Impact of permeable concrete pavement clogging and subgrade soil type on peak
urban flood flow reduction in Fortaleza, Brazil
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Abstract

This study aimed to evaluate the effect of applying permeable pavements under different
clogging conditions and foundation soil types on reducing peak urban flood flows. Twelve
concrete slabs were analyzed, six with and six without an internal geotextile membrane, to
assess the effectiveness of cleaning. The infiltration tests showed that, even after cleaning, the
permeability did not return to its original condition, and the inclusion of the geotextile
membrane did not demonstrate a positive impact.on permeability recovery. These findings
highlight the need for more effective maintenance strategies. The application of permeable
pavements was simulated by modeling a sub-basin in the city of Fortaleza, Ceara. The effects on
the flood peak were considered across different types of foundation soils, such as clay and sandy
soils. Furthermore, an analysis of 300 infiltration tests made it possible to identify the most
suitable areas for the implementation of permeable pavements in Fortaleza. The results
indicated a reduction of up to 20.83% in peak flows with the implementation of permeable
pavements, reinforcing the potential of this technology in sustainable stormwater management
and flood control. This approach can be a viable solution for managing urban runoff in similar
tropical regions and preventing widespread flooding.

Keywords: clogging; flooding; hydrological modeling; permeable concrete; urban drainage.

Impacto da colmatagdo de pavimentos de concreto permedaveis e do tipo de solo de
fundagdo na reducdo do pico de cheia urbana em Fortaleza, Brasil

Resumo

Este estudo teve como objetivo avaliar o efeito da aplica¢do de pavimentos permedveis sob
diferentes condigoes de colmatagdo e tipos de solo de fundagdo na redugdo de picos de cheia
urbana. Doze placas de concreto foram analisadas, seis com membrana geotéxtil interna e seis
sem esse tipo de membrana, para avaliar a eficdicia da limpeza. Os ensaios de infiltracdo
mostraram que, mesmo apos a limpeza, a permeabilidade ndo retornou a sua condi¢do original,
e a inclusdo da membrana geotéxtil ndo demonstrou impacto positivo na recuperagdo da
permeabilidade. Esses achados ressaltam a necessidade de estratégias de manuteng¢do mais
eficazes. A aplicagdo de pavimentos permeaveis foi simulada por meio da modelagem de uma
sub-bacia na cidade de Fortaleza, Cearad. Os efeitos no pico de inundagdo foram considerados
em diferentes tipos de solos de fundagdo, como solos argilosos e arenosos. Aléem disso, uma
andlise de 300 ensaios de infiltragdo permitiu identificar as dareas mais adequadas para a
implementagdo de pavimentos permedveis em Fortaleza. Os resultados indicaram uma redugdo
de até 20,83% nos picos de vazdo com a implementagdo de pavimentos permeaveis, reforcando
o potencial dessa tecnologia na gestdo sustentivel de dguas pluviais e no controle de
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inundagoes. Essa abordagem pode ser uma solugdo viavel para o gerenciamento do escoamento
urbano em regides tropicais semelhantes e para a prevengdo de inundagoes generalizadas.
Palavras-chave: alagamentos; colmatagdo,; concreto permeadvel; drenagem urbana; modelagem
hidraulica.

1 Introduction

The urbanization process leads to an increase in soil impermeabilization, as urban
infrastructure is predominantly composed of impervious surfaces such as asphalt, concrete, and
buildings, which significantly hinder natural stormwater infiltration. Recent studies indicate
that, globally, urban areas have expanded rapidly, with impervious surface coverage increasing
substantially over recent decades, directly intensifying surface runoff and flood risks (Liu ef a/.,
2012; Zhou et al., 2015). In Brazil, this process is particularly critical in rapidly growing cities,
where unplanned urban expansion and the reduction of green areas limit infiltration capacity
and overload drainage systems. This issue is even more pronounced in tropical regions, such as
Fortaleza, Ceara (CE), Brazil, where high-intensity and short-duration rainfall events exacerbate
peak runoff generation. As a result, the reduction of permeable surfaces contributes to increased
surface runoff volumes and velocities, favoring the occurrence of urban flooding and related
socio-environmental impacts (Du ef al., 2015; Lima et al., 2025; Taleghani, 2018; Wang et al.,
2018). As highlighted by Teixeira and Meneses Filho (2020), the reduction of permeable areas
in urban environments directly alters the hydrological response of watersheds, increasing runoff
and intensifying flooding problems.

According to Marinho et al. (2020) and Batezini et al. (2021), permeable pavement is an
alternative to reduce the negative impacts of increased surface runoff resulting from intense
urbanization. These systems can be classified into different types, including permeable asphalt,
pervious (porous) concrete, and permeable interlocking concrete block pavements (PICP), each
with distinct structural and hydraulic characteristics.. Among these, pervious concrete is
characterized by a highly interconnected pore structure that allows water to infiltrate through the
material, promoting temporary storage and subsequent percolation into the underlying soil or
drainage layers. This behavior aligns with its application as Low Impact Development (LID)
strategy for sustainable urban drainage (Ahiablame; Engel; Chaubey, 2012; Li; Kayhanian;
Harvey, 2013). The infiltration process depends on the hydraulic properties of both the
pavement and the subgrade, enabling reductions in surface runoff and peak flow. In the case of
the coastal basins of Fortaleza, hydrological modeling studies have shown that rainfall events
significantly increase pollutant loads and highlight the importance of efficient urban drainage
management strategies (Mesquita; Pereira; Lima Neto, 2020).

