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ARTICLE INFO ABSTRACT
Keywords: Clogging due to entrapment of solid particles in pores is a recurring process that limits the per-
Permeable porous concrete formance of permeable porous concrete (PPC). In this work, an analysis based on the results of
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laboratory and numerical modelling is presented. The experimental work involved the prepara-
tion and testing of PPC cylindric samples (100 mm diameter and 160 mm in height) to obtain the
porosity and permeability parameters, and based on these two, the seepage velocity. These three
parameters were used as inputs in the further numerical models, which were accomplished with
the commercial software COMSOL Multiphysics v.6.2, based on the finite element method. Two
scenarios with six simulations (3 each) were performed using three types of materials as solid
particles, as well as two dimensional samples with the dimensions of the experimental samples.
From the experimental work we found that the porosity and permeability varied from 26 % to
28% and 1.75-1.96 mm/s, respectively, and from these parameters the calculated seepage ve-
locity varied from 8.28 to 9.61 mm/s. However, for a comparative analysis, a different value of
seepage velocity was used in each modelling scenario: the resulting from the experimental work,
this is 8.98 mm/s for scenario 1, while for scenario 2, a value of 2.43 mm/s was used, which
corresponds to the minimum recommended for the performance of PPC, according to American
Concrete Institute ACI 522 R technical report. In the numerical work, we observed that the
reduced seepage velocity of scenario 2 permitted the exit of particles from the model in all cases.
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1. Introduction

The demand of sustainable building materials has increased in recent years due to modern environmental challenges [1-3]. One of
these materials commonly used in urban areas is permeable porous concrete (PPC), which is designed to allow free infiltration of water
into the soil, where the negative effects of flooding and high temperatures need to be mitigated [3-5]. Although the zones in urban
areas available for the application of PPC are limited, some others such as parking lots, industrial parks, and secondary roads have the
potential for its implementation [6]. However, one of the most recurrent processes affecting PPC performance is clogging by solids,
which typically results in a progressive reduction in permeability [7-10]. Clogging in PPC is a complex process because the porous
network of PPC is highly heterogeneous, with variable pore diameters, multiple branching of pore tubes, and tortuous flow paths
[10-12]. Under operating conditions, the solid inorganic particles that induce clogging in PPC include sediments such as sand, silt, and
clay from surrounding areas, which arrive by dragging due to runoff [13-15]. To understand the hydraulic performance of PPC, the
results of experimental and numerical studies are presented and analysed, performing and studying characteristics such as 1) their
intrinsic permeability obtained from laboratory tests; 2) the pore size measured from physical tests, and 3) the capacity of this material
to permit the flux of solid particles in its porous net.

Physical and hydraulic properties such as porosity, surface area, tortuosity, pore size and permeability are commonly used to
characterize transport phenomena in porous media. The values of some of these parameters is helpful in defining the type of porous
media [16]. In the case of PPC, permeability presents typical values ranging from 2 to 5.3 mm/s, infiltration rate from 120 to
320 L/m?/min, and porosity in the range of 15-25 % [17]. However, values outside these ranges have also been reported, for example,
Sandoval et al. [10] obtained porosity and permeability values of 26.57 % and 10.27 mm/s, respectively, for PPC samples of 100 mm in
diameter and 200 mm in height and using a constant head permeameter. Permeability values of 2 mm/s and low porosity of 14 % were
also reported by Cai et al. [12]. They used an industrial instrument that measures permeability based on Darcy’s law. These examples
indicate that PPC can exhibit variability in most physical and hydraulic properties, regardless of the method used to obtain them.

