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ABSTRACT 15 

This paper presents a simplified model for the simulation of the compaction of 16 

deformable granular materials, such as pervious concrete. The strategy is to use an 17 

evolutionary Lattice system with local instability to simulate the intensive internal 18 

rearrangement expected during compaction. This is associated with a bar layout and 19 

material properties that vary with the time steps. Furthermore, a biphasic particle 20 

composed by a rigid inner core involved by a deformable exterior layer is considered. 21 

This versatile approach allows a simplified representation of complex granular media 22 

made of very deformable particles or of rigid particles covered by a flexible binder. 23 

Numerical and experimental comparisons were conducted to evaluate the capacity of 24 

the method to predict the behavior of different materials. The results indicate that the 25 
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model may provide an estimation of the geometrical disposal of the media and provides 26 

a prediction of the forces applied during the compaction, being suitable for a wide range 27 

of applications. 28 
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1. INTRODUCTION 34 

Granular materials are widely employed in construction, ceramic, metallurgy, seeds and 35 

pharmaceutical industries, being largely available in nature (rock and soil formation). 36 

They are composed of grains that might be involved by a binder layer that will harden 37 

with time or temperature, providing cohesion to the system. In certain applications, 38 

before hardening occurs, the material is subjected to compaction pressure during 39 

production or processing. The final density obtained may present a large variation 40 

depending on the applied loads and may change completely the material properties, 41 

affecting the porosity, mechanical strength, permeability, acoustic and thermal 42 

conductivity. It is clear that the compaction is as important as other initial conditions 43 

(particle size distribution of the material, specific weight and surface area) when it 44 

comes to obtaining the required characteristics of the granular media.  45 

In the literature, an increasing interest on the simulation of the compaction process of 46 

granular media is observed. In general, two types of computational methods are used to 47 

simulate this problem: the discrete-particle approach and the continuum approach. A 48 

well-known example of the former is the discrete or distinct element method (DEM), 49 

where the interactions between particles are usually classified as rigid or soft, depending 50 
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whether the particle deformation during a collision is explicitly incorporated in the 51 

model or not. Soft particles interaction was developed by Cundall and Strack [1-2], In 52 

this method the particles interact with each other and with the boundary walls. The 53 

Cundall and Strack method simulate the contacts by virtual dashpots and springs that 54 

represent the interaction between particles. To calculate the force acting in the normal 55 

direction of each contact, the distance of overlap between the particles is assessed and 56 

multiplied by the stiffness constant of the spring and/or used in the equation of the 57 

dashpot. In the tangential direction, the procedure is analogous, applying the change of 58 

the relative tangential displacement of the surfaces of both particles instead of the 59 

overlap. Also in the method developed by Cundall and Strack, the analysis is performed 60 

with time steps that should be small enough to assure convergence and 61 

representativeness of the results, which means the disturbances do not propagate from 62 

any particle further than its immediate neighbors [2]. Even though it has been 63 

successfully used for the simulation of granularly media [3-8], this approach usually 64 

presents a high computational cost. In addition to that, some simplifications and new 65 

implementations have to be assumed for the simulation of biphasic deformable particles 66 

in DEM . 67 

In the second approach, a finite element method (FEM) is used to simulate a continuous 68 

media whose behavior is described with the elastoplastic theory. This numerical 69 

solution was widely used to evaluate the compaction of powder metals and ceramics [9-70 

12]. Although the computational cost is lower than with the DEM and deformation may 71 

be directly taken into account, the assessment of parameters such as the porosity or the 72 

particles position with the compaction pressure is not possible. 73 

A recent alternative to simulate the compaction process more realistically is to integrate 74 

both methods [13-18]. In this case, the discrete element consideration from the DEM is 75 
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combined with a continuum representation of particles and contacts, which is typical of 76 

the FEM. The DEM/FEM simulation is more accurate than the previous ones and is 77 

considered promising since it accounts for aspects such as the deformation of particles 78 

and allows the estimation of the porosity. However, the high computational demand still 79 

limits its use. 80 

Another approach developed and successfully applied by Katsman and Aharonov [19, 81 

21] uses a modified lattice model to simulate the compaction process of rocks and soils. 82 

The authors establish a fixed distribution of bars whose properties and length are 83 

changed depending on the level of compaction. Despite the reduced computational time 84 

required to analyze these models, they do not consider the effect of the outer binder 85 

layer disposed around the grains. Moreover, the materials simulated present an initial 86 

porosity of up to 20%, meaning that the level of rearrangement of particles is small and 87 

the same lattice layout may be maintained throughout the analysis. On the contrary, in 88 

the case of particles with a binder layer, the initial porosity may vary from 20% to 50% 89 

when it is poured on the molds. Consequently, the level of initial disorder and of 90 

rearrangement experienced during the compaction process is much higher than in the 91 

case of rock masses. This means that a lattice model with fixed distribution of bars 92 

might not be representative of the material in intermediate compaction stages due to the 93 

high level of internal reorganization, which is characterized by a significant increase in 94 

the number of contacts. 95 

The objective of this study is to propose a simplified approach for the simulation of the 96 

compaction of a deformable granular media without the drawbacks mentioned 97 

previously. The strategy is to use an evolutionary lattice system with local instability to 98 

allow the intensive rearrangement expected during compaction, associated with a bar 99 

layout and material properties that vary with the load steps. Furthermore, a biphasic 100 
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particle composed by a rigid inner core involved by a deformable exterior layer is 101 

considered. It allows a simplified representation of complex granular media made of 102 

very deformable particles or of a rigid inner core covered with a viscoelastic binder 103 

layer. This is especially interesting for the simulation of composites like pervious 104 

concrete - a material formed by aggregates involved with mortar binder that generates a 105 

microstructure greatly affected by the compaction process [22]. 106 

Initially the model is described and its application is evaluated. Then, a numerical 107 

comparison using the results by other authors with DEM/FEM simulation is presented. 108 

Finally, an experimental program is conducted to evaluate the compaction process of 109 

pervious concrete. The results from the tests are compared with those numerically 110 

estimated with the new model. The good fit obtained supports the use of the model 111 

proposed here, which is capable of providing a simplified straightforward representation 112 

of the compaction process.  113 

 114 

2. WORK PHILOSOPHY 115 

The model to simulate the compaction of granular media was divided in two 116 

complementary stages. The sole purpose of the first stage is to create a particle 117 

distribution with the desired initial porosity. The algorithm applied organizes the 118 

particles in space; creating a system similarly to that obtained by pluviation with 119 

