.1 Macroscopic deformation and porosity evolution 253 

Fig. 6 shows the overall deformation of the rockfill during ten passes in Case 1. The initial surface 254 

was approximately level. Repeated roller loading caused progressive rearrangement of the surface and 255 

shallow particles and migration toward the free edges of the section. In the absence of rigid side 256 

confinement, edge particles gradually moved beyond the initial outline and formed outward-spreading 257 

zones. The surface geometry and internal structure of the central zone approached a stable state after 258 

approximately four passes, whereas outward migration and loose accumulation remained evident near 259 

the free boundaries, indicating a response distinct from that of the model center. 260 

Fig. 7 presents the corresponding porosity evolution. The mean porosity decreased with the number 261 

of passes, with the largest reduction occurring during the first two passes, followed by progressively 262 

smaller changes (Fig. 7a). This trend marks a transition from rapid initial rearrangement to a 263 

comparatively stable interlocked structure. The local porosity within measurement circle M15 also 264 

decreased overall but fluctuated briefly within individual passes because particles entered or left the 265 

measurement area and the local fabric adjusted (Fig. 7b). Within a single cycle, local porosity alternated 266 

between loading-induced densification and unloading-related adjustment (Fig. 7c). 267 
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 268 

Fig. 6. Evolution of overall deformation during compaction in Case 1 269 

 270 

Fig. 7. Porosity evolution in Case 1: (a) mean porosity versus number of passes; (b) porosity history in 271 

measurement circle M15; and (c) local porosity changes during one compaction cycle 272 

Fig. 8 shows deformation in Case 2. Unlike Case 1, this section excludes the longitudinal particle 273 

push directly generated by forward rolling and therefore exhibits a more coordinated overall 274 

deformation pattern. As the number of passes increased, the central zone densified progressively. Lateral 275 

migration and outward spreading still occurred near the free surfaces, but their extent and magnitude 276 

were smaller than in Case 1, confirming that the horizontal action of rolling intensifies particle 277 

migration near a free boundary. 278 

Fig. 9 shows the porosity evolution in Case 2. Mean porosity again decreased rapidly during the 279 

initial passes and then approached a stable value. Local porosity in M15 decreased overall. Because 280 

adjacent loading lanes overlapped, two distinct reductions could occur within one complete cycle (Fig. 281 

9c) as the M15 region was successively loaded by neighboring lanes. Overlapping compaction therefore 282 
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reduced locally undercompacted zones and improved uniformity. 283 

 284 

Fig. 8. Evolution of overall deformation during compaction in Case 2 285 

 286 

Fig. 9. Porosity evolution in Case 2: (a) mean porosity versus number of passes; (b) porosity history in 287 

measurement circle M15; and (c) local porosity changes during one compaction cycle 288 

3.1.2 Particle kinematics 289 

The free boundaries on both sides permitted pronounced horizontal migration and spatial 290 

redistribution during compaction. Fig. 10 shows the total particle displacement in Case 1. After 291 

compaction, the outermost particles on the left and right had moved to x = −6.719 and 6.955 m, 292 

respectively, beyond the initial boundaries at x = ±6 m. The larger displacements were concentrated 293 

near the free edges and surface, indicating that rolling drove particles toward the free surfaces in 294 

addition to producing vertical densification. 295 

Fig. 11 further shows the horizontal particle-displacement field in Case 1. The larger horizontal 296 

displacements were concentrated at the lateral edges and in the surface layer, whereas particles in the 297 
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central and deeper zones moved relatively little and primarily underwent local rearrangement. This 298 

spatial contrast demonstrates that a free boundary provides an additional deformation-release pathway. 299 

 300 

Fig. 10. Total particle-displacement field in Case 1 301 

 302 

Fig. 11. Horizontal particle-displacement field in Case 1 303 

Case 2 exhibited smaller overall displacements and less outward spreading. The outermost 304 

particles reached x = −6.408 and 6.482 m (Fig. 12), smaller extensions than those in Case 1. Fig. 13 305 

shows that horizontal displacement was concentrated near the free boundaries and in local pore-306 

adjustment zones; the broad surface migration observed in Case 1 did not develop. Thus, in addition to 307 

transverse rearrangement caused by interparticle extrusion, the longitudinal action generated by roller 308 

motion is an important driver of particle migration. 309 

 310 

Fig. 12. Total particle-displacement field in Case 2 311 
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 312 