The clogging of PPC by solids such as sediments and its effect on permeability reduction has been the subject of several experi-
mental studies. For example, Coughlin et al. [18] constructed a laboratory-scale pavement system to measure clogging that consisted of
a permeable concrete layer, a base layer, and a subgrade layer. They conclude that sodium-rich montmorillonite-type clay causes ten
times more clogging than sand. Later, Sandoval et al. [10] found that clays from the city of Londrina, Parana, composed in 50 % by
particles of 0.001-0.075 mm, 50 % by particles smaller than 0.001 mm and a specific gravity of 3.03, had a greater influence on the
clogging of the PPC than sands with sizes from 0.075 to 4.75 mm, due to plasticity effect that caused the formation of lumps inside the
pores, achieving permeability reductions greater than 95 %. In another study by Hu et al. [19], four clogging granular materials (I
through IV) were used and placed on a PPC pavement system that included a 100 mm top layer of 20 % porous PPC. Clogging materials
I and II consisted of well-graded sands containing 90-95 % of particles from 0.075 to 2.36 mm and 5-10 % of particles smaller than
0.075 mm; clogging material III was poorly graded coarse sand containing only particles from 0.6 to 2.36 mm; and material IV was a
poorly graded fine sand containing 93 % of particles from 0.075 to 0.6 mm and 7 % of particles smaller than 0.075 mm. The authors
observed that well-graded materials caused severe clogging compared to poorly graded materials. Cai et al. [12] also proposed a novel
method to evaluate PPC clogging using topsoil collected in Kaifeng, China as a saturated soil clogging suspension. Experimental
research to evaluate PPC properties, such as those discussed here, can serve as a starting point, for example, as input data for the
development of further investigations, such as those achieved in numerical studies.

Numerical studies related to PPC clogging include a wide range of computational tools such as specialized software, modules,
algorithms and others. In this regard, Zhang et al. [20] developed a CFD-DEM model using the computational fluid dynamics (CFD)
software Ansys Fluent coupled with commercial EDEM software, which uses the discrete element method (DEM) approach to simulate
granular solids. The CFD-DEM numerical approach can predict particle trajectories by calculating the resultant force acting on each
particle, including the drag force caused by the surrounding fluid flow [21]. In another study, Turco et al. [22] analysed the hydraulic
behaviour of water flow through a PPC system, using HYDRUS-2D modelling and then validated it using an independent set of
experimental data obtained from a laboratory-scale permeable pavement system. Nan et al. [23] investigated clogging of sand particles
by performing experiments and further simulations in a CFD-DEM model. Computational tools such as software and modelling can be
useful to understand and predict processes such as clogging in PPC using different physical scenarios.

Although several studies have evaluated the effect of clogging in PPC using numerical modelling, few use real parameters as inputs
to their simulations. Therefore, the objective of this study is to provide knowledge on the process of clogging affecting the performance
of PPC, by analysing the results of numerical models on PPC samples. The designed 2-dimensional numerical models contain a syn-
thetic porous network with dimensions based on real cylindrical samples, while the parameters used in the simulations, particularly
permeability and porosity, are based on the experimental results performed in this investigation. The commercial software COMSOL
Multiphysics was used to perform the simulations and analyse the results. The questions we address in this investigation are: how long
does it take for the PPC to become clogged by a flow of solid particles? How do heterogeneities in the pore network of the PPC influence
the clogging by solid particles? And what is the main trajectory and velocity of solid particles that can cause clogging in PPC?

2. Methodology
The methodology to achieve the objectives of this investigation is based on two parts, experimental and numerical. From the

experimental part the key parameters porosity and permeability were determined using cylindrical PPC samples, composed of Portland
cement and river sand. In addition, a constant head permeameter was adapted to determine the permeability, while the porosity of the
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samples was determined using the mass difference method. For the numerical part we used the commercial software COMSOL Mul-
tiphysics v. 6.2, which is based on the finite element method [24]. The finite element COMSOL Multiphysics was selected for the
numerical analysis in this investigation because of its capability to: i) simulate the flow of particulate solids in closed channels, as
observed in porous materials; ii) combine two or more physics in a single model; iii) allow temporal and spatial analysis of complex
simulations; among other technical features. The simulations combined two modules of this software, the particle tracking module and
the laminar flow module, using two-dimensional models based on the geometry of the laboratory samples. The parameters obtained in
the experimental part were used as inputs in the numerical part.