Despite the advantages associated with using permeable pavement, the primary challenge
is the clogging process. Clogging can be technically defined as the progressive reduction of pore
connectivity and-hydraulic conductivity caused by the accumulation and retention of fine
particles. within the void structure of the material. This process occurs when sediments
transported. by runoff .or atmospheric deposition infiltrate and become trapped in the pores,
leading to a decline‘in infiltration capacity (Wang et al., 2018). According to Oliveira (2017),
clogging is a complex phenomenon influenced by multiple factors, including pore structure,
sediment granulometry, rainfall intensity, and event duration. It typically develops over months
to years of operation, depending on environmental exposure and maintenance conditions.
Different types of clogging can be identified, such as surface clogging (accumulation at the top
layer), internal clogging (particle retention within the pore network), and structural clogging
(changes in the material matrix). This study focuses primarily on internal clogging, as it directly
affects the permeability of the concrete matrix. As clogging progresses, permeable pavements
experience a gradual loss of hydraulic performance, ultimately reducing their effectiveness in
stormwater management (Kia; Wong; Cheeseman, 2017). The physical mechanisms governing
clogging, including sediment transport, filtration, and particle retention within porous media,
have been widely discussed in the literature, reinforcing the importance of understanding this
phenomenon for the long-term performance of permeable systems (Brown; Borst, 2014; Lucke;
Beecham, 2011).
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Sansalone et al. (2012) report that the effectiveness of maintenance on permeable
concrete pavements depends on the location and particle size of the clogging materials.
Commonly employed techniques include vacuum sweeping, for the removal of surface debris,
and pressure washing, which is effective for unclogging pores where sediments have already
begun to penetrate. Larger particles tend to remain closer to the surface, facilitating cleaning,
whereas finer particles require methods that combine pressure and reverse flow (Kia; Wong;
Cheeseman, 2017; Sandoval et al., 2022). In this study, the maintenance process was simulated
using pressure washing, a technique that proves critical for restoring minimum residual
permeability and preventing the progression of deep clogging (Radfar; Rockaway, 2016).
Recent literature emphasizes that both the frequency and type of maintenance should be adapted
to the rainfall regime and local sediment load to ensure the functionality of the infrastructure
(Seifeddine; Amziane; Toussaint, 2023). Another important factor is the type of soil on which
the pavement will be implemented. The characteristics of this substrate impact the reduction of
surface runoff. Verma et al. (2020) affirm that various aspects can influence the soil’s infiltration
capacity and the transformation of rainfall into surface runoff. Selecting locations that favor
infiltration for the application of permeable pavements can enhance the beneficial effects of this
alternative. The Brazilian National Water Agency (ANA, 2018) presents a hydrological
classification of soils, dividing them into four groups according to their runoff potential and
infiltration capacity, based on the Soil Conservation Service (SES).method (SCS, 1975).
Hawkins, Theurer and Rezaeianzadeh (2019) report that some relevant aspects are not
considered in this methodology and that there are watersheds with particularities
underrepresented by this model. Miguel and Renné (2020) found that using the SCS method
(SCS, 1975) in some situations led to inaccurate estimates of effective precipitation.
Considering this, Sartori (2004) presented other hydrological classifications for soils developed
in Brazil to mitigate problems related to the use of models from other regions. However, the
model suggested by SCS (1975) is still the most widely used for hydrological modeling.

Therefore, the definition of the location where the permeable pavement will be
implemented and the assurance of minimum permeability of the covering are essential aspects
for the functionality of this solution. This study aims to evaluate the performance of permeable
concrete pavements as a strategy for urban flood mitigation by integrating experimental,
material, and hydrological approaches. Specifically, it seeks to: (i) assess the permeability of
concrete slabs under different clogging conditions, (ii) analyze the effects of clogging on
infiltration capacity over time, and (iii) simulate the impacts of permeable pavements on surface
runoff and peak flow reduction. The hydrological response was modeled using the Soil
Conservation Service(SCS) method, combined with Curve Number (CN) analysis and
Intensity-Duration-Frequency (IDF) relationships derived from long-term rainfall data, enabling
the evaluation of different soil types and urban surface scenarios in Fortaleza, Ceara, Brazil.

After this brief introduction, this article is structured in materials and methods (section 2),
which describes the fabrication and tomographic analysis of permeable concrete slabs, the
characterization of the study area, the procedures for determining infiltration rates, the
simulation of clogging processes, the modeling of peak flooding in a macro-drainage system,
and the evaluation of suitable locations for permeable pavement application in Fortaleza; results
and discussion (section 3), which presents the permeability analysis of the slabs, the
hydrological modeling of sub-basin A6, and the spatial mapping of priority areas for
implementation; conclusions (section 4), which summarizes the main findings; and finally,
references.