Fig. 13. Horizontal particle-displacement field in Case 2 313 

Figs. 14 and 15 show the spatial distributions and pass-by-pass evolution of the surface settlement 314 

ratio in the two cases. The mean ratio increased with the number of passes in both models. At the end 315 

of compaction, the mean value was 17.06% in Case 1 and 11.46% in Case 2 (Figs. 14(a) and Fig. 15(a)). 316 

Together with the displacement fields, these results indicate that the larger settlement in Case 1 reflected 317 

not only vertical densification but also greater horizontal migration and boundary spreading.  318 

Figs. 14(b) and Fig. 15(b) show the average surface settlement ratio at the corresponding positions 319 

for different monitoring circles. In both cases, settlement ratios were larger near the edges than in the 320 

central zone, demonstrating that migration amplified the apparent geometric settlement near free 321 

boundaries. 322 
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 323 

Fig. 14. Evolution of the surface settlement ratio in Case 1 324 

 325 

Fig. 15. Evolution of the surface settlement ratio in Case 2 326 

Fig. 16 compares particle rotation after compaction. Rotation was more pronounced in Case 1 and 327 

was concentrated near the lateral edges and in the upper and middle portions of the fill, indicating that 328 

the tangential action of the moving roller promoted rolling and rearrangement. In Case 2, particles with 329 

large rotations were largely confined to the edges, while rotation in the central zone remained limited. 330 

Compaction in the transverse section was therefore dominated by vertical compression and local 331 

extrusion-induced rearrangement. 332 
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 333 

Fig. 16. Particle rotation after compaction: (a) Case 1 and (b) Case 2 334 

3.1.3 Evolution of contact-force chains 335 

Figs. 17 and 18 show the particle contact-force chains after 2, 4, 6, 8, and 10 passes in the two 336 

cases. Both models exhibited a marked separation between strong and weak chains. Force chains were 337 

comparatively continuous in the central zone but sparse near the two free boundaries. Without lateral 338 

confinement, edge particles more readily dissipated the applied load through translation and rotation, 339 

inhibiting the development of stable local load-bearing chains. 340 

Contact forces were quantified after each selected pass (Table 5). In both cases, the mean force 341 

was substantially greater than the median. For example, after six passes in Case 1, the mean force was 342 

91.49 N whereas the median was only 4.04 N; after ten passes in Case 2, the corresponding values were 343 

74.81 and 4.53 N. Thus, most contacts carried relatively small forces, while a small population of highly 344 

loaded contacts formed the strong force-chain skeleton. 345 

The proportions of high-force contacts further distinguish the load-bearing structures. Contacts 346 

carrying at least 1000 N accounted for approximately 1.16%–1.44% in Case 1 but only 0.71%–0.97% 347 



 

- 21 - 
 

in Case 2. The corresponding proportions for forces of at least 3000 N were approximately 0.044%–348 

0.075% and 0.014%–0.041%, respectively. Although uncommon, these highly loaded contacts carried 349 

a substantial share of the local load and formed the backbone of the strong force-chain network. 350 

 351 

Fig. 17. Contact-force chains after different numbers of passes in Case 1 352 

 353 

Fig. 18. Contact-force chains after different numbers of passes in Case 2 354 

In Case 1, the mean contact force increased from 80.19 N after two passes to 91.49 N after six 355 

passes and then fluctuated between 81.53 and 89.74 N, indicating early strengthening followed by 356 

stabilization. The median increased from 3.60 N after two passes to 4.42 N after ten passes, showing a 357 

gradual rise in the overall contact level and progressive stabilization of the load-bearing skeleton. 358 
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In Case 2, the mean contact force remained within a narrow range of approximately 71.90–75.96 359 

N and did not increase persistently. The proportions of contacts carrying more than 1000 and 3000 N 360 

generally decreased with additional passes. Continued pore filling and rearrangement therefore 361 

redistributed the load across a more stable and uniform contact network, reducing strongly localized 362 

force concentrations. 363 

Table 5.  364 

Contact-force statistics for the two simulation cases 365 

Case Passes 
Number of 

contacts 

Mean contact 
force (N) 

Median 
(N) 