2.1. Experimental work: preparation of samples and tests development

The parameters permeability and porosity were the main goal of the experimental work and are closely related to simulations, since
they were used in the numerical section to obtain more realistic results of hydraulic obstruction occurring in PPC. For this purpose, PPC
specimens were prepared using the basic materials Portland cement and aggregates of sand and gravel with subangular shapes. These
aggregates were prepared using the Unified Soil Classification System (USCS), which resulted in a mixture of well-graded gravel and
sand with uniformity and curvature coefficients of 4.36 and 1.98, respectively, as shown in Fig. 1. Regarding the mix proportioning of
the PPC, the weight ratios of aggregate-cement and water-cement used in the mixture resulted in 4:1 and 0.33, respectively. In other
words, 4 parts of aggregate were used for each part of cement, and 0.33 parts of water were used for each part of cement. In general,
PPC samples were prepared for testing in accordance with ACI 522R [25] and ASTM C192 [26] specifications.

In this case, a single PPC mix was used for all experiments. The mixture was designed to achieve a proper balance between porosity
and permeability in the experiments, since as porosity increases, permeability increases but compressive strength decreases. Other mix
designs were discarded because permeability was zero at porosities equal to or less than 15 %.

Basic parameters in the materials used in the samples, such as moisture content and density of the aggregates, were evaluated prior
to testing. The moisture content of a representative sample of aggregates was determined and adjusted a few minutes before the PPC
sample was prepared, while the density and absorption percentage of the aggregates used in sampling resulted of 2395 kg/m> and
3.77 %, respectively, according to the procedure of ASTM C127 [27]. After curing, which is a regular process to ensure that each type
of concrete reaches its maximum properties of hardness and durability, the samples were cut to obtain the desired dimensions. In total,
a set of 8 cylindrical specimens, 100 mm in diameter and 160 mm in height, were used in the tests, as shown in Fig. 2.

To obtain the porosity of the PPC samples, we applied the mass difference method, following to the ASTM C140 [28] standard. The
formula is given by:

n= {1 _M2 M ml} *100 6)
wV
Where n is the percentage of porosity, m; is the mass of the sample immersed in water (gr), my is the mass of the dry sample (gr), V is the
apparent volume of the sample (cm®), and r,, is the density of water (gr/cm®).

To obtain the vertical permeability of the PPC, a constant head permeameter was adapted to the dimensions of the samples. Part of
this adaptation included ensuring free vertical water flow during the tests, which was achieved by laterally confining the PPC samples
with 75 mm Humboldt latex membranes. The water flowing out of the samples was collected in a container underneath the sample so
that the volume of water flowing out could be measured for further calculations. Fig. 3 shows the test procedure and a schematic of the
permeameter used.

Permeability from the tests was finally estimated using Eq. 2, which is based on Darcy’s law [29].
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Fig. 1. Granulometric curve of the mixture of aggregates used in the preparation of PPC samples.
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Fig. 2. Laboratory procedures for obtaining PPC samples. Incise (a) shows a stage of specimen preparation, (b) shows the set of specimens in molds
for testing, and (c) shows some of the final specimens before testing.

Q L
k=—"-— 2
A H t @
Where Q is the flow rate, t is the time in seconds that the volume of water needs to pass through the cross-sectional area A of the PPC
sample. L is the length of the sample and H is the hydraulic head differential. As part of the calculations, a constant water height of
50 mm above the free surface of the PPC samples was used, since small values of constant head are applicable for Darcy’s law and

represent realistic conditions of water infiltration into the PPC during a storm [30].

2.2. Numerical modelling setup

Numerical simulations in COMSOL were applied to the PPC samples to represent and analyse real scenarios of clogging in different
conditions of water-solid infiltration. For this purpose, the COMSOL software includes two modules, Particle Tracking and Laminar
Flow, which permit to simulate the movement trajectories and the interaction of solid particles through porous materials such as PPC.
For this work, the trajectories of particles such as sands moving through PPC were simulated based on the physical laws that influence
the motion of solids. For instance, laminar flow for incompressible single-phase fluid, drag force, and gravity, among others, however,
frictional forces have been omitted from the simulations because solid particles entering the PPC are simulated to be dragged by a
water flow, which may instead reduce friction.