Hertzian contacts in DEM with limitations of no particle movement and with the desired 120 

initial porosity (other distribution laws could be implemented depending on the type of 121 

material simulated). The distribution generated is the input for the second stage, which 122 

is the focus and main contribution of the present study. Based in an adapted lattice 123 

method, it simulates the reorganization of the particles after an imposed compaction 124 

displacement or vibration. As mentioned before, the algorithm generated is versatile and 125 
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may be simply adapted for a wide range of applications. The program MATLAB 7.10.0 126 

was chosen for the development since it is of common usage in the scientific 127 

community and includes a large math library that is capable of solving complex 128 

matricial problems. A detailed explanation of both stages is presented in the following 129 

sections. 130 

Although the model described here was developed for 2D simulations of circular 131 

particles, it could also be generalized to 3D. For that, it would be necessary to modify 132 

the original algorithm, including an additional degree of freedom. Furthermore, the 133 

verifications performed in the lattice model would have to be adapted for a 3D 134 

condition. This would make the code more complex and would lead to additional 135 

computation time but would lead to a model more representative of the particle 136 

distribution. 137 

 138 

2.1. Stage 1 –Random Fall 139 

In the first stage, a series of steps are needed to ensure the global and local stability as 140 

well as a homogeneous distribution of the particles. The numerical approach used is 141 

based on a simple algorithm designed by Vold [23] for the packing of circular random 142 

particles. This approach was modified by several authors [24-26] that implemented new 143 

types of contact between particles. 144 

Here, the algorithm was modified to represent the packing of circular particles that 145 

might be involved by a binder with special characteristics, considering several 146 

simplifications that would allow reaching the initial porosity. The interaction between 147 

particles is based in the Hertzian contact law without friction coefficient. The 148 

frictionless condition is assumed in this first stage to simplify the calculation process. 149 

This means that new particles are allowed to freely spin and slide over the existing ones. 150 
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Such interaction is a simplification of what would occur if a rigid particle without 151 

binder or if a particle with a dry binder layer was dropped over another. It is important 152 

to remark that the Hertzian contact law is only used in Stage 1 and that other laws could 153 

be used instead if necessary.  154 

To find a stable place for each particle, three steps were conducted as illustrated in Fig. 155 

1. First, an X coordinate is chosen to start the vertical falling process inside the 156 

container (see Fig. 1.a). In the studies about the disposition of granular media, Jullien 157 

[24] demonstrated that a segregation phenomenon might occur in case a large number of 158 

particles with different sizes are considered and the x coordinate of the initial falling 159 

point is fixed. Such condition favors a heap accumulation inside the container just under 160 

the coordinate x. Moreover, the large particles may easily spin over the bed formed by 161 

smaller particles, being more likely to accumulate close to the lateral wall of the 162 

container and to generate big voids or a non-homogeneous distribution.  163 

 164 

Fig. 1. Steps to find a stable position for each particle in Stage 1 (free fall). 165 

 166 

To mitigate this problem, two modifications are taken into account in the first step 167 

regarding the original algorithm. For once, the starting coordinates x are randomly 168 

chosen according with a probabilistic curve. To diminish even more the heap 169 

accumulation, the probabilistic curve is assessed every time a particle falls. It is 170 

assumed inversely proportional to the distance in y-axis between the dropping point and 171 

the height of the granular bed at each position in x. Consequently, points with bigger 172 

accumulation of particles have a smaller probability of being selected.  173 

Once the x coordinate is defined, the particle falls until the first contact is verified. If the 174 

contact occurs with the walls of the container, the particle are automatically fixed. On 175 
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the contrary, if it occurs with another particle (see Fig. 1.b), the third step is called. In 176 

the latter, the stability of the falling particle is verified considering the support provided 177 

by the surroundings.  178 

Each contact point is only capable of generating compressive normal forces since, in 179 

this stage, the contact between particles is weak. To evaluate the stability, the balance of 180 

forces in x and in y and the balance of moments are used to estimate the contact 181 

reactions applied to the contact points of the falling particles, similarly to what is done 182 

in statics. If all reactions estimated are positive (indicating compressive forces), the 183 

particle is stable. Conversely, if any of the calculated reactions is negative (indicating 184 

tensile forces) or if the system of equations may not be solved, the particle is assumed 185 

unstable.  186 

In case an unstable condition is observed, the falling particle is allowed to spin around 187 

the particle that received the last contact until additional contacts are observed and 188 

stability may be verified again, as shown in Fig. 1.c. During the spin, the center of the 189 

particle will always move with the same direction of a vector traced tangent to the last 190 

contact, pointing towards the bottom line of the recipient. This procedure is repeated 191 

until a stable condition is found or a contact with the walls of the recipient occurs.  192 

After finding a stable condition for the falling particle, a small deformation may exist in 193 

the contact region due to the self-weight of the particle (see Fig. 2). This deformation is 194 

simulated as an overlap.  195 

 196 

Fig. 2. Deformation of the particle represented as an overlap. 197 

 198 

Because of the deformation, an increase of the contact length (l) is observed. The value 199 

of lc may be calculated through the Hertzian Contact Law [27]. This is represented 200 
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through Eq. 1 that depends on the stiffness of the materials in contact ( ) and of the 201 

force (F) due to the self-weight of the particle.  202 

 203 

 (1)

 204 

 With the stable contact established and the initial overlap estimated, the particle 205 

becomes fixed and cannot change position or be moved by others. The whole procedure 206 

is repeated with the next falling particle. As a result, the stability of the distribution is 207 

always assured. The recipient is filled until the fixed particles cross the line to which the 208 

compaction will be applied. All particles located above this line are then removed so a 209 

reference initial height of the sample is defined. In this moment, the initial porosity of 210 

the system is estimated and compared with the desired one. 211 

The algorithm used for the Stage 1 tends to generate systems of particles with porosities 212 

that are below that found in a granular medium with a binder (cohesive material). This 213 

occurs because, in reality, particles are not dropped one by one until a stable condition 214 

is found. Rather than that, they are poured over the surface all together in big groups. 215 

This increases the level of internal disorder, hence the porosity. To correct this and 216 

assure the desired initial porosity, some of the particles are removed from the system.  217 

A special procedure - independent of the stage 1- is used to select from which points the 218 

particles will be removed in order to minimize the modification of the grading curve of 219 

the granular medium. First, a diameter is selected according with the proportion of the 220 

grading curve used to introduce the particles in the system. Then, all particles with this 221 

diameter are listed and one is randomly selected. A verification is performed to evaluate 222 

whether the self-weight stability of the system will be maintained after it is removed. If 223 

stability is guaranteed, it is removed and another diameter is selected. If not, another 224 

one from the same diameter is randomly selected and the stability is verified again. This 225 