P95 (N) 
F≥1000 

N/% 

F≥3000
N/% 

Case 1 2 116896 80.19 3.60 419.94 1.173 0.053 

Case 1 4 119329 86.83 3.68 456.93 1.373 0.064 

Case 1 6 116281 91.49 4.04 471.34 1.439 0.075 

Case 1 8 119952 81.53 3.93 425.12 1.156 0.044 

Case 1 10 119382 89.74 4.42 477.12 1.442 0.046 

Case 2 2 117205 75.96 3.51 402.02 0.974 0.041 

Case 2 4 118776 74.49 3.62 383.07 0.929 0.031 

Case 2 6 117068 71.90 3.65 381.91 0.774 0.028 

Case 2 8 118567 74.97 4.10 392.17 0.756 0.027 

Case 2 10 119863 74.81 4.53 384.03 0.709 0.014 

The displacement and velocity results provide a consistent interpretation. Strong confinement by 366 

surrounding particles limited movement in the central zone and converted a larger fraction of the applied 367 

load into interparticle contact forces, thereby sustaining continuous load-bearing chains. Near a free 368 

boundary, greater lateral freedom allowed part of the load to be released through outward migration, 369 

resulting in less continuous force chains and lower local load-bearing capacity. Thus, despite exhibiting 370 

large surface settlement, the edge zone did not develop a commensurately stronger internal skeleton. 371 

This observation corroborates the larger edge settlement but limited porosity reduction reported above 372 

and indicates that much of the geometric change near a free boundary results from lateral migration 373 

rather than proportional internal densification. 374 
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3.1.4 Transient velocity-field response 375 

To characterize transient particle motion during compaction, velocity fields were examined in both 376 

cases. Figs. 19 and 20 show the instantaneous velocity distributions when loading was applied near the 377 

left edge, at the center, and near the right edge. 378 

Both cases exhibited a clear edge effect. When the load approached a free boundary, edge-particle 379 

velocities increased and the velocity vectors generally pointed toward the free surface. When loading 380 

was applied at the model center, both the extent and magnitude of particle motion decreased. A free 381 

boundary therefore acts as a low-confinement deformation pathway through which edge particles can 382 

release applied loading by horizontal migration. 383 

In Case 1, particle velocities contained a pronounced longitudinal component in addition to the 384 

vertical component, reflecting the pushing action of the moving roller on surface particles. The 385 

horizontal component was weaker in Case 2, where motion was dominated by vertical compression and 386 

lateral extrusion near the free boundaries. These differences are consistent with the displacement and 387 

rotation fields. 388 

 389 

Fig. 19. Instantaneous particle-velocity fields at different loading positions in Case 1: (a) Compact the 390 

left area; (b) Compact the central area; (c) Compact the right area 391 
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 392 

Fig. 20. Instantaneous particle-velocity fields at different loading positions in Case 2: (a) 393 

Compact the left area; (b) Compact the central area; (c) Compact the right area 394 

3.2 Local compaction response and settlement–porosity mismatch near free boundaries 395 

3.2.1 Distance from the free boundary and evaluation metrics 396 

To quantify the influence of a free boundary on local compaction, the horizontal distance from the 397 

center of each porosity measurement circle to the nearest free boundary was adopted as the spatial 398 

variable ݀. The 29 circles were arranged approximately symmetrically about the model center, with 399 

distances ranging from 0.53 to 5.15 m. Because random particle packing and isolated coarse particles 400 

can cause local fluctuations, values from the two circles located at the same distance on opposite sides 401 

were averaged to represent the local compaction state at that distance. 402 

For measurement region ݅ , the two-dimensional porosities before and after compaction are 403 

denoted by ݊0,௜ and ݊௜, respectively. The local porosity reduction is defined as: 404 

 Δ݊௜ = ݊0,௜ − ݊௜ (6) 405 

A larger Δ݊௜  indicates a greater reduction in internal void space and therefore stronger local 406 

densification. 407 

Because surface settlement can arise from pore compression, lateral migration, and changes in 408 

surface geometry, an equivalent local compression ratio was derived from the porosity change. 409 

Assuming that the solid particle area within a measurement region remains approximately constant, that 410 

cross-boundary migration is negligible, and that deformation is predominantly vertical, the pre- and 411 

post-compaction porosities yield: 412 
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′௜ݏ  = ௡0,೔−௡೔1−௡೔  (7) 413 

where ݏ௜′ is the equivalent settlement ratio derived from porosity change and ݏ௜ is the surface 414 

settlement ratio measured at a fixed spatial coordinate. The two should agree when deformation is 415 

dominated by internal densification. Pronounced lateral migration or surface-profile reconstruction may 416 

instead produce ݏ௜ >  ௜′. 417ݏ

To quantify the correspondence between surface settlement and pore compression, the compaction 418 

correspondence coefficient ܴ௖ is defined as: 419 

 ܴ௖ = ௦′௦  (8) 420 

When ܴ௖ approaches 1, surface settlement corresponds closely to pore compression. A value of 421 