As part of the methodology, we used a two-dimensional model whose dimensions were based in the real samples used in the
experimental part, this is 100 mm wide and 160 mm high, with the porosity numerically based on the porosity of the experimental
part, is shown in Fig. 4a. The pore diameters varied from 2 to 8 mm and consisted in a synthetic nonlinear pore network with a ge-
ometry obtained from Image J v.1.54 dm, a software for digital image processing that allows to establish the desired porosity.

Two main boundary conditions were included in the construction of the model: restricted lateral flow representing the effect of the
elastic membrane, and flow on the top and bottom of the model, simulating the inlet and outlet of water and particles into the PPC
samples, as shown in Fig. 4a. For the correct performance of the numerical model, the inputs used in the simulations other than
porosity and permeability, were relative inlet pressure, temperature, seepage velocity of water, particle diameter and particle release
time. The outputs of the simulations for the further analysis involved the position, velocity and trajectory of the particles. Another
relevant feature in the simulations is the insertion of the predefined coarse mesh depicted in Fig. 4b, which permitted to reduce the
time of the simulations. In addition, a relative pressure of 490 Pa was simulated at the top of the model, simulating the 50 mm of water
heigh used above the samples during the experiments. This relative pressure was set to increase linearly with depth during simulations
reaching a value of 2060 Pa at the bottom of the model, as shown in Fig. 4c.

The selection of clogging materials was key in the simulations as this process depends mainly on the solids trapped in pores. For
this, the particle tracking module for fluid flow in the software COMSOL provides some options for defining the size and number of
solid particles, as well as the way in which the particles enter the model domain [24]. Based on this, the clogging solids used in
simulations were equivalent in size to sand particles, since sand is a clogging material frequently found at PPC application sites, for
example, during storm events when sediment and other similarly sized solid particles are carried along. [19]. Approximately 20 g of
clogging particles were used in each simulation, separated into three types of materials, as specified in Table 1. Solid particles with
diameters lower than that of material III were not considered in simulations due to the excessive time needed to complete them. For the
analysis of the results in this part of the investigation, simulations were grouped and organized according to the available resources of
computing and the expected results. Solid particles with diameters smaller than that of material IIl were not considered in the sim-
ulations due to the excessive time required. For the analysis of the results in this part of the investigation, the simulations were grouped
and organized according to the available computational resources and the expected results.
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Fig. 3. Permeability test method for PPC samples and constant head permeameter scheme.

A total of 6 simulations were performed considering 2 different scenarios, depending on the seepage velocity parameter (vs), which
was determined by measuring the volume of water that passed through the cross section of each sample in approximately 20 seconds.
Eq. 3 permit the estimation of seepage velocity [29].

Q

At n ®

Vs

A value of 8.98 mm/s for vs was obtained with data from the experimental part and used in the first scenario. However, in the
second scenario, a value of 2.43 mm/s was used, corresponding to a permeability of 0.5 mm/s. This value for permeability is the
minimum recommended to ensure the hydraulic performance of a PPC pavement according to ACI 522 R [25] and was established in
response to the real permanent reduction in effective porosity and permeability that PPC experience due to the unrestored pores after
maintenance [10]. The numerical information in Table 2 shows the modelling parameters used for the different scenarios and
simulations.

For better results in the numerical analysis, each of the two scenarios presents 6 simulations, and each of them is divided into 4
steps: step 1 corresponds to the time needed to release all the particles into the sample; step 2 indicates the time when the particles
reach the sample outlet in at least 1 of the pores; step 3 indicates the time when the particles reach the sample outlet in all the pores (3
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Fig. 4. Model domain and some of the main features used in the simulations. a) Conceptual model with the porous structure including boundary
conditions, b) Meshing used in porous network, and c) relative pressure variation in pore fluids.

pores in total); finally, step 4 corresponds to the total time of the simulation, observed as the time when all the particles stopped
moving in the simulation.