2 Material and methods

The methodology adopted in this study was structured into three main stages:

1. Molding and characterization of permeable concrete pavement (PCP) slabs, including
performance tests and clogging simulation;

2. Characterization of the study area, with hydrological and territorial analysis of the
A-6 sub-watershed in Fortaleza;

3. Hydrological simulations under impermeable and permeable conditions, considering
different foundation soil types.
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Figure 1 summarizes the experimental procedure, visually illustrating the sequence of
activities, analyses, and tools used throughout the study.

Figure 1 — Methodological flowchart for the evaluation and application of pervious concrete pavement
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2.1 Fabrication and tomographic analyses of permeable concrete slabs

Two batches of permeable concrete slabs (Figure 2a) were produced, with six pieces each,
totaling 12 samples. For each batch, three pieces were fabricated with the addition of a
geotextile membrane placed at one-third of the depth of the internal structure of the slabs
(Figure 2b). The geotextile membrane used in this study is a nonwoven polypropylene
geotextile (Bidim type), selected for its filtration efficiency and ability to limit the penetration of
fine particles into deeper layers of the concrete (Sansalone; Teng, 2004; Lucke; Beecham,
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2011). The membrane has tensile strength (TS) of 7 kN/m and met the specifications of ASTM
(2009). The purpose of using the geotextile membrane is to prevent deeper penetration of
sediments into the slab, making it easier to restore its drainage capacity after maintenance.
Although there is no standardized position for geotextile placement within pervious concrete
slabs, similar approaches have been reported in studies that investigate filtration layers to
control sediment transport and clogging in permeable pavement systems (Sansalone; Teng,
2004; Lucke; Beecham, 2011). All specimens were subjected to the same experimental
procedures described as follows.

Figure 2 — Details of permeable concrete slabs (a), and geotextile membrane positioned at one-third of the
slab depth_ (b)
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Source: prepared by the authors

The permeable concrete slabs were manufactured with dimensions of 40 cm x 40 cm % 6
cm. For the composition of the slabs, Apodi® CP IIF-32 cement and 0-sized aggregate were
used, with a water/cement ratio-of 0.31 and a cement-to-aggregate ratio of 1:2. Given the lack of
specific technical standards for molding permeable concrete slabs, the pieces were compacted
manually using a wooden mallet with dimensions of 20 cm x 13 cm X 6 cm, weighing 3.03 kg
and with a drop height of 20.cm. Thirteen blows were applied during compaction of each piece.
It is important to highlight that the use of a’vibropress (mechanical compaction) was not
possible due to the need to. insert the geotextile membrane. The methodology adopted in this
work ensured that the slabs met the permeability and flexural strength criteria established by
ABNT NBR 16416 (ABNT, 2015).

The permeability tests of the concrete slabs showed an average value greater than 7 x 1073
m/s. The permeable concrete slabs without the geotextile membrane achieved a flexural strength
of 4.27 MPa; while the slabs with the geotextile membrane reached a strength of 4.81 MPa. In
both tests, the slabs met the minimum requirements established by ABNT NBR 16416 (ABNT,
2015): permeability greater than 10~ m/s and flexural strength greater than 2 MPa.

To investigate the internal structure of the permeable concrete slabs, X-ray computed
tomography was performed using the XT H 225 ST Nikon Metrology scanner, with a resolution
of 50 um and angular velocity of 0.17°/s. The slabs were divided into two groups: with and
without the geotextile membrane inserted at one-third of the height. In both cases, cylindrical
specimens with 10 cm in diameter were extracted from the center of each slab using a rotary
coring bit, as required by the equipment configuration (Garcia, 2022). After that, the images
were reconstructed with CT Pro 3D (XT 6.10) and processed using VGSTUDIO MAX (version
3.4.4). The tomographic analysis aimed to quantify the total pore volume, porosity percentage,
and observe the degree of pore interconnectivity in three dimensions, providing qualitative and
quantitative insights into the slab’s permeability potential (Du Plessis et al., 2016).

Unlike traditional methods, which are often limited to indirect or two-dimensional
measurements (e.g., porosity estimation or surface analysis), tomographic analysis allows for a
more comprehensive understanding of how clogging affects the internal structure of the
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material. This is particularly important for this study, as the objective is to assess changes in
permeability associated with internal clogging processes.

2.2 Characteristics of the study area

The A-6 sub-watershed region (Figure 3), with a total area of 621.06 hectares, located
within the maritime drainage basin of the Municipality of Fortaleza, Ceard, was evaluated. This
area was selected based on the study developed by Bezerra (2007), which estimated an increase
in peak flow from 69.09 m3/s to 73.08 m?/s due to urban waterproofing and the implementation
of a drainage system that reduces the time of concentration of the design precipitation. The
region is characterized by a tropical climate (Aw, according to Koppen classification), with high
temperatures throughout the year and a marked rainy season concentrated between February and
May, featuring high-intensity and short-duration rainfall events. The predominant soils in the
area are typically sandy and of low to moderate cohesion, generally associated with moderate to
high infiltration capacity, although this behavior is significantly altered by urbanization. The
watershed presents a high degree of urbanization, with extensive impervious coverage such as
road infrastructure, buildings, and paved surfaces, which contribute to reduced infiltration,
increased surface runoff, and greater susceptibility to urban flooding.