ܴ௖  well below unity indicates that the observed settlement exceeds the equivalent compression 422 

attributable to porosity reduction and therefore contains a substantial non-densification component. 423 

3.2.2 Settlement–porosity mismatch in the travel-direction section 424 

Case 1 exhibited a particularly pronounced settlement–porosity mismatch. In addition to vertical 425 

loading, the moving circular roller exerted a forward horizontal thrust, causing substantial horizontal 426 

migration during densification and amplifying surface-geometry changes near the free boundaries. 427 

At distances of 0.86 and 1.19 m from the free boundary, the mean surface settlement ratios reached 428 

29.21% and 29.56%, respectively, far above the approximately 14% values at the corresponding 429 

locations in Case 2. The associated porosity reductions were only 0.0368 and 0.0570 and did not 430 

increase in proportion to settlement. The correspondence coefficients were 0.142 and 0.214, indicating 431 

that pore compression explained only a small fraction of the observed settlement. 432 

With increasing distance from the free boundary, the surface settlement ratio in Case 1 generally 433 

decreased and stabilized at approximately 9%–12% in the interior. Meanwhile, ܴ௖ generally increased, 434 
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indicating a progressive reduction in boundary-induced settlement amplification. Unlike Case 2, 435 

however, ܴ௖  remained well below unity even near the model center. The mismatch in the travel-436 

direction section therefore cannot be attributed solely to the free boundary; the forward pushing action 437 

of the roller also altered particle positions and surface geometry. 438 

Zone-averaged statistics provide further evidence. In Case 1, the mean surface settlement ratio in 439 

the near-edge zone was approximately 25.65%, 2.7 times the 9.54% value in the interior. By contrast, 440 

the mean porosity reductions were 0.0475 and 0.0441, respectively, and differed only slightly. The 441 

greatly amplified edge settlement in the travel-direction section thus arose primarily from horizontal 442 

particle migration and geometric spreading rather than stronger internal densification. 443 

Taken together, the two cases show that a free boundary weakens lateral confinement and produces 444 

varying degrees of settlement–porosity mismatch. The mismatch was substantially greater in Case 1 445 

because of the additional horizontal thrust. This interpretation is consistent with the displacement, 446 

velocity, and contact-force fields: the boundary zones showed larger particle displacements and 447 

transient velocities but comparatively limited pore compression and less stable contact networks. Large 448 

settlement near an edge therefore cannot be equated directly with a high degree of compaction, and both 449 

boundary conditions and lateral particle migration must be considered when surface deformation is used 450 

to assess rockfill compaction quality. 451 
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 452 

Fig. 21. Spatial distributions of the measured surface settlement ratio and porosity-derived equivalent 453 

compression ratio in Case 1 454 

3.2.3 Boundary response in the transverse section 455 

Fig. 22 shows the surface settlement ratio, porosity reduction, and settlement–compaction 456 

correspondence coefficient at different distances from the free boundary in Case 2. The measured 457 

settlement ratio decreased markedly with distance, confirming a strong influence of the free boundary 458 

on surface deformation. At distances of 0.53, 0.86, and 1.19 m, the mean ratios were 14.39%, 14.05%, 459 

and 13.98%, respectively; at 4.49–4.82 m, they decreased to approximately 8.3%. 460 

 461 

Fig. 22. Spatial distributions of the measured surface settlement ratio and porosity-derived 462 



 

- 28 - 
 

equivalent compression ratio in Case 2 463 

Porosity reduction did not exhibit the same spatial pattern. At 0.53 m from the boundary, the mean 464 

porosity reduction was only 0.0439, corresponding to an equivalent compression ratio of 4.91%, 465 

substantially below the measured settlement ratio of 14.39%. The associated ܴ௖ was only 0.341. Thus, 466 

the pronounced surface-elevation loss near the free boundary was not accompanied by a commensurate 467 

reduction in internal void space. 468 

The correspondence between settlement and densification generally improved with increasing 469 

distance from the boundary. At ݀ = 4.49 m and 4.82 m, ܴ௖ increased to 0.908 and 0.911, respectively. 470 