To ensure correct performance of the simulations, the particle release time was divided into 2 equal periods, each of which released
20 particles. Thus, for scenario 1 the particle release time for each period was 10 seconds, while for scenario 2 this time increased to
30 seconds. Each simulation was considered as complete when no movement of solid particles was observed, or when no exit of them
from the simulated sample was recorded. To estimate the percentage of solid particles trapped within the PPC sample in each
simulation, COMSOL permitted to place a virtual particle counter at the bottom of the model.

3. Results and discussion
3.1. Experimental results

The key parameter porosity obtained from the 8 samples presented a narrow range of variation, with a minimum of 26 %, resulted
in one sample, a maximum of 28 % presented in two samples, and average of 27 % which also resulted in four samples and which, was
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Table 1
Characteristics of granular clogging materials in the numerical simulations. To estimate the number and mass of solid particles, we considered a
completely spherical shape and a density of 2650 kg/m°, as reported by Das and Sobhan [29] for solid quartz sand particles.

Clogging Material Diameter (size) (mm) Number of particles Total Particle mass (g) Total Particle mass (%)
Material I 2.36-1.18 mm Very coarse sand 2.36 156 2.8451 14.2
2.16 156 2.1814 10.9
2 312 3.4633 17.3
1.8 468 3.7871 18.9
1.6 468 2.6598 13.3
1.4 780 2.9698 14.8
1.25 780 2.1138 10.6
Total 3120 20.0203 100.0
Material II 1.18-0.6 mm Coarse sand 1.18 1248 2.8451 13.9
1.12 1248 2.4328 11.9
1 2496 3.4633 16.9
0.9 3744 3.7871 18.5
0.8 3744 2.6598 13.0
0.71 6240 3.0989 15.2
0.63 6240 2.1650 10.6
Total 24960 20.4520 100.0
Material III 0.6-0.3 mm Medium sand 0.6 9984 2.9923 14.5
0.56 9984 2.4328 11.8
0.5 19968 3.4633 16.8
0.45 29952 3.7871 18.4
0.4 29952 2.6598 12.9
0.355 49920 3.0989 15.0
0.315 49920 2.1650 10.5
Total 199680 20.5992 100.0
Table 2

Modelling parameters used in simulations. The particle release time corresponds to the period in which the clogging materials enter the model from
the top of the model. Two seconds after the release of particles, first allowing the laminar flow of water within the pores to stabilize.

Scenario Simulation Seepage velocity (mm/s) Number of particles released Particle releasing time (s) Clogging material
1 1 8.98 3120 2-12 Material I
2 8.98 24960 2-12 Material II
3 8.98 199680 2-12 Material I1I
2 4 2.43 3120 2-32 Material I
5 2.43 24960 2-32 Material II
6 2.43 199680 2-32 Material I1I

finally used as input in the numerical part. Table 3 shows the experimental parameters used to obtain porosity using the mass dif-
ference method. The porosity results indicate that the sample preparation procedure was sufficiently homogeneous.

The parameters permeability and the seepage velocity presented also a narrow range of variation as can be observed in Table 4.
Permeability varied from 1.75 to 1.96 mm/s, with an average value of 1.86 mm/s, while the seepage velocity varied from 8.28 to
9.61 mm/s, with an average value of 8.98 mm/s. As mentioned previously, the average value of seepage velocity was used in the first
scenario of the simulations, while value of 2.43 mm/s was used in simulations for the second scenario.