Figure 3 — Map of Fortaleza-CE with details of the study area (A-6 sub-watershed)
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2.3 Determination of the infiltration rate

The infiltration rate of the permeable concrete slabs was determined under three
conditions: (i) virgin slabs, (ii) clogged slabs, and (iii) slabs after the maintenance process. The
tests followed the procedures specified in ABNT NBR 16416 (ABNT, 2015). For each
permeable concrete slab, a PVC ring with a diameter of 30 cm and a height of 10 cm was
positioned on the surface and sealed using putty to prevent water leakage at the interface
between the ring and the slab. A predefined volume of water, as specified by the standards, was
then poured into the ring in a controlled manner to reach the required water head. To ensure
accurate control of the water level during the test, reference markings at 5 mm and 10 mm were
indicated on the inner surface of the PVC ring. The infiltration time was recorded using a digital
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stopwatch, and the tests were conducted under controlled conditions to minimize external
interferences, ensuring consistency across all samples and scenarios.

2.4 Clogging process simulation

To simulate the clogging process, clogging sediments were collected by sweeping the
material from sidewalks and gutters around the Engineer Pedro Felipe Borges Square, located in
the city of Fortaleza-CE and within the A-6 sub-watershed. The collected material, a mixture of
clay, fine sand, and leaves, was deposited on the surface of the permeable concrete slabs inside a
30 cm diameter tube (Figure 4a). The clogging material presented a well-graded size
distribution, as shown by the particle size curve (Table 1). The material exhibited a maximum
particle diameter of 12.7 mm and a percentage of fines passing sieve No. 200 ranging between
10% and 20%. The use of well-graded material is particularly relevant for simulating clogging,
as larger particles tend to fill surface pores, while finer particles penetrate deeper into the pore
structure, promoting a more representative and severe reduction in permeability.

Figure 4 — Simulation of clogging and maintenance of concrete slabs: a) material on the slab surface; b)
water addition; ¢) removing the surface material and d) cleaning by suction and brushing
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Source: authors’ archive

Table 1 — Size distribution of the clogging material

Sieve (mm) 12.7 9.5 4.8 24 1.2 0.6 0.31 0.15
Retained (%) 2.0 1.5 2.7 10.1 6.3 22.7 35.4 19.3

Source: research data

For the clogging process, an adaptation of the permeability test from ABNT NBR 16416
(ABNT, 2015) - Annex A was performed. In this adaptation, a 300 mm ring was fixed on the
surface of each concrete slab to deposit the clogging material over a period of 7 days, while
water flowed at a rate of 7.07 x 10° m?/day (Figure 4b) was adopted as a representative
condition of urban surface runoff under low to moderate intensity events. This procedure was
based on the methodology used by Sandoval et al. (2020), who also simulated the clogging
process with water flow. A sediment mass of 3.2 kg was defined based on Tong (2011), who
adopted similar values for simulated clogging processes in permeable pavements.
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Maintenance of the permeable concrete slabs began with brushing and removing the
surface material using a gardening brush and shovel (Figure 4c). After removing the surface
material, vacuuming was performed with an NT-3.000 industrial vacuum cleaner (Figure 4d).
The suction-based maintenance method was chosen due to the use of the geotextile membrane,
which tends to reduce deep sediment penetration.

2.5 Simulation of peak flooding in a macro drainage system

For the modeling, the following areas: road system, sidewalks, medians, public squares,
parks, and blocks within the A-6 sub-watershed were separated through an analysis of the
basin’s aerial photogrammetry, obtained in 2014. This separation of different areas was
necessary due to the distinct permeability values found. Thus, a specific curve number (CN) was
adopted for the area to accurately define effective precipitation based on the reference values
determined for each soil and occupation following Tucci (2009). Table 2 presents the values of
the areas.

Table 2 — Percentage of areas within the A-6 sub-watershed

Area Dimension (ha.) %

A-6 watershed (marine slope) 816.16 100.00
Road system 114.47 14.02

Sidewalks 48.89 5.99

Medians 2.71 0.33

Public squares 8.28 1.03

Parks 20.75 2.54

Blocks 621.06 76.09

Source: research data

Rainfall data were obtained from station 363, administered by the Ceara Foundation for
Meteorology and Water Resources (FUNCEME). The historical series available from 1974 to
2022 was considered. The maximum annual precipitation for this period was used for
hydrological modeling. To estimate precipitation for return periods of 25, 50, and 100 years, the
Log Pearson Type III distribution was used, which was validated through the
Kolmogorov-Smirnov test at a 5% significance level (¢ = 0.05). The values of the maximum
daily precipitation are presented in Table 3.