Away from the free boundary, lateral particle motion was constrained by the surrounding material, and 471 

surface settlement became increasingly dominated by internal rearrangement and pore compression. 472 

For regional comparison, the measurement locations were divided into near-edge, transition, and 473 

interior zones according to their distance from the free boundary. The mean settlement ratio in the near-474 

edge zone was 13.80%, compared with 9.11% in the interior; however, the corresponding porosity 475 

reduction was 0.0555, lower than the interior value of 0.0652. The coefficient ܴ௖ increased from 0.45 476 

near the edge to 0.80 in the interior. The free boundary therefore amplified surface settlement in the 477 

transverse section, and settlement alone did not fully represent the actual degree of densification. 478 

3.3 Particle-scale mechanism and applicability of the free-boundary effect 479 

The mechanism underlying the free-boundary effect can be synthesized from the macroscopic 480 

deformation, porosity, particle displacement and rotation, velocity, and contact-force results (Zhai et al., 481 

2019). 482 

First, the free boundary is the prerequisite for the edge effect. In the central zone, confinement by 483 

surrounding particles creates a relatively enclosed and stable load-transfer environment. Motion is 484 

dominated by vertical densification and local rearrangement, and surface settlement, porosity reduction, 485 
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and contact-force strengthening correspond reasonably well. At an edge, the free surface allows 486 

particles to move outward as well as downward under roller loading. This contrast in confinement 487 

produces fundamentally different compaction responses in the edge and central zones. 488 

Second, lateral particle migration is the most direct kinematic manifestation of the edge effect. In 489 

both orthogonal sections, edge particles exhibited larger displacement and velocity than central particles, 490 

and their velocity vectors generally pointed toward the free surface. Edge particles therefore moved 491 

laterally more readily under external loading. This effect was particularly strong in Case 1, where the 492 

moving roller imposed an additional horizontal shear thrust and pushed edge particles beyond the initial 493 

boundary while compressing them vertically. The resulting settlement amplification was therefore 494 

attributable not only to pore compression but also, to a substantial extent, to lateral migration and 495 

geometric spreading. 496 

Third, strengthening of the internal load-bearing structure was substantially weaker at the edges. 497 

Although both assemblies developed stronger force networks with additional passes, force-chain 498 

density and intensity remained greater in the central zone. Constrained central particles developed 499 

stronger interlocking and more concentrated stress-transfer paths. Near a free boundary, stress was 500 

released and redistributed through outward motion, preventing development of a load-bearing structure 501 

commensurate with the observed settlement. In other words, large geometric deformation at the edge 502 

was not accompanied by proportional strengthening of the particle skeleton or pore compression. 503 

The porosity results support the same interpretation. Despite much larger surface settlement near 504 

the edges, local porosity reduction did not increase proportionally. The additional settlement therefore 505 

represented particle redistribution and surface-profile adjustment rather than an equal amount of internal 506 

densification. This boundary-induced amplification reduces the ability of surface settlement to serve as 507 
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a direct proxy for true compaction. 508 

 509 

Fig. 23. Particle-scale mechanism of the free-boundary effect 510 

The free-boundary effect can thus be summarized as follows: under roller loading, edge particles 511 

have additional pathways for horizontal migration and stress release (Fig. 23.). Outward particle 512 

movement and profile reconstruction amplify the settlement measured at fixed spatial coordinates, 513 

whereas pore compression and strengthening of the load-bearing skeleton do not increase proportionally. 514 

In zones with pronounced free boundaries, compaction assessments based solely on surface settlement 515 

or geometric volume change may therefore overestimate actual densification. Internal density-related 516 

metrics or an explicit boundary correction should be incorporated. 517 

4. Conclusions 518 

PFC2D simulations were used to decompose the three-dimensional roller-compaction process into 519 

two orthogonal sections parallel and perpendicular to roller travel. The analysis focused on particle 520 

migration near free boundaries and its influence on the relationship between surface settlement and 521 

porosity. The main conclusions are as follows: 522 

(1) A PFC2D model without rigid lateral confinement was established using the field particle-size 523 

distribution and construction parameters. A rolling-resistance linear contact model represented particle 524 

interaction. Surface elevations at fixed coordinate balls and 29 measurement circles provided spatially 525 
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consistent measures of surface settlement ratio and two-dimensional local porosity, respectively. 526 