10 
 

is repeated until a suitable particle is found and removed. In case no particle in the list 226 

fulfills the stability criterion, another diameter from the grading curve is selected. In 227 

some cases, this will modify slightly the grading curve of the granular media. Anyhow, 228 

the authors have found that this procedure is more efficient than using an algorithm that 229 

considers the real interactions between all particles that are poured together. 230 

Another possible situation that will ask for a modification of the initial porosity happens 231 

in case non-circular particles are used in reality. In this situation, the porosity generated 232 

will be higher than that achieved with Stage 1, which considers only circular particles. 233 

In order to correct the porosity of the system, the same procedure described in the 234 

previous paragraph for the removal of particles is applied. For that, the equations that 235 

correlate the initial compactness of the sample with the sphericity of the particles 236 

presented in the studies of German [28] were used. 237 

It is important to remark that the algorithm used in Stage 1 includes simplifications to 238 

decrease the computational effort required to generate a distribution of particles with the 239 

desired initial porosity. More realistic alternatives based on DEM may be found in the 240 

literature. 241 

 242 

2.2. Stage 2 – Compaction 243 

This stage is responsible for the simulation of the compaction process. It consists of 244 

calculating the geometric position of all the particles after a static compaction produced 245 

by a small vertical displacement of the top surface of the granular sample. Although this 246 

study considers only vertical compressive displacement to compact the granular bed, the 247 

same approach is valid for compaction or vibration in all directions. 248 

Fig. 3 outlines the algorithm used for each load step in the compaction stage. It initiates 249 

with a modified Delaunay Triangulation (DT) method, where nodes and bars are created 250 
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between adjacent particles. An interactive Lattice model analysis with incremental 251 

displacement is conducted (the same numerical solution is used to study the concrete 252 

fracture by other researchers [29-31]). Then, the balance of forces is verified and an 253 

interactive process is performed until reaching convergence. In the present study, the 254 

convergence is verified using the Euclidian norm of the out-of-balance forces. The 255 

iterations are stopped and the step is concluded if this norm is smaller than 10-4. Once 256 

this occurs, nodal displacement results obtained by the Lattice model are used to update 257 

the position of the centers of the particles in each time step. This procedure – including 258 

the DT to detect new contacts – is repeated at every load step. A detailed description of 259 

the different steps from Stage 2 is presented in the following sections. 260 

 261 

Fig. 3. Algorithm of Stage 2 (Compaction). 262 

 263 

2.2.1. Triangulation 264 

Initially, the particles center coordinates and the radius are detected (Fig. 4.a). After 265 

that, a DT (Fig. 4b) is executed using the same algorithm applied by [32]. Then, a 266 

geometrical verification (Fig. 4.c) is conducted to ensure consistency in the interaction. 267 

The principal points of this geometrical verification is to avoid no potential particles 268 

contacts and for numerical efficiency. In this sense, it is considered that the interaction 269 

occurs when the distance between particles is below 1.5 times the sum of the radius.   270 

Notice that the resulting DT includes bars that may represent the contact between 271 

particles and a virtual contact between particles that do not interact with each other. The 272 

latter does not exist in reality but is necessary to obtain a well-conditioned matricial 273 

system. As described in section 3, special material properties are assigned to each type 274 

of contact to reproduce the interactions between particles and to avoid the virtual 275 
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contact interfering in the compaction results. Fig 4.d shows the final triangulation in a 276 

certain time step, highlighting the real and the virtual contacts in blue and in green, 277 

respectively.  278 

 279 

Fig. 4. Triangulation process for a certain load step. 280 

 281 

Even though the arrangement of bars depicted in Fig 4.d is globally stable, local 282 

instabilities are found if groups of bars are analyzed separately. Consider, for instance, 283 

the arrangement highlighted in Fig 4.e. It is evident that the relative movement between 284 

all nodes present in the local system is restricted. On the other hand, in the arrangement 285 

highlighted in Fig 4.f, the relative displacement between nodes is possible. This 286 

freedom of displacement enhanced by the use of virtual bars with very small stiffness is 287 

essential to reproduce the highly porous medium and the rearrangements of particles 288 

throughout the time steps. 289 

The resulting lattice layout works as a mesh with bar elements. In each load step, the 290 

granular medium is re-meshed since new contacts might arise and old ones might be 291 

eliminated. To illustrate it, Fig. 5.a represents the initial condition without compaction 292 

and Fig. 5.b represents the situation after a compaction of 14.4 %. It is clear that new 293 

contacts are detected and the internal instability is reduced throughout the steps. The 294 

increase in the number of real contacts is not considered a computational problem since 295 

the equations are solved by matricial methods and in this kind of solution the 296 

computational cost is more related with the number of nodes, which remains constant 297 

throughout the analysis. 298 

 299 

Fig. 5. Triangulation at different steps. 300 
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 301 

2.2.2. Lattice Model Process (LMP) 302 

Once the triangulation for all the particles is finished, the nodes and the bars are passed 303 

to the Lattice model process (LMP). In a 2D model, all the nodes are articulated and 304 

have two degrees of freedom, corresponding to the displacement in two orthogonal 305 

directions. Equilibrium conditions regarding the forces in the x direction (Eq. 2) and in 306 

the y direction (Eq. 3) are applied. According to the Principle of Virtual Work (PVW), 307 

the total virtual work of the forces acting on the node should be zero in each time step. 308 

The boundary conditions for this numerical problem are applied only at the nodes and 309 

defined by the particles in contact with the surfaces of the container, which might have 310 

their displacement fixed or might be used for the application of the compaction.  311 

 312 

 
(2)

 313 

 
(3)

 314 

To understand how the forces and displacements are calculated, consider the simplified 315 

example of the bar from Fig 6 that originally extends from node 1 to node 2. If resultant 316 

forces are applied in the nodes (  and , respectively), the bar may deform and 317 

move assuming the new position defined by the nodes 1' and 2'.  In this situation, the 318 

displacements  and  will be observed. 319 

 320 

Fig. 6. Forces and displacements in the nodes of a bar. 321 

 322 
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Since equilibrium is maintained in the system, the forces should cancel each other. In 323 

this condition, the variation in the position of the nodes may be related with the forces 324 

through Eq. 4. In this equation,  represents the stiffness of the bar in a certain time 325 

step (for a detailed description on the contact laws used to define k see section 3).    326 

 327 

(4)

 328 

In the matricial form, Eq. 4 could be represented through Eq. 5. In the latter, the 329 

decomposed stiffness  should be calculated according to Eq. 6, considering the 330 

angle  formed between the forces and the coordinate system selected.  331 

 332 

 

(5)

 333 

(6)

 334 

In a more complex lattice model composed by several bars, Eq. 5 may be generalized to 335 