Table 3 — Maximum daily precipitation (mm) for different return periods
Return period (years) Maximum daily precipitation (mm)

25 184.87
50 206.93
100 229.28

Source: FUNCEME (2022)

According to Torrico (1974), Fortaleza-CE is in Isozone C, which represents a maritime
influence zone with mild rain coefficients. To determine the rainfall based on duration, intensity,
and frequency, the rainfall data from FUNCEME station 363 were used, applying the
coefficients proposed by Torrico (1974) for one hour and six minutes. The discretized rainfall
values are presented in Table 4.

Table 4 — Discretized precipitation (mm) over time for different return periods
Precipitation (mm)

Return period (years)

1 day 24 hours 1 hour 6 minutes
25 184.87 203.36 79.72 19.93
50 206.93 227.62 88.32 22.31
100 229.28 252.21 96.85 22.19

Source: research data

For the modeling of peak flooding in the macro drainage system, a concentration time (t)
of 1.09 hours was adopted, corresponding to the duration of the design rainfall. The adopted
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concentration time was the one found by Bezerra (2007) for the basin analyzed by the kinematic
method, due to the existing drainage system. Therefore, to determine the design precipitation
(P), the Intensity Duration Frequency (IDF) equation was generated from the 24-hour and
1-hour rainfall data, as the concentration time falls within this interval. Table 5 presents the
equations for return periods of 25, 50, and 100 years.

Table 5 — IDF equation for different return periods

Return period (years) Equation IDF
25 P(t) = 38.904In(t) + 79.72
50 P(t) = 43.8321In(t) + 88.32
100 P(t) = 48.885In(t) + 96.85

Source: research data

Thus, the design precipitation was estimated for a time of 1.09 hours. The effective
precipitation was determined using the method proposed by SCS (1975), through the area curve
numbers of the watershed. The rainfall simulation was performed for soil types “A,” “B,” “C,”
and “D” with their projections under both impermeabilized conditions and with the application
of permeable pavements.

According to ANA (2018), Group A consists of seils with low runoff potential and high
infiltration rates (minimum infiltration rate of 7 mm/h). Group B has a moderate infiltration rate
with a minimum infiltration rate of 3.81 mm/h. Group C soils have a low infiltration rate, with a
minimum infiltration rate of 1.27 mm/h. Group D represents soils with high runoff potential and
very low infiltration rates (less than 1.27 mm/h). Table 6 presents the curve number values
considered for the region in each scenario.

Table 6 — Curve number of urban components
Curve number

Soil region Waterproofed Permeabilized
A B C D A B C D
Road system 98 98 98 98 72 82 87 91
Sidewalks 98 98 98 98 72 82 87 91
Medians 98 98 98 98 72 82 87 91
Public squares 49 69 79 84 39 61 74 80
Parks 49 69 79 84 39 61 74 80
Blocks 77 85 90 92 77 85 90 92

Source: research data

2.6 Evaluation of locations for the application of permeable pavements in Fortaleza-CE

Based on the results of 300 georeferenced soil absorption index tests, a map of Fortaleza
was generated, separating regions with soil types “A,” “B,” “C,” and “D,” according to the
criteria adopted by ANA (2018). The determination of soil absorption was carried out during
2017 following the ABNT NBR 7229 (ABNT, 1993) standard. It was assumed that each test had
an influence radius of 500 meters to ensure coverage of the map area. In locations where there
was an overlap of the influence area, the soil with the higher surface runoff was given
precedence. This allows for the compatibility of the different performances obtained in
hydrological modeling for soil types “A,” “B,” “C,” and “D” with the application areas in
Fortaleza. From these data, a mapping of the most favorable areas for the implementation of
permeable pavements was generated.

3 Results and discussion

This section presents and discusses the main findings of the study, structured into three
complementary analyses. First, the permeability performance of the concrete slabs is evaluated,
considering the effects of clogging. Next, the hydrological modeling conducted for sub-basin
A6 in Fortaleza is analyzed to assess the impact of permeable pavements on peak flow reduction
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under different scenarios. Finally, spatial mapping is used to identify priority locations for the
application of permeable concrete pavements, supporting decision-making for urban flood
mitigation strategies.

3.1 Permeability analysis of concrete slabs

Tables 7 and 8 present the results of the infiltration tests, respectively, without and with
the insertion of the geotextile, under the three conditions considered: (i) virgin (ii) after the
clogging process; (iii) cleaned, after maintenance. For each slab and each scenario tested, two
infiltration tests were performed and the average was considered. It should be noted that slabs 2,
4, and 5 were excluded from the analysis due to the occurrence of cement paste bleeding, which
directly affects the permeability of the slabs. This effect can be attributed to the vibration and
compaction process of the samples, which may have generated segregation of the concrete
components. Bonicelli, Giustozzi and Crispino (2015) indicated that randomness in the
compaction process, as well as the presence of excess fine material, can influence the
permeability of porous concrete because it affects the quantity and distribution of voids. For the
calculations of the mean (u), standard deviation (o), and Coefficient of Variation (CV), the
values related to the slabs with bleeding were excluded.