3.2. Numerical results

Numerical results demonstrated a heterogeneous response of PPC samples under the flux of particles, depending on the simulated

Table 3

Porosity obtained from the experimental results.
Sample Dry sample mass (gr) Water-immersed sample mass (gr) Sample apparent volume (cm®) Porosity (%)
1 2121 1191 1257 26
2 2109 1205 1257 28
3 2140 1220 1257 27
4 2133 1217 1257 27
5 2134 1228 1257 28
6 2130 1213 1257 27
7 2132 1218 1257 27
8 2115 1206 1257 28
Average 27




C.I. Vizcaino-Lopez et al. Case Studies in Construction Materials 22 (2025) e04810

Table 4

Experimental results of permeability and seepage velocity.
Sample Section (cm?) Water Volume (cm®)* Time (s)** Porosity Permeability (mm/s) Seepage velocity (mm/s)
1 78.54 2290 119.46 0.26 1.86 9.38
2 78.54 2240 120.11 0.28 1.81 8.46
3 78.54 2440 120.53 0.27 1.96 9.61
4 78.54 2390 119.23 0.27 1.94 9.41
5 78.54 2190 120.62 0.28 1.76 8.28
6 78.54 2430 120.05 0.27 1.96 9.53
7 78.54 2280 119.72 0.27 1.85 8.89
8 78.54 2150 119.46 0.28 1.75 8.28
Average 1.86 8.98

* Water volume recovered in the container below the sample.
" Time needed for the water to drop out the sample.

conditions. Figs. 5 and 6 show the results of the completed simulations for scenarios 1 and 2, respectively, indicating the position,
trajectory, and velocity of the particles.

From simulation 1, shown in Fig. 5, a predominance of blue tones can be observed in the pores of the models, thus the more
prevalent ranges in particle velocities vary from 0 to 11.5 mm/s. Specifically for simulation 1 where material I was used, all particles
were trapped approximately 70 mm above the bottom of the model, occurring this after 40 seconds of simulation. As a result, no
particle reached the exit of the model in simulation 1. In addition, the velocity of solids in this simulation is the slowest, that is why
only two steps (t =12 s and t = 40 s) were sufficient to show the results. Recall that material I corresponded to the sands with the
largest diameter.

The results for simulation 2 with material II show that after 17 seconds, a first fraction of the particles exits the model through one
of the pores, and after 25 seconds, a second fraction of the particles exits through the remaining pores. This differential delay of
8 seconds is possibly favoured by the tortuosity and bifurcations of the pores, which cause the reduction in velocity of the particle
motion. This delay in the exit of the particles at some pores is also observed in simulations 3 through 6. At the end of simulation 2
(t = 60 s), it is observed that the particle trapping occurs in the sections of pores that present greater tortuosity in the model.

In simulation 3, which uses material III with particle diameters from 0.3 to 0.6 mm, there are different characteristics to discuss
through the steps. For example, the particles reach the maximum velocity of 23.7 mm/s in step 1, while in step 3 (t = 30 s) more
particles have accumulated in pores than in simulation 2, where more empty pore spaces are observed. Similarly, in step 4 at the end of
the simulation (t = 70 s), fewer trapped particles were observed compared with simulations 1 and 2.

In Scenario 2, shown in Fig. 6, blue colours are again dominant in the pores, but unlike Scenario 1, under these new conditions dark
blues predominate as a result of a reduction in simulated seepage velocity. Under this scenario, some particles reach the model outlet
for the 3 simulations. This is relevant for PPC performance because the more particles that reach the outlet, the less likely PPC is to clog.
Regarding the observations for each of the simulation in this scenario, it can be discussed for instance that the highest value in particle
velocities (red zones, 7.28 mm/s), was achieved in some pores of simulation 6 where particles of material IIl were used in simulations.
In simulations 1 and 2, the particles reached the model exit at the same time (t = 240 s), although different materials (I and II) were
simulated.

Regarding the time needed to complete steps, it is worth to indicate that in general, simulations in scenario 2 needed more time to
complete steps than those of scenario 1. For instance, step 2 was completed in 54 and 61 seconds in scenario 2, while scenario 1 needed
16 and 17 seconds to complete it. Recall that step 2 ended when particles reached the exit of the model in one pore tube.