Eq. 7. Notice that it has the form Ku = F, in which K is the stiffness matrix, u is the 336 

displacement vector and F is the forces vector.  337 

 338 

(7)

 339 

At each step, an updated stiffness matrix (K) for all elements and a vector with the 340 

applied forces (F) are assembled. Once the boundary conditions are imposed, the direct 341 
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stiffness method is applied to determine the displacement vector (u) of the nodes. For 342 

that, similarly to what is done in FEM, the system Ku = F must be solved. In the 343 

present study, the solution of Eq. 7 is iteratively approximated through the Newton-344 

Raphson Method. Convergence criteria based on the displacement and the forces are 345 

considered. Maximum relative errors of 10-4 should be simultaneously fulfilled to stop 346 

the iteration. 347 

All equilibrium equations are applied and the stability of the system is assured in the 348 

load steps. This might seem contradictory given that local instabilities might occur 349 

during the compaction process. To simulate such instabilities, the lattice mesh is 350 

redefined at each step and virtual bars are included or eliminated.  351 

In the compaction process of a granular material characterized by an inner rigid core 352 

and an external deformable layer (such as a binder), the main interactions between 353 

particles are deformation of the contact region and rotation of one particle over the 354 

others. Although deformations of the contacts may occur by the action of forces in 355 

normal and tangential directions, in a uniaxial compaction process the normal forces are 356 

the main responsible for the interaction between particles. Indeed, due to the soft nature 357 

of the binder, the normal forces generated tend to be several times bigger than the 358 

tangential forces. Consequently, the former governs the contact between particles. This 359 

allows a simplified consideration of the lattice bars in the present study, which only 360 

have axial stiffness. 361 

The rotation of the particles is not explicitly considered in the modified lattice model 362 

proposed. This movement is indirectly represented by the possible rotation of the bars 363 

around the nodes. Such approximation is only feasible for granular materials in which 364 

the rigid connections between particles have not been established so that interactions are 365 

governed mainly by normal forces and large displacements may occur. This is the 366 
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typical situation found in the compaction of many granular medium without binder or 367 

with binder in the non-hardened state.  368 

Even though it goes beyond the scope of the present study, it is important to remark that 369 

the model proposed could produce unreasonable results once rigid connections are 370 

established between particles. In this situation, other models are required since the 371 

influence of tangential forces associated with the rotation of particles should be taken 372 

into account to achieve accurate results. 373 

 374 

2.2.3. Verifications 375 

Several verifications are applied to evaluate the correctness of the boundary conditions 376 

in each time step. If all verifications are satisfied, the step is concluded and another 377 

incremental displacement is applied. If not, the boundary conditions are modified, the 378 

force and displacement matrices are changed and the code calls the LMP function to 379 

process the step once again. This is repeated until all verifications are satisfied. 380 

Two types of modifications in the boundary conditions are possible, as shown in the 381 

Fig. 7. The first of them occurs when the calculated reactions of particles in contact with 382 

the walls are tensile forces (Fig. 7.a1) that exceed the tensile strength of this contact. In 383 

this case, the change imposed is to exclude the support, as illustrated in Fig. 7.a2. The 384 

second type of modification occurs when a particle passes throw the wall of the 385 

container (Fig. 7.b1). The correction here is to introduce a new support on the node of 386 

the particle and to fix its position in contact with the wall, as demonstrated by Fig. 7.b2.  387 

 388 

 389 

Fig. 7. Verification of boundary conditions (a and b) and of overlap condition (c). 390 

 391 
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 Besides the modifications in the boundary conditions, three additional modifications 392 

might be necessary at each step. The first of them occurs when an unrealistic 393 

overlapping of the inner core of particles occurs after the LMP (Fig. 7.c1) concludes the 394 

analysis. In this case, the code does not send the model back to the LMP to recalculate 395 

the step again. Instead, it introduces in the next step a displacement in the overlapping 396 

particles equivalent to the overlap distance (Fig. 7.c2). The second additional 397 

modification concerns the change of the material properties of the bar. The distance 398 

between the centers of the particles is used to define the type of contact and its 399 

properties according with the criterion presented in section 3. The last additional 400 

modification only takes place in the initial load steps when the model presents a global 401 

instability and the stiffness matrix may not be inverted. If this happens, the triangulation 402 

function is called again and the minimum distance between particles is increased to 403 

achieve a bigger number of bars in the DT. If the increase in the minimum distance is 404 

performed several times in the same step, the analysis is stopped. Based on the 405 

experience of the authors, the number of repetitions observed will depend on the 406 

porosity of the medium. For the models analyzed here, the initial time steps might 407 

require 2 to 3 repetitions. As the analysis proceeds, the number of contact increases and 408 

porosity reduces, so that no repetition of the DT is needed within the same step. 409 

Although the successive DT at each time step allows identifying new contacts, it might 410 

lead to convergence and stability problems. This is especially evident in the first stages 411 

of compaction of systems with high initial porosity due to the significant movement 412 

between particles. To mitigate these problems, it is necessary to apply sufficiently small 413 

time steps. 414 

 415 

2.2.4. Time steps 416 
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The compaction of a granular material is usually a dynamic process given the typical 417 

rate of load application and since the value of the forces depends on the physical 418 

properties of the interactions between particles, which are affected by the velocity of 419 

their relative displacement. Instead of using a purely dynamic analysis, some 420 

simplifications are assumed in the alternative approach proposed in this study. The 421 

relative velocities between particles is used as an input parameter to estimate the 422 

stiffness of the interaction in each time step, according with the formulation presented in 423 

section 3.2. Once all bars of the Lattice layout have their stiffness calculated, the loads 424 

are applied as small vertical displacements by steps. This vertical displacement is 425 

related to the velocity of the compaction process applied in reality. In other words, the 426 

displacement is the velocity of the compaction multiplied by the time step. With all the 427 

loads and boundary conditions applied, the lattice model is statically solved for each 428 

time step. The variation in the position of the particles is used to assess the velocity of 429 

their relative displacements and the new stiffness of each contact. For example 430 

considering two particles ‘i’ and ‘j’ and the relative distance between them as ‘Δu’, the 431 

initial relative distance between both particles at the last step is  and the relative 432 

distance between both particles at the considered step is . The modulus of the 433 

difference between the relative difference   and  divided by the time 434 

step ‘ ’ is the velocity of their relative displacements , expressed by Eq. 8. After 435 

that, a new time step is initiated.  436 

 

(8)