Table 7 — Permeability (k) of concrete slabs without geotextile
k (102 m/s) — Without geotextile

Batch Slab No.
(i — virgin) (ii — clogging) (iii — clean)

1 6.98 1.71 5.13
5 _ _ _

3 8.04 0.81 4.83

: M 7.51 1.26 4.98

G 0.75 0.64 0.21

CV (%) 9.99 50.79 426

7 7.97 0.61 2.57

8 7.40 0.66 2.88

9 7.07 0.81 2.88

2 M 7.48 0.69 2.78

G 0.46 0.10 0.18

CV (%) 6.09 15.01 6.45

Source: research data

According to ABNT (2015), for a concrete pavement to be considered permeable, it must
have a permeability greater than 1.00 x10° m/s when newly constructed, a condition that all
slabs evaluated in this study met. However, with the simulation of the clogging process, 9 slabs
showed permeability lower than the recommended value. After the maintenance process,
however, all slabs reached the minimum threshold, except for slab 5 of batch 1.

The variation in the permeability of the permeable concrete slabs may be associated with
the randomness with which the compaction energy was applied during their molding process,
with the aggregate rearranging due to the overlap of compaction energy (Bonicelli; Giustozzi;
Crispino, 2015). Even when the drop height of the hammer and the number of blows is kept
constant, this effect can be observed.

Table 8 — Permeability of concrete slabs with geotextile
k (10" m/s) — With geotextile
(i — virgin) (ii — clogging) (iii — clean)
4 _ _ _

Batch Slab No.

_1_
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k (102 m/s) — With geotextile

Batch Slab No.

(i — virgin) (ii — clogging) (iii — clean)
5 — — —
6 7.10 0.53 3.61
M _ _ _
G _ _ _
CV (%) - - -
10 11.23 0.65 2.50
11 11.54 2.34 2.15
12 13.27 1.78 2.16
2 n 12.01 1.59 2.27
c 1.10 0.86 0.20
CV (%) 9.15 54.14 878

Source: research data

The virgin slabs have lower dispersion. For all scenarios (with and without geotextile),
permeability showed a CV below 10%. The clogged slabs.exhibited greater dispersion, with CV
values above 50% for slabs 1 and 3, and 15% for slabs 7, 8, and 9. After the maintenance
process, the permeability values again showed a CV below 10% in. all scenarios, indicating
reduced dispersion. A possible explanation may be linked to the randomness throughout the
clogging process, as there is no control over a preferred pathway for pore filling by the clogging
material. Sandoval et al. (2022) pointed out that the accumulation of sediments (clogging)
prevents the water flow to pass through the interconnected pores. However, the distribution of
the sediments is unpredictable, as it depends on size distribution of the clogging material as well
as the size and distribution of the pores which influences permeability variation after clogging.

In the scenario with the insertion of the geotextile membrane, there is an average
reduction in permeability under the clogged condition, compared to the virgin slab, of 92.01%.
After maintenance, the slabs showed an average permeability reduction of 75.82% compared to
the virgin slabs. In the condition without the geotextile membrane, permeability decreases under
the clogged condition by 87.49% compared to the virgin slabs, and in the post-maintenance
situation, the slabs showed an average permeability reduction of 49.29% compared to the virgin
condition. Thus, it is verified that the insertion of the geotextile membrane, for the case
evaluated in<this study, did not create benefits regarding the permeability of the slabs after
clogging or after maintenance. It was expected that the presence of the geotextile one-third of
the concrete slabyi.e., close to the surface, would facilitate the accumulation of sediments which
could be sucked by the cleaning process. Consequently, it would be favorable to keep the
permeability values always close to the original one (virgin concrete slab). However, this
behavior was not observed. It is possible that part of the clogging material remained on the
geotextile even after cleaning which affects the water flow.

It should be noted that when comparing the permeability of the concrete slabs with the
hydrological classification of soils (ANA, 2018), the slabs without bleeding in their virgin
condition and after maintenance displayed permeability consistent with type A soil, which is
highly permeable and allows significant infiltration, typically composed of sandy soils that
facilitate water absorption. In clogged conditions, slabs 1 and 12 matched the permeability of
type B soil, which has moderate infiltration, generally a mix of sand and clay, allowing for some
infiltration but also generating some surface runoff. The remaining slabs were similar to type C
soil, which has low permeability and is often composed of clayey soils, leading to minimal
infiltration and increased surface runoff. This analysis confirms that the permeable pavement,
whether virgin or cleaned, is effective in reducing flood peaks for all foundation soil types and
does not limit infiltration.

The results presented in Tables 7 and 8 highlight the influence of clogging and
maintenance on the permeability of slabs with and without geotextile. While all virgin slabs met
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the minimum permeability required by ABNT (2015), a significant drop was observed after the
clogging simulation. In slabs with geotextile, the permeability decreased by 92.01% under the
clogged condition and remained 75.82% lower even after the cleaning process. In comparison,
slabs without geotextile showed an average reduction of 87.49% after clogging and 49.29%
after cleaning, relative to the virgin condition.