(2) A rigid circular wall in the travel-direction section reproduced the coupled vertical loading and 527 

longitudinal action of the moving roller. Lane-based overlapping loading by a rectangular platen in the 528 

transverse section represented vertical compression and lateral extrusion across the drum width. The 529 

two models separated the dominant directional responses of roller compaction. 530 

(3) Mean porosity decreased with the number of passes in both cases, with rapid initial 531 

densification followed by gradual stabilization. Because the horizontal action of rolling was 532 

superimposed in Case 1, particle displacement and rotation were more pronounced, and the final mean 533 

surface settlement ratio reached 17.06%, compared with 11.46% in Case 2. 534 

(4) The displacement, rotation, velocity, and contact-force fields consistently showed that particles 535 

near a free boundary migrated more readily toward the free surface, attained higher transient velocities, 536 

and formed less stable load-bearing chains. Stronger confinement in the central zone limited particle 537 

motion to local rearrangement and vertical densification. Consequently, surface settlement increased 538 

markedly near the edges without a proportional porosity reduction, producing a settlement–porosity 539 

mismatch. Settlement near a free boundary therefore contains a substantial migration-induced 540 

component, and using settlement alone may overestimate local compaction. 541 

Acknowledgements 542 

The authors gratefully acknowledge the support of Science and Technology Projects of Xiang 543 

Autonomous Region, China (XZ202601ZY0153) and Youth Science and Technology Innovation 544 

Research Team Project of Sichuan Province (2020JDTD0006). 545 

Competing Interests 546 

The authors declare that they have no known competing financial interests or personal 547 



 

- 32 - 
 

relationships that could have appeared to influence the work reported in this paper. 548 

Author Contributions 549 

G.L. and J.Z. conceived and designed the study. G.L., J.C. and B.Y. prepared and analyzed the data. 550 

G.L., B.W. and B.Y. performed the numerical simulations and prepared the figures. J.C., B.W. and W.L. 551 

contributed to the analysis and discussions. J.Z. and W.L. supervised the research and revised the 552 

manuscript. G.L. and B.Y. wrote the original draft. All authors reviewed and approved the final 553 

manuscript. 554 

Data availability 555 

The datasets used and analyzed during the current study are available from the corresponding 556 

author upon reasonable request. 557 

 558 

References 559 

Ai, J., Chen, J. F., Rotter, J. M., & Ooi, J. Y. (2011). Assessment of rolling resistance models in discrete 560 

element simulations. Powder Technology, 206(3), 269-282. 561 

An, Z., Liu, T., Zhang, Z., Zhang, Q., Huangfu, Z., & Li, Q. (2020). Dynamic optimization of 562 

compaction process for rockfill materials. Automation in Construction, 110, 103038. 563 

Chen, B., Yu, X., Cai, Y., Dong, F., & Huang, J. (2024). Research on the migration law of aggregate 564 

particles in the compaction process of asphalt mixture based on discrete element method. 565 

Construction and Building Materials, 445, 137895. 566 

Chen, Y., Jaksa, M. B., Kuo, Y. L., & Scott, B. T. (2021). Discrete element modelling of the 4-sided 567 

impact roller. Computers and Geotechnics, 137, 104250. 568 

Cheng XM (2012) Compaction characteristics and numerical simulation of soil–rock mixed subgrade. 569 

Master's thesis, Chang'an University (in Chinese). 570 



 

- 33 - 
 

Dan, H. C., Yang, D., Liu, X., Peng, A. P., & Zhang, Z. (2020). Experimental investigation on dynamic 571 

response of asphalt pavement using SmartRock sensor under vibrating compaction loading. 572 

Construction and Building Materials, 247, 118592. 573 

Huang JL, Liu TJ, Li ZW (2010) Roller-compaction tests for the clay-core rockfill dam at Huizhou 574 

Pumped-Storage Power Station. Railway Engineering 11:139–141 (in Chinese). 575 

Huang, X., Hanley, K. J., O'Sullivan, C., & Kwok, F. C. (2014). Effect of sample size on the response 576 

of DEM samples with a realistic grading. Particuology, 15, 107-115.  577 

Jiang AC (2010) Discrete-element analysis of the dynamic characteristics of soil–rock mixtures. 578 