 437 

It is evident that the approach proposed combines a static consideration of the balance 438 

of forces within every time step but includes the dynamic effects through the 439 

redefinition of the stiffness of the interactions between particles and through the 440 
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adaptive DT. Therefore, it may be considered a quasi-static analysis that intends to 441 

simulate a dynamic process. It is important to remark that this represents a 442 

simplification made with the intent of reducing the time required for the analysis of such 443 

dynamic phenomenon. Other models should be used if a more precise representation of 444 

the interaction between particles is needed.  445 

 446 

3. MATERIAL PROPERTIES 447 

This section focuses on the material properties for the bars that simulate the real and the 448 

virtual contact between particles. As shown in Fig. 8.a, the rigid inner core is involved 449 

by the binder and, for simplification proposes, the particle is assumed circular in a 2D 450 

analysis. Fig. 8 presents a schematic view of the study particle and the possible contact 451 

types. The total particle radius and the inner core radius are represented by Rp and Ric, 452 

respectively. This leads to three possible contacts defined by the distance d between the 453 

centers of the particles as illustrated in Fig. 8.b, 8.c and 8.d. Note that the stiffness is 454 

recalculated every load step since contacts might be generated or eliminated. The 455 

methodology used to obtain the contact length and the stiffness of each bar is outlined in 456 

the following sections. 457 

 458 

Fig. 8. Study particle (a) and situation of inner core contact (b), binder contact (c) and 459 

no contact (d). 460 

 461 

3.1. Inner core contact simulation 462 

The first case illustrated in Fig. 8.b occurs when the two inner cores are in contact, i.e. 463 

the distance between the center of the particles is equal or less than the sum of the 464 

radius of their cores (d ≤ Ric,i + Ric,j). To simulate this interaction it is necessary to 465 
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define the effective interaction area of particles in contact, which is used to calculate the 466 

stiffness of a bar. In the literature, some authors like Lu et al. [33] and Chidiac [34] 467 

defined that the interaction between two adjacent particles may be represented through 468 

Fig. 9.  469 

 470 

 471 
Fig. 9. Effective interaction area of particles in contact. 472 

 473 

According to this definition, the effective area (Aef,ic) may be approximated as a circle 474 

with radius (R̅) equal the weight average of the diameter of the inner cores, expressed 475 

by Eq. 9. Usually, the elastic modulus of this contact is very high in comparison with 476 

that assumed for the contact of the binders. Therefore, in such applications, the 477 

interaction between inner cores may be simulated through a spring with high stiffness. 478 

The stiffness of this contact is calculated by multiplying the effective area by a surficial 479 

stiffness (ks) that depends only on the properties of the material from the inner core. 480 

This is represented in Eq. 10, which takes into account that the sizes of the particles will 481 

affect the stiffness of the contact. 482 

 483 
(9)

 484 

 (10)

 485 

3.2. Binder contact simulation 486 

Fig. 8.c represents a case in which the mortar layer of different particles overlap without 487 

putting in contact the aggregates. Here the distance of the center of the particles is less 488 

than the sum of the radius of the particles and more than the summed radius from the 489 
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rigid inner core (Ric,i + Ric,j < d < Rp,i + Rp,j). The binder is assumed as a soft layer 490 

susceptible to deformations. When an overlapping occurs, it is necessary to assess the 491 

binder deformation and to recalculate the stiffness of the contact.  492 

 493 

3.2.1. Binder redistribution due to overlap 494 

The contact between particles with a binder outer layer may produce a redistribution 495 

phenomenon. Depending on its rheology, the binder could relocate around the contact 496 

point as the overlap increases. This leads to the formation of a lateral increment of the 497 

contact length, as depicted in the Fig. 10. This increment should be taken into account 498 

when the normal forces between particles are estimated.  499 

 500 

Fig. 10. Binder redistribution after overlap 501 

 502 

To assess the final contact area after the overlap, a simple geometric calculation is 503 

performed. It is assumed that the area of binder located originally in the overlap region 504 

A1 will equal the area that redistributes in region A2 of Fig. 10. Therefore, once the area 505 

of A1 is estimated for a certain overlap, the area of A2 is also known. Then, the position 506 

of the points P2 and P3 may be determined, thus providing the final contact length (lc). 507 

To simplify this calculation, it is considered that the angle ωj that represents the 508 

increment is equal for both particles in contact. This consideration implies a negligible 509 

error as long as the thickness of the binder layer is small in comparison with the 510 

diameter of the inner core and the sizes of particles do not vary by one order of 511 

magnitude. Even though this is the common case with the materials analyzed here, if 512 

such conditions are not fulfilled, a more precise calculation should be used to estimate 513 

the angle ωj for each particle. 514 
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 515 

3.2.2. Stiffness relationship 516 

A numerical simplification is also used to consider the binder-binder stiffness behavior. 517 

Fig. 11 presents in red this contact, expressed by the relation between the distance (d) 518 

and the equivalent stiffness ( ) estimated with the Kelvin-Voigt rheology model (f(En, 519 

γn, t)). This rheology model simulates the viscoelastic behavior of the binder by 520 

considering a parallel combination of the linear elastic spring and the linear viscous 521 

dashpot.  522 

 523 

Fig. 11. Kelvin-Voigt rheology model for binder interaction. 524 

 525 

It is assumed that no bending exists in this type of parallel arrangement. Consequently, 526 

the strain experienced by the spring is the same as that experienced by the dashpot. For 527 

each step, the strain ( ) is calculated with Eq. 11 that relates the overlap (δ) and the sum 528 

of the radius of the particles ( ). The total stress (σ) applied in the Kelvin-529 

Voigt model due to the overlap is defined by Eq. 12, where  represents the elastic 530 

modulus of the spring,  represents the viscosity of the dashpot,  represents the load 531 

time and   is the relative velocity between the particles in interaction. In this sense, 532 

when a dashpot is used to simulate an interaction, the total stress is an approximation 533 

considering a dynamic solution. Parameters  and  should be assessed in specific 534 

tests with the binder used.   535 

 
(11)

 (12)

 536 
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The stiffness in terms of forces and displacement for each bar is calculated through Eq. 537 

13, considering the stress (σ), the strain ( ), the effective contact area (Aef,b) and the 538 

distance between the center of the particles (d). This rheology model may be adjusted 539 

depending on experimental analysis. It is important to remark that the same model or a 540 

different one could be used to represent the behavior under tensile stress. If a change 541 

occurs in the verification function (section 2.2.3), the modified matrix has to be re-542 

calculated.  543 

 544 

(13)

 545 

Notice that, in Eq. 13, the contact area (Aef,b) is estimated assuming a circle with the 546 

diameter equal to the contact length (lc) obtained according with section 3.2.1. In other 547 

words, the stiffness is related with the square of the contact length. However, in a purely 548 

2D model it would seem more reasonable to use directly the contact length instead.  549 