To better understand this hydraulic behavior, computed tomography was applied to
investigate the internal structure of the slabs. A total of six specimens were analyzed,
comprising three slabs with geotextile and three slabs without geotextile. The porosity values
reported correspond to the average of each group. As illustrated in Figure 5, slabs with
geotextile (A and B) showed greater overall porosity (48%, on average); however, the presence
of the membrane appeared to disrupt the interconnection between pores, particularly in the
upper third of the slab (Lima et al., 2024). This interruption may have hindered water flow
through the structure, contributing to lower permeability even after the cleaning process. In
contrast, slabs without geotextile (C and D) displayed a more continuous and interconnected
porous network, with an average porosity of 15%, which explains the better recovery of
permeability following maintenance (Lima ef al., 2024). These findings reinforce that pore
connectivity is more critical to permeability than porosity alone, as noted by Du Plessis et al.
(2016).

Figure 5 — Tomographic analysis of PCP slabs with and without geotextile membrane: (a) Sagittal section
and (b) 3D reconstruction of slab with geotextile membrane (PPCP-CG); (c)-Sagittal section and (d) 3D
reconstruction of slab without geotextile membrane (PPCP-SG)

() (d)

Source: adapted from Lima et al. (2024)

The tomographic images provided evidence of this structural difference, supporting the
hypothesis that the membrane insertion, while increasing total porosity, compromises the
hydraulic efficiency of the slab by interrupting pore paths. Thus, tomography served as an
essential tool to correlate microstructural characteristics with infiltration performance,
especially under clogging and recovery conditions. The efficiency of water infiltration depends
on the existence of a continuous “percolation backbone.” According to Neithalath,
Sumanasooriya and Deo (2010), even if a material exhibits high total porosity, its permeability
can be significantly low if the pores are not well-interconnected. The lack of connectivity forces
the fluid to follow a more winding and longer path, a phenomenon quantified as tortuosity. High
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tortuosity increases the internal resistance to flow and reduces the velocity of the water passing
through the slab. Permeability is often limited by the size of the smallest openings between
larger voids, known as pore throats. Sumanasooriya and Neithalath (2011) demonstrate that
these “bottlenecks” control the overall flow rate. In the context of your study, the insertion of a
geotextile may create localized gaps at the interface increasing the total void volume recorded in
tomographic scans but simultaneously obstruct these critical pore throats. This structural
disruption interrupts the hydraulic paths, effectively clogging the material from the inside
regardless of its total air content.

3.2 Hydrological modeling in sub-basin A6 in Fortaleza-CE

The curve number (CN) for type A soil was 80.28 in the impermeable condition and
74.63 in the permeable condition, showing a difference of 7.0%. For type B soil, the CN values
were 87.08 in the impermeable condition and 83.54 in the permeable condition, with a
difference of 4.0%. Type C soil had a CN of 91.24 in impermeable condition and:88.82 in the
permeable condition, representing a difference of 2.6%. The values of 92.94 and 91.37 represent
the CN for type D soil in the impermeable and permeable conditions, showing.a difference of
1.7%. Therefore, the percentage reduction depends on the soil type, with a greater.impact on
type A soil, reaffirming the importance of soil type in the efficiency of implementing permeable
pavements.

However, it is noted that, regardless of the soil type, there is'an improvement compared to
the impermeable condition. Therefore, an analysis of each scenario where permeable pavements
will be applied is necessary. Thus, Figures 6 and 7 present the peak flows for different soil
types, for each return period, in both impermeable and permeable scenarios, respectively.

For a return period of 25 years, there is a reduction in peak flow between the
impermeable and permeable conditions of 32%, 16%, 10%, and 6% for soil types A, B, C, and
D, respectively. Evaluating the return period for 100 years, there is a decrease of 26%, 14%, 8%,
and 5% in soil types A, B, C, and D, respectively. Thus, the influence of the soil type on which
the permeable pavement will be implemented on its efficiency in reducing flood peaks is
evident. The results found are consistent with the data presented by Drake, Bradford and Van
Seters (2014), who found that‘increasing the fines content reduces the flood peak attenuation
capacity.

It is noted that the permeable pavement applied to soil type A has a performance four
times higher than that installed on soil type D for all evaluated return periods. Soil type B
showed, for all evaluated return periods, a percentage reduction in peak flow greater than 10%,
while soil type C did not show a significant percentage reduction in peak flow for any return
period.

For a return period of 50 years, the peak flow in soil type A in an impermeable condition
is lower than the peak flow for the same return period in soil types B, C, and D in a permeable
condition. Soiltype B, for the 50-year return period in an impermeable condition, presents a
peak flow lower than that obtained for soil types C and D in a permeable condition for the same
return period. Comparing, for the 50-year return period, soil type C in an impermeable scenario
and soil type D in'the permeable scenario, a percentage difference of 0.5% is found.