Master's thesis, Zhengzhou University (in Chinese). 579 

Kenneally, B., Musimbi, O. M., Wang, J., & Mooney, M. A. (2015). Finite element analysis of vibratory 580 

roller response on layered soil systems. Computers and Geotechnics, 67, 73-82. 581 

Li S, Tian WD, Liu YL, Gao MK (2021) Optimization method and evaluation of compaction technology 582 

of expressway filling-stone subgrade. Journal of Central South University 52:2360–2371 (in 583 

Chinese). 584 

Li XZ, Liu Y, Wu SC (2013) Field roller compaction test and discrete element analysis of rockfill dam. 585 

Chinese Journal of Rock Mechanics and Engineering 32(S2):3123–3133 (in Chinese). 586 

Li Y, She CX, Zhu HC (2018) Particle-flow simulation and validation of field vibratory compaction of 587 

rockfill. Rock and Soil Mechanies 39(S2):432–442 (in Chinese). 588 

Liu, D., Li, Z., & Liu, J. (2015). Experimental study on real-time control of roller compacted concrete 589 

dam compaction quality using unit compaction energy indices. Construction and Building 590 

Materials, 96, 567-575. 591 

Liu DH, Ma HY, Li ZL (2017) PFC simulation and mesoscopic-parameter inversion for uniaxial 592 



 

- 34 - 
 

compression of fresh roller-compacted concrete. Journal of Hydroelectric Engineering 36:10–20 593 

(in Chinese). 594 

Liu JL (2016) PFC simulation and compaction characteristics of roller-compacted concrete. Master's 595 

thesis, Tianjin University (in Chinese). 596 

Liu MH (2022) Structural behavior analysis and optimization of high core rockfill dams considering 597 

compaction characteristics. Master's thesis, Tianjin University (in Chinese). 598 

Ma, Z., Lu, K., Song, D., Liu, W., Wang, Y., & Li, S. (2023). Study on compaction characteristics and 599 

compaction process of an unsaturated silt based on PFC3D. Applied Sciences, 13(9), 5547. 600 

Ma ZY, Xu QQ, Dang FN (2013) Numerical study of dynamic compacted for gravel foundation using 601 

particle flow method. Engineering mechanics, 30(S1), 184–190 (in Chinese). 602 

Micaelo, R., Ribeiro, J., Azevedo, M., & Azevedo, N. (2011). Asphalt compaction study: 603 

Micromechanical modelling of a simplified lab compaction procedure. Road Materials and 604 

Pavement Design, 12(3), 461-491.  605 

Pei, T., & Yang, X. (2018). Compaction-induced stress in geosynthetic-reinforced granular base course–606 

A discrete element model. Journal of Rock Mechanics and Geotechnical Engineering, 10(4), 669-607 

677.  608 

Peng, H., Jiazhen, C., Lejin, Z., Kun, W., Shuping, W., & Lianyang, C. (2024). Discrete element 609 

simulation of vibration compaction of slag subgrade. Scientific Reports, 14(1), 5039. 610 

Peters, J. F., Muthuswamy, M., Wibowo, J., & Tordesillas, A. (2005). Characterization of force chains 611 

in granular material. Physical Review E—Statistical, Nonlinear, and Soft Matter Physics, 72(4), 612 

041307. 613 

Tang X (2008) Segregation mechanism and evaluation indices of asphalt mixtures. Master's thesis, 614 



 

- 35 - 
 

Chang'an University (in Chinese). 615 

Tong LX (2008) Experimental and numerical investigation of compaction characteristics of rock-debris 616 

embankments. Master's thesis, Shanghai Jiao Tong University (in Chinese). 617 

Wang, S., Miao, Y., & Wang, L. (2020). Investigation of the force evolution in aggregate blend 618 

compaction process and the effect of elongated and flat particles using DEM. Construction and 619 

Building Materials, 258, 119674. 620 

Wu GJ, Zhang XY (2018) Current status and development trends of earth–rock dam construction 621 

technology. Water Power 44:1–6, 24 (in Chinese). 622 

Wu, H., Gu, X., Hu, J., Deng, G., & Liu, F. (2024). Investigation of compressibility of rockfill materials 623 

using DEM: Role of sample size and boundary condition. Computers and Geotechnics, 176, 624 

106768.  625 

Xu JH, Xu YR, Zhang YB (2023) Numerical simulation of roller compaction of railway gravel subgrade. 626 