To understand why this was not assumed in the present study, consider a simplified 550 

example in which two spherical particles in a 3D medium are put in contact. Consider 551 

also a second set of spherical particles that are also put in contact but have half the 552 

diameter of the previous ones. If analogous conditions are assumed, it is evident that the 553 

contact area of the first set will be bigger than that of the second set. Since more area 554 

means more points to transmit forces, the total force transmitted in the interaction 555 

between particles will increase with the area. Consequently, the total force will be 556 

related with the square of the contact length, increasing with the square of the diameter 557 

of the particle. Now consider the same example in a 2D medium. In this case, the 558 

capacity to generate forces will be linearly related with the contact length and, hence, 559 

with the diameter of the particle.  560 
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This produces a contradiction once a model conceived purely to work in a 2D condition 561 

might not be representative of a 3D condition if different sizes of particles are simulated 562 

together. Such incongruence might be resolved by modifying the way the stiffness is 563 

calculated in 2D. In order to obtain representative results that could be used to validate 564 

the method proposed, the stiffness should be calculated from the area of contact as 565 

shown in Eq. 13 since this reflects the situation found in practice. 566 

The rheology models used to simulate the contact between particles have a time- and 567 

load-dependent behavior. Consequently, the results obtained with the method become 568 

highly dependent on the compaction procedure applied. Therefore, to simulate the 569 

compaction process properly, it is necessary to define a loading procedure that 570 

approaches the expected in practice. Moreover, it is also necessary to define sufficiently 571 

small time steps that assure the convergence and the consistency of the steps. The 572 

maximum time step possible will depend on the size of the model, the complexity of the 573 

interactions between particles and the rheology of the contact.  574 

 575 

3.3. No contact simulation (virtual contact) 576 

The last case (Fig. 8.d) denotes a no contact situation that happens if the distance 577 

between particles i and j is bigger than or equal to the sum of their radius (d ≥ Rp,i + 578 

Rp,j). The bars generated in this situation are only virtual and do not represent contact 579 

between the inner cores or the binders. In fact, they only contribute to the global 580 

stability of the model. Without this consideration, many analyses would not converge.  581 

In Fig. 4f, bars that represent real contact are indicated in blue. With only this 582 

consideration, the lattice layout obtained is statically unstable. In fact, a mechanism is 583 

formed and it is not possible to solve the equations for the balance of forces within each 584 

time step. With the virtual contact consideration (green bars), the lattice layout become 585 
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stable and can be solved numerically. To minimize the interference of these elements in 586 

the results, the virtual bars should have a stiffness several times lower than the bars that 587 

represent real contacts. The low stiffness consideration in the virtual contacts leads to 588 

axial forces several times lower than the others types of contact. As a result the bars that 589 

represent virtual contacts may present high deformation and may be related to the big 590 

relative displacement observed during compaction and to the rotation of one particles 591 

over the others. Also, during the compaction process tensile stress may surge and, for 592 

simplification, it is assumed that the bars that denote contacts subjected to tensile stress 593 

present no stiffness, being modeled as a ‘no contact’ material. 594 

 595 

4. RESULTS 596 

In order to evaluate the applicability of the model proposed, several analyses were 597 

conducted. The simulation considers a rigid inner core involved by a dry binder layer. 598 

Results were obtained from the average of 50 simulation with similar characteristics. 599 

Such a high number of simulation were required to assure a representative assessment 600 

since the randomness of the aggregate grading and distribution produce small variation 601 

in the results.  602 

A random law was used to generate the particle with different sizes.  According to this, 603 

the diameter of particles ranged from 2.5 mm to 10 mm (10 % of 10 mm, 30 % of 7.5 604 

mm, 40 % of 5 mm and 20 % of 2.5 mm). The mix consisted of 54% by volume of inner 605 

core and 19.5% by volume of binder, which led to an initial volumetric porosity of 606 

26.5%. The thickness of the binder layer is considered proportional to the diameter of 607 

the inner core.  608 

A sample of 60 x 60 mm supported laterally and at the bottom by the walls of a 609 

container was subjected to a compaction of 10 mm (compaction degree of 16.67 %) 610 

applied at a rate of 100 mm/min to all particles located at the upper boundary. The 611 
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elastic modulus used for the spring and the viscosity of the dashpot in compression were 612 

2x10-4 MPa, and 1.74x10-3 MPa.s, respectively. 613 

Some parameters related to the compaction process should be defined beforehand for a 614 

better understanding of the results. The compaction degree ( ) may be represented by 615 

the ratio between the initial density and the density after a certain compaction, as shown 616 

in Eq. 14. In a bi-dimensional model, the density of the material is calculated through 617 

the division of its mass (M) and the volume occupied, which depends on the base length 618 

(b) of the recipient and the height of the sample (h).  During the compaction, the 619 

variation of height relative to the initial condition is expressed by ∆h.  620 

 621 

 

(14)

 622 

The compactness and the density of the sample were calculated through Eq. 15 and 16, 623 

respectively. In these equations, the only parameter that changes along the course of the 624 

compaction simulation is the total compacted thickness (∆h). The area occupied by the 625 

inner core ( ), the area occupied by the binder ( ), the density of the inner core ( ), 626 

the density of the binder ( ), the sample initial length (b) and the sample initial height 627 

(h) are constant. 628 

 629 

 

(15)

 

(16)

 630 

4.1 Types of Contact 631 
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An assessment of the different types of contact observed throughout the compaction 632 

process is performed. According with Pöschel and Schwager [35], the increase of the 633 

compaction degree should lead to an increase in the contact between particles. 634 

Consequently, an increase of the contact between inner cores and in the contact between 635 

the binders and a decrease of ‘no contact’ should happen.  636 

Fig. 12.a presents an area chart with the average proportion of the different types of 637 

contact depending on the compaction degree. As expected, in the initial step 638 

(compaction degree equal 0 %) almost 30 % of the bars were simulating contact 639 

between binders and the remaining 70% comprised bars with ‘no contact’. However, in 640 

the final step (compaction degree equal 16.7 %) of this simulation, the ‘no contact’ 641 

decreased to 25 %, whereas the contact between binders increased to 72 %.  The 642 

remaining 3 % were simulating inner core contact. 643 

 644 

Fig. 12. Types of contact depending on the compaction degree. 645 

 646 

Fig. 12.b and 12.c show the types of contact between particles for the compaction 647 

degrees of 1.67% and 16.67%, respectively. Again, it is evident that the increase in the 648 

compaction leads to the reduction on the number of green bars that represent a ‘no 649 

contact’. On the contrary, the increase in the number of blue and red bars is observed.   650 

 651 

4.2. Support reactions 652 

Another result to be considered is the support reaction on the walls and base of the 653 

container. When a pressure is applied on the top of a granular material, the reaction on 654 

the walls  depends on the height and compactness of the sample. On the other hand, the 655 

reaction on the base of the container equals the applied forces. In fact, the reaction in the 656 
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base (vertical) increases with the compaction pressures, whereas the wall reaction 657 