Furthermore, the peak flow for a 100-year return period in a permeable condition in soil
type A is lower than the peak flow in a permeable condition for a 25-year return period in soils
B, C, and D. For soil type B, with a 100-year return period, in a permeable condition, the peak
flow is lower than the scenario of soil type D with a 25-year return period in a permeable
condition. It is emphasized that the obtained results refer to the specifically analyzed basin;
however, they allow for the observation of behavioral trends. Overall, the results indicate that
soils with higher infiltration capacity (e.g., type A) significantly reduce peak flows even under
extreme rainfall events, while soils with lower permeability (types C and D) show limited
hydrological benefits, even with the implementation of permeable pavements. This
demonstrates that the effectiveness of permeable pavements is strongly dependent on subgrade
soil characteristics, with greater flood mitigation potential in areas with favorable infiltration
conditions. Additionally, the results highlight that, although permeable pavements contribute to

Rev. Principia, Jodo Pessoa, v. 63, Early View (serd revisado e diagramado)



peak flow attenuation, their performance may be insufficient to fully offset the impacts of
urbanization in low-permeability soils under high return period events.

Figure 6 — Peak flow (m?/s) for each soil type at impermeable substrate
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Figure 7 — Peak flow (m?/s) for each soil type at permeable substrate
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3.3 Mapping locations for the application of permeable concrete pavements in Fortaleza

From the analyses previously carried out, it was found that the type of soil in the region
enhances the performance of permeable pavements when applied in locations where the soil
promotes a greater infiltration process of rainwater. Thus, the A6 sub-basin analyzed in this
research is in the maritime drainage basin, situated in the coastal region of Fortaleza, with soil
that presents a high infiltration rate. Figure 8 presents the map of Fortaleza constructed based on
the 300 infiltration results and the respective soil classifications.

Figure 8 — Map with soil type classification in Fortaleza for different river basins
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By analyzing Figure 8, soil C is the predominant type found in Fortaleza. However, in the
coastal area, there is a higher concentration of type A and B soils. In contrast, as one moves
away from the coastal area, there is an increase in the frequency of type D soil.

Thus, according to the data obtained from the surveys, the Maranguapinho River basin
and the Coco River basin predominantly contain type C soil. In the Coc6 River basin, type A
and B soils are also observed in the coastal region, and type D soil becomes more prevalent
further inland, while in the<Maranguapinho River basin, only type C soil was observed. The
maritime drainage basin was the only one that predominantly presented soils with higher
infiltration potential, such as type A and B soils. Therefore, this is the most suitable location for
the application of permeable pavements in Fortaleza. It is important to note that this
consideration cannot be generalized to the entire city, as there is lack of data obtained from the
Pacoti River basin. Furthermore, urban planning and geotechnical constraints were not
considered in this study and may influence the feasibility of implementation.

4 Conclusions

This study evaluated the influence of implementing permeable pavements under different
conditions on the peak flow of an urban drainage system, advancing previous research by
integrating experimental clogging analysis, permeability characterization, and hydrological
modeling to assess how different subgrade soil types affect the effectiveness of permeable
pavements in urban flood mitigation. The main contribution of this study is the integration of
laboratory experiments, tomographic analysis, and hydrological modeling, enabling the
correlation between pore-scale changes caused by clogging and their impacts on permeability
and peak flow reduction at the urban drainage scale.

The results showed that the insertion of a geotextile membrane in the slabs did not
improve the permeability rate under clogged conditions, not even after maintenance by suction.
The slabs analyzed do not present a limitation for infiltration under the virgin condition and
after maintenance, as they meet the minimum infiltration criteria. Regarding the clogging and
cleaning process of the concrete slabs, further investigation is needed on the internal pore
structure and the effectiveness of alternative cleaning strategies, such as high-pressure water
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jetting, mechanical sweeping, and combined vacuum-washing methods. In addition, although
the tomographic analysis provided insights into pore distribution and connectivity, further
studies are required to better understand the spatial distribution of clogging within the pore
network, the depth of particle penetration, and the evolution of pore blockage over time.

It was found that the application of diffuse permeable pavements over a watershed can
significantly reduce peak flows, and this effect is optimized when applied over more permeable
soils. For the A6 sub-basin in Fortaleza, peak flow reductions of up to 20% were obtained with
the application of permeable pavements. Due to the magnitude of the differences in flows with
the change in soil type, it became evident that it is necessary to evaluate the locations where
permeable pavements will be applied. In soils with low infiltration potential, the hydrological
modeling results showed only limited reductions in peak flow compared to higher permeability
soils, indicating that the effectiveness of permeable pavements for peak flow attenuation may be
constrained under these conditions. However, it is important to note that permeable pavements
can still provide additional benefits, such as reduction of total surface runoff volume,
improvement of stormwater quality through filtration processes, and potential contribution to
groundwater recharge.

Finally, the most suitable locations for the application of permeable pavements were
found to be in the coastal region of the analyzed sub-basin, given the higher infiltration potential
of the soil, and this result should not be generalized to the entire-municipality of Fortaleza.
However, every location has its peculiarities, making it necessary to refine the map generated
for better accuracy by increasing the number of samples and developing new maps for other
locations to more accurately select the preferential ‘areas®for the application of permeable
pavements. It should be noted that the results obtained in this study refer to the analyzed basin,
and it is recommended to evaluate peak flow reduction for other basins where permeable
pavement can be implemented, considering the soil type and the available area for applying the
investigated solution. Besides, for future studies it is suggested to evaluate the impact of lateral
confinement on water flow in permeable concrete to maximize the effect of the porous
pavement.
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