Journal of the China railway society 45:113–118 (in Chinese). 627 

Xu P, He JX, Qiao SF, et al. (2025) Vibrational compaction process and effect of the paving layer with 628 

block stone fillers based on discrete element method. Journal of Water Resources & Water 629 

Engineering 36:163–173 (in Chinese). 630 

Zhai, C., Herbold, E. B., Hall, S. A., & Hurley, R. C. (2019). Particle rotations and energy dissipation 631 

during mechanical compression of granular materials. Journal of the Mechanics and Physics of 632 

Solids, 129, 19-38. 633 

Zhang N (2015) Three-dimensional discrete element simulation of roller-compacted concrete. Master's 634 

thesis, Zhejiang University (in Chinese). 635 

Zhang PT (2022) Simulation of rockfill compaction and investigation of macro- and mesomechanical 636 



 

- 36 - 
 

properties. Master's thesis, Qinghai University (in Chinese). 637 

Zhang W (2020) Key technologies and applications for intelligent quality control of fill compaction. 638 

Doctoral dissertation, Wuhan University (in Chinese). 639 

Zhou JP, Yang ZY, Chen GF (2006) Current status and challenges of high-dam construction in China. 640 

SHUILI XUEBAO 12:1433–1438 (in Chinese). 641 

Zhou W, Ma G, Liu JY, et al. (2018) Advances in macro- and mesoscopic deformation analysis of 642 

construction materials for high rockfill dams. SCIENTIA SINICA Technologica 48:1068–1080 (in 643 

Chinese). 644 

Zhu JQ, Liu LP, Li XG (1999) Compaction density of the rockfill in the Shuibuya high concrete-faced 645 

rockfill dam. Journal of Yangtze River Scientific Research Institute 1:45–47 (in Chinese). 646 

Zhu S, Zhong CX, Wang J, He SB (2019) Experimental study on placement standards for high core 647 

rockfill dams. Chinese Journal of Geotechnical Engineering 41:561–566 (in Chinese). 648 

Zhu S (2020) Quality-control indices for rockfill placement in high concrete-faced rockfill dams. 649 

Chinese Journal of Geotechnical Engineering 42:610–615 (in Chinese). 650 


	Abstract
	1. Introduction
	2. PFC2D modeling of rockfill compaction
	2.1 Numerical model and boundary conditions
	2.2 Particle-size distribution and specimen generation
	2.3 Contact model and micromechanical parameter calibration
	2.4 Monitoring scheme and evaluation metrics
	2.4.1 Surface settlement measurement
	2.4.2 Local porosity measurement

	2.5 Simulation of the roller-compaction process
	2.5.1 Definition of simulation cases
	2.5.2 Section parallel to roller travel
	2.5.3 Section perpendicular to roller travel


	3. Compaction response and free-boundary effects
	3.1 Overall compaction behavior
	3.1.1 Macroscopic deformation and porosity evolution
	3.1.2 Particle kinematics
	3.1.3 Evolution of contact-force chains
	3.1.4 Transient velocity-field response

	3.2 Local compaction response and settlement–porosity mismatch near free boundaries
	3.2.1 Distance from the free boundary and evaluation metrics
	3.2.2 Settlement–porosity mismatch in the travel-direction section
	3.2.3 Boundary response in the transverse section

	3.3 Particle-scale mechanism and applicability of the free-boundary effect

	4. Conclusions
	Acknowledgements
	Competing Interests
	Author Contributions
	Data availability
	References


  F ( t ) =  {    G +   F  m a x  sin ⁡   ( 𝜔 t )  F ( t ) > 0   0  F ( t ) ≤ 0


    s  i =    h  i 0 −  h  i 1   h  i 0


  P ( t ) = F  ( t ) / L B


  ≈


  d


  i


    n  0 , i


    n  i


  Δ   n  i =   n  0 , i −   n  i


  Δ   n  i


    s  i ′ =     n  0 , i −   n  i  1 −   n  i


  n = 1 −     V  d  V


    s  i ′


    s  i


    s  i >   s  i ′


    R  c


    R  c =     s ′  s


    R  c


    R  c


    R  c


    R  c


    R  c


  i


  d = 4 . 49


    R  c


    R  c


    n  i =     m  i   V  d  𝜋   r  i 2


    K  n = 1 . 0 ×  10 7 N / m


    K  s = 1 . 0 ×  10 7 N / m


  𝜇 = 0 . 5


  𝜇 = 0 . 5


    𝜇  r = 0 . 5