(horizontal) should increase with less intensity.  658 

Fig. 13 presents two figures that illustrate this situation. The first of them (Fig. 13.a) 659 

shows the ratio between the horizontal and the vertical reactions for different 660 

compaction degrees of all simulations. It is observed that the adjusted curve presents a 661 

negative slope, indicating that the average ratio goes from 0.69 to 0.57, approximately. 662 

This means that the sum of horizontal reaction is between 35% and 50% smaller than 663 

the sum of vertical reaction. It is worth mentioning that the ratio calculated between the 664 

horizontal and the vertical reactions is analogous to the coefficient of lateral pressure at 665 

rest (K0) of a soil. Even though the material compacted may present special 666 

characteristics, the values obtained here are close to the typical K0 considered for loose 667 

granular soil. 668 

 669 

Fig. 13. Relation between the horizontal and vertical pressure with the compaction. 670 

 671 

Fig. 13.b correlates the vertical and horizontal reaction pressure with the compaction 672 

degree for one of the simulations performed. This figure helps to understand the 673 

behavior observed in Fig. 13.a. It shows that both pressures increase with the 674 

compaction degree. However, the rate of increase is bigger in the vertical direction due 675 

to a better connection between particles that favors the transmission of vertical loads.  676 

 677 

 678 

5. NUMERICAL COMPARISON 679 

Considering the lack of studies on the simulation of the compaction of granular media 680 

formed by particle involved by a binder, the results from Frenning [18] are used to 681 
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validate the model proposed here. Even though binder is not present, the simulations 682 

performed by the author using a coupled Finite/Discrete Element Model assume the 683 

contact of deformable 3D particles. In theory, this deformation could be represented by 684 

the binder behavior considered in the model proposed here. 685 

To calibrate the properties of the interaction, first a simulation of the contact of two 686 

particles is performed just like the described by Frenning [18] (see Fig. 14.a). The two 687 

particles are spheres with diameters equal to 1 mm, density of 1.5 g/cm3, Young’s 688 

modulus of 250 kPa and zero Poisson’s ratio. They were enclosed in a rectangular 689 

container that restrained the lateral motion while a relative displacement of 0.01 mm/ms 690 

is applied (small enough for the particles never get out of equilibrium). Time steps of 691 

10-5 s were used to assure the convergence of the iterations. Fig. 14.b shows the force 692 

applied and the total relative displacement. It is important to remark that all simulations 693 

with the model developed here were performed in equivalent 2D configuration. 694 

 695 

Fig. 14. Representation (a) and behavior (b) of the contact between two particles  696 

 697 

The results from the simplified model fit well the obtained from the literature and shows 698 

a correlation coefficient (R) of 0.974. For that, the damper without coefficient and 699 

elastic modulus of 0.08 MPa were used as input parameters for the Kelvin-Voigt model. 700 

Once the contact parameters were calibrated, the analysis of a granular media was 701 

performed. Such analysis was originally conducted by Frenning [18] for a granular 702 

media composed by spherical particles randomly disposed in a cubic container of 17.3 703 

mm of side. The grading of the particles considered by the author is summarized in Tab. 704 

1.  705 

 706 
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Tab. 1. Grading and properties of the particles simulated by Frenning [18] 707 

 708 

Fig. 15 presents the results of the compaction simulation for the granular media. A very 709 

good fit is obtained between the simplified model and the model by Frenning [18]. The 710 

comparison of the results for equivalent displacements shows a correlation coefficient 711 

(R) of 0.99. Notice that the results of Frenning [18] were validated with the results from 712 

Hassanpour [36]. The latter used a DEM with the contact law based on the model of 713 

Herzt for initial contact. When the force exceeds the yield value, the contact law was 714 

changed to the model of Thornton and Ning [37]. Therefore, the new approach 715 

developed here seems to reproduce satisfactorily the results from other more complex 716 

models. 717 

 718 

Fig. 15. Relation between density and compressive pressure. 719 

 720 

6. EXPERIMENTAL COMPARISON 721 

The experimental comparison is performed with a special type of concrete known as 722 

pervious concrete, which is usually obtained by eliminating the finer fraction of sand 723 

from the composition and by reducing the water-to-cement ratio until a very dry paste is 724 

achieved. As a result, the aggregates become involved by the cement paste that has a 725 

sufficiently high viscosity not to flow (see Fig. 16.a). The material obtained after 726 

compaction is porous with interconnected macro voids that provide good thermal and 727 

acoustic insulation, as well as, very high permeability (see Fig. 16.b). 728 

 729 

Fig. 16. Isolated particle (a), pervious concrete in hardened state (b) and test setup (c, d 730 

and e). 731 
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 732 

To evaluate the compaction process of pervious concrete, the testing equipment shown 733 

in Fig. 16.c, 16.d and 16.e was used. It is composed by an external support frame that 734 

holds a piston that moves vertically. A recipient is placed just below the piston with the 735 

material to be tested. The piston is positioned over the sample and the load is manually 736 

increase by placing known weights at a plate located on the opposite side of the piston.  737 

After a weight is placed, enough time is waited for the displacement to stabilize before 738 

additional load is applied. This is necessary given that the cement past surrounding the 739 

aggregates has a viscoelastic behavior that induces a time dependent response. During 740 

the whole procedure, 4 displacement sensors measure the movement of the piston, 741 

which is used to assess the porosity and the compactness of the sample throughout the 742 

test.  743 

Total loads of up to 80 kg were reached, leading to compactions of 6.5%. Higher load 744 

values were not applied for safety reasons and due to difficulties to keep the piston 745 

aligned with the supports. In the experimental program, two typical compositions of 746 

pervious concrete were tested with different cement contents and the same water-to-747 

cement ratio (w/c) of 0.35. This way, the rheology of the cement paste is maintained 748 

while the thickness of the layer surrounding the aggregate is modified. Consequently, if 749 

the model proposed is working properly, the same input parameter should allow the 750 

simulation of the compaction curve of both compositions.  751 

The composition PC0.25 included 1400 kg of limestone aggregate (with specific density 752 

of 2.6 g/cm³) and 300 kg of cement (with specific density of 3.1 g/cm³), whereas the 753 

PC0.30 had 1400 kg of the same limestone aggregate and 350 kg of cement. The 754 

equivalent thickness of the cement paste layer in the compositions PC0.25 and PC0.30 755 
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are approximately 0.25 times and 0.30 times the radius of the aggregate, respectively. 756 