3.3. Particle trapping in simulated PPC sample

In general, modelling results demonstrate that the percentage of trapped particles in scenario 1 is greater than in scenario 2, as
observed in Fig. 7. This implies that a reduced seepage velocity, as that simulated in scenario 2, results in less clogging, contradicting in
some way the fact particles reached the exit of the model in all simulations of scenario 2. This dynamic behaviour can be physically
explained as follows: a low seepage velocity produces a low drag force, however, gravity force along with the absence of frictional
forces permit particles to move longer distances and thus, to reach the exit of the model. Also, a more turbulent flow, such as that
simulated with a higher value of seepage velocity, favours the entrapment of particles.

Numerical modelling also reveals the role of grain size in clogging, since the larger the size of the particle the higher the percentage
of entrapment, as shown in Fig. 7, where simulations using material I (simulations 1 and 4) presented the higher value of clogging. On
the contrary, simulations with material III (simulations 3 and 6), corresponding to the finest particle size, allowed more particles to exit
the model. However, when comparing simulations for the same material in both scenarios, e.g. Simulation 1 vs. Simulation 4, it can be
observed that a lower seepage velocity of the particles results in a higher percentage of entrapment.

4. Conclusions

Clogging due to the entrapment of solid particles is one of the most recurrent processes affecting the performance of permeable
porous concrete (PPC). The implementation of a numerical simulation, using realistic input parameters, can reveal and confirm
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Fig. 5. Position, trajectory, and velocity of solid particles in simulations 1 through 3 for scenario 1. The current time is shown and the seepage
velocity used in these simulations is 8.98 mm/s.

insights into the clogging process. This work provides knowledge on processes and parameters such as those related to the hydraulics of
the flow of particles through the pores of PPC, the dimensions of the particles favouring clogging, the role of the porous network in the
clogging, the time for particles to reach the exit from the PPC sample, among others.

From the experimental work we found that the porosity and permeability varied from 26 % to 28 % and 1.75-1.96 mm/s,
respectively, and from these parameters the calculated seepage velocity varied from 8.28 to 9.61 mm/s. From the numerical work,
two-dimensional synthetic models with the dimensions of the laboratory samples were simulated in the software COMSOL v.6.2. The
parameters obtained in the laboratory were used as inputs in the numerical work, while three types of solid particles, varying in
diameter but all in the range of sands, were used as clogging material in two simulated scenarios. The main results of the simulations
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Fig. 6. Position, trajectory, and velocity of solid particles in test simulations 4 through 6 for scenario 2. The current time is shown and the seepage
velocity used in this scenario was 2.43 mm/s.

showed that clogging in the PPC is more severe when the diameter of the solid particles ranges from 0.6 to 2.36 mm, and that a
reduction of the seepage velocity in the flux of particles entering the PPC results in less clogging. This mentioned particle size cor-
responds to sand that can be washed away during storms, affecting the PPC in real-world conditions, although it is important to
comment that the solids that can be found inside the PPC will depend on the conditions of the application site. Future research should
consider validating the numerical model with physical tests of actual hydraulic obstruction behaviour in the PPC to reinforce the
reliability of the results.

The findings of the study are applicable to other PPC designs, as long as similar characteristics and properties of permeability,
porosity, porous structure and tortuosity are included. However, it is important to note that the PPC mix is very sensitive to variations
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Fig. 7. Variation of the percentage of trapped particles in simulations. Simulations initiate with a 100 % trapping as the particles are released into
the model. Once the particles were fully delivered, the percentage began to drop. In fact, the simulation time at which the lines (except for
simulation 1) are no longer horizontal corresponds to the time at the end of step 2.

in the grain size curve, so the same properties and characteristics cannot always be obtained. Therefore, further studies are needed to
analyze the effect of such curve, as well as the shape and size of the aggregates and their effect on pore tortuosity in real PPC samples.
The findings of this study suggest that maintenance strategies should include maintaining good environmental control in areas
adjacent to permeable concrete application sites to minimize the ingress of solid particles into the pores.
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