For each composition, a minimum of 8 samples were tested. 757 

The recipient used in the test was always filled to the same initial height and the weight 758 

of the sample was measured before starting the test. With those measurements, the 759 

density and the proportion of the components, it is possible to estimate the initial 760 

density, the initial porosity and the variation of the compaction degree during the 761 

procedure. 762 

Fig. 17.a presents a typical curve that relates the displacement and the time for one of 763 

the tests. In this curve, two phases are systematically observed. When the weight is 764 

applied, a fast displacement occurs (see Fig. 17.b). After that, additional displacement is 765 

observed at much smaller rates, which decreases with time due to the viscous behavior 766 

of the contact between the cement paste layers. Fig. 17.c and 17.d show the curves that 767 

relates the compaction stress and the compaction strain measured during the tests of the 768 

pervious concrete PC0.25 and PC0.30, respectively. In both of them, a red line indicates 769 

the average result obtained. The maximum compaction reached in PC0.25 is 770 

approximately 3.5%, whereas in PC0.30 it was approximately 6.0%. This difference is 771 

attributed to the bigger cement paste content in PC0.30, which induces a thicker binder 772 

layer and higher deformability. 773 

 774 

Fig. 17. Typical displacement-time curve (a and b), experimental and numerical curves 775 

for pervious concrete PC0.25 (c) and PC0.30 (d). 776 

 777 

The average experimental results was used to validate the model developed here. The 778 

grading curve measured in the laboratory for the aggregate was used to define the 779 

proportion and the sizes of the particles introduced in the model. Based on that, the total 780 
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volume of aggregate was divided in 28% of particles with 5.0 mm, 40% of particles 781 

with 6.3 mm and 32% of the particles with 8.0 mm. The initial porosity assessed in the 782 

laboratory is taken as a reference for the definition of the initial particle distribution in 783 

the Stage 1, according with section 2.1.  784 

The elastic modulus ( ) and the viscosity ( ) of the cement paste were assumed 50 785 

MPa and 25 MPa·s, respectively. The surficial stiffness ( ) of the aggregate was set to 786 

65 MPa/mm. The stiffness of the bars that represent the situation of no contact or virtual 787 

contact according with section 3.3 was set to approximately 210-3 N/mm. The same 788 

parameters are used for the simulation of both pervious concrete tested, despite their 789 

differences in terms of the thickness of the cement past layer. The rate of displacement 790 

applied during the test was approximately the same as during the test. Time steps of 10-5 791 

s were used in all analyses. 792 

Fig. 17.c and Fig. 17.d show compaction curve (in blue) obtained in the simulations of 793 

the test with PC0.25 and PC0.30. Despite considering the same input parameters, a good 794 

agreement is obtained for the whole extent of the average experimental curves. This 795 

confirms that the model is capable of reproducing the compaction curves and the 796 

repercussions of changes in the composition of the pervious concrete.  797 

A verification of the accuracy of the rearrangement of the particles in the numerical 798 

model during compaction was not possible in the present study due to the difficulty to 799 

follow the path of the particles during the experiment. However, such rearrangement 800 

may be related with other properties, like the evolution of the compaction degree or loss 801 

of porosity for a certain applied load. Even though these are macro scale properties, they 802 

are the most useful ones from the practical point of view. Notice that a good agreement 803 

is obtained between experimental and numerical results considering the same input 804 

parameters and despite the variation of the paste content. This suggests that the method 805 
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developed should be capable of representing the macro-scale behavior of the material 806 

expected in reality and possibly the rearrangement of the particles during the 807 

compaction process.  808 

 809 

7. CONCLUSIONS 810 

In this paper, a method for predicting the geometrical disposal of a granular media 811 

submitted to compaction was proposed, using a Lattice model. The method yields 812 

reasonable results and is suitable for a wide range of applications, potentially requiring 813 

less computation effort than some of the existing methods from the literature.  814 

The change of the element type of the bars and the modification of the boundary 815 

conditions along the course of the steps represent well the movements of the particles. 816 

Furthermore, the proposal of an evolutionary lattice system that is redefined in each 817 

time step and admits internal instability has proven to allow the intensive rearrangement 818 

of particles expected in a poorly compacted medium. Finally, this method presents a 819 

possibility to correlate the compaction pressure with the porosity, density and the 820 

compacted thickness.  821 

The results from the simulation of a deformable granular medium show a good 822 

agreement with those obtained in the literature with more complex models (DEM or in 823 

combined FEM/DEM). Likewise, the numerical results estimated with the model 824 

developed here agree with those assessed during the experimental compaction process 825 

of two compositions of pervious concrete. Once again, this suggests that this method is 826 

capable of reproducing the behavior of a deformable granular medium subjected to 827 

compaction. In fact, it provides an alternative approach and a useful tool to the 828 

prediction of aspects such as the optimum compositions of the materials or the possible 829 

repercussions of modifications in the compaction process. Despite the good results, 830 
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more studies are required to assess the input parameters related with the contact 831 

between two particles by means of specific tests. This way it would be possible to 832 

estimate the stiffness of the spring and the viscosity of the dashpot more accurately. 833 
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Fig. 1. Steps to find a stable position for each particle in Stage 1 (free fall) 

 



 

 

Fig. 2. Deformation of the particle represented as an overlap. 

 



 

Fig. 3. Algorithm of Stage 2 (Compaction).  

 



 

Fig. 4. Triangulation process for a certain load step. 

 



 

Fig. 5. Triangulation at different steps. 

 



 
Fig. 6. Forces and displacements in the nodes of a bar. 

 



 

Fig. 7. Verification of boundary conditions (a and b) and of overlap condition (c). 

 



 

 
Fig. 8. Study particle (a) and situation of inner core contact (b), binder contact (c) and no contact (d). 

 



 
 

Fig. 9. Effective interaction area of particles in contact. 

 



 

Fig. 10. Binder redistribution after overlap 

 



 

Fig. 11. Kelvin-Voigt rheology model for binder interaction. 

 



 
Fig. 12. Types of contact depending on the compaction degree. 

 



 
Fig. 13. Relation between the horizontal and vertical pressure with the compaction. 

 



 

Fig. 14. Representation (a) and behavior (b) of the contact between two particles  

 



 
Fig.15. Relation between density and compressive pressure. 

 



 

Fig. 16. Isolated particle (a), pervious concrete in hardened state (b) and test setup (c, d and e). 



 

Fig. 17. Typical displacement-time curve (a and b), experimental and numerical curves for pervious 

concrete PC0.25 (e) and PC0.30 (d). 

 

 



Tab. 1. Grading and properties of the particles simulated by Frenning [17] 

Diameter (mm) Amount (%) 
1.8 28.6 
1.9 42.8 
2.0 28.6 
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