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Abstract: Pervious concrete has great potential for use in many practical applications as a part of
urban facilities that can add value through water harvesting and mitigating severe damage from
floods. The construction and agricultural industries can take direct advantage of pervious concrete’s
characteristics when water is a key factor included in projects as part of the useful life of a facility.
Pervious concrete also has applications in vertical constructions, fountains, and pedestrian crossings.
This work evidences that pervious concrete’s corrosion current increases with increasing aggregate
size. Also, corrosion is a factor to consider only when steel pieces are immersed, aggravated by the
presence of chlorine, but it drains water and does not retain moisture. Steel-reinforced pervious
concrete was studied, and the grain size of the inert material and the corrosion process parameters
were investigated. The electrochemical frequency modulation technique is proposed as a suitable
test for a fast, reproducible assessment which, without damaging reinforced cement structures,
particularly pervious concrete, indicates a trend of increasing corrosion current density as the size of
the aggregate increases or density diminishes.

Keywords: pervious concrete; aggregate size; corrosion; electrochemical frequency modulation

1. Introduction

The term pervious concrete describes a hardened material with interconnected pores
composed of Portland cement, coarse aggregates, water, few to no fine aggregates, and ad-
ditives [1,2]. Pervious or porous concrete is 15% to 35% in void content, with interconnected
pores varying in size from 2 to 8 mm and compressive strength in the range from 5 N/mm
(5 MPa or 725.189 psi) to 30 N/mm (4351.13 psi), which is M5–M30-grade concrete [3]. Its
drainage speed depends on the size of the aggregate and the density of the mixture, but it
is generally between 81 and 730 L/min/m2 [4].

The water/cement and aggregate/cement ratios are the most critical variables affecting
the mechanical properties of pervious concrete. A high amount of cement produces a higher
resistance in pervious concrete, but this affects the permeability of the concrete because it
decreases the percentage of interconnected voids. The aggregates in pervious concrete can
be natural coarse aggregates (NCAs), manufactured fine aggregates (MFAs), and artificial
coarse aggregates (ACAs). Alternatively, fine aggregates and fibers can be added. Usually,
research focuses on knowing the relationship between the size, type, and proportion of
aggregates and the characteristics of pervious concrete. Certainly, increasing the air vacancy
ratio of pervious concrete reduces its compressive strength regardless of the material or
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particle size [5]. For example, increasing the vacancy ratio by about 10–30% could decrease
the compressive strength by about 40–60%.

There are numerous studies incorporating waste materials, such as industrial and
agricultural wastes, glass granule powder or silica fume [6], municipal solid incinerator
bottom ash [7,8], rubber [7], copper or steel slag [9], ground granulated blast furnace slag
(GGBFS) [8], artificial aggregates, and various by-products, into pervious concrete. Many
recycled construction aggregates, such as bricks and concrete [6], have been incorporated
into pervious concretes, and others include basalt, limestone, travertine, and pumice
aggregates [9,10].

Recycled aggregate concrete (RAC) can use construction and demolition (C & D)
wastes [11]. The substitution of natural aggregates with recycled aggregates (RAs) increases
sustainability for recycled aggregate pervious concrete (RAPC or PRAC) by reducing the
concrete’s carbon footprint and promoting a circular economy with the aim of mitigating
climate change [12]. There are challenges to overcoming the RA-limiting characteristics
of PRAC applications, such as size, irregular particles, and paste adhesion limits. Ma
et al. [13] proposed a carbonation treatment process for RAs using CO2, variations in the
slurry/aggregate ratio, and a two-step method for carbonation strengthening. Nonethe-
less, improved mechanical characteristics were obtained in RAPC mixtures when the
slurry/aggregate ratio increased, but this decreased the permeability performance. The
added carbonation step improved the splitting tensile strength while maintaining the mate-
rial’s compactability and permeability. Notably, almost 58% of the carbon emissions from
the production process were utilized rather than adding CO2 to the process.

In pervious concrete, it is advisable to use partial Portland cement substitutions for poz-
zolanic materials, such as fly ash and silica fume [8], which comply with
ASTM C618-22 [14] and C1240-20 [15] standards, respectively [16].

The incorporation of low-cost materials into pervious concrete for improving mechan-
ical performance is also extended to natural or synthetic fibers, such as high-strength glass
fibers [17,18], carbon fibers, cured carbon composite fibers, date palm leaf fibers [19], palm
oil kernel shell fibers [20], cellulose fibers, natural kenaf fibers, steel fibers [18], copper-
coated fibers, amorphous metallic fibers, hemp fibers, seashell fibers [20], polypropylene
fibers [9], polyolefin fibers, polyester fibers, polyethylene fibers, ferro-green, green-net
fibers, polyvinyl alcohol fibers, polyvinyl chloride fibers, recycled rubber fibers, waste plas-
tic fibers, Kevlar fibers, polyacrylonitrile fibers, waste cloth strip barchip fibers, basalt fibers,
etc. [21] Steel and polypropylene fiber inclusion increases abrasion and permeability perfor-
mance, respectively [9]. Also, fiber addition can improve the mechanical characteristics of
RAPC [5]. Fiber variables include the fiber type, length, aspect ratio, and volume fraction.
These impact pervious concrete properties, such as compressive strength, flexural strength,
splitting tensile strength, thermal conductivity, and void content or permeability [2,21].

In recent years, the use of pervious concrete has been increasing in the concrete
industry due to higher social consciousness regarding environmental protection. One of its
significant effects on the natural water cycle in urban constructions and land communication
routes is blocking the infiltration of runoff water, which is further aggravated by the high
extraction rate to cover the immediate needs of nearby or distant populations. Moreover,
rainfall in urban areas with extensive land cover causes sudden accumulations, ponding or
flooding, and strong currents that cause accidental deaths. Pervious concrete represents
a single inexpensive solution to some expensive multivariable problems. Additionally,
in some instances, compared to conventional pavement, pervious concrete presents a
lower cost for its manufacture and application. In some cases, pervious concrete can even
substitute the construction of storm drains [22–24].

Few studies have been conducted on the behavior of reinforcing steel in permeable
concrete, which is a driving force for working on this issue because reinforced permeable
concrete is an option as a construction material in terms of costs and environmental care.

There are reports of pervious concrete with additional intended properties such as
heavy metal absorption [20,25]. Chen et al. [26] and He et al. [27] used red mud geopolymer-
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based pervious concretes to study heavy metal removal from water with adsorptions of Pb,
Cd, Cu, and Cr of about 40–85% and about 30–50%, respectively.

Geopolymers have been used in pervious concrete preparation and are an alternative
binder material to Portland cement [28,29]. Zhou et al. [30] used an alkaline activator at
40%, a mass ratio of 1:5 between the geopolymer binder material and a coarse aggregate,
and a mass ratio of 0.35 between the alkali activator solute (sodium hydroxide and sodium
silicate) and metakaolin. They observed a trend in the compressive strength and splitting
tensile strength that first increased and posteriorly decreased by increasing the modulus
of the alkali activator. Also, the pervious concrete decreased in strength with a higher
concentration of alkali activator and ratio of a polymer binder to crude aggregate.

Phase change materials have been incorporated into pervious concrete for thermal
energy storage, transference, and dry cooling applications [31]. Yan et al. [32] studied the
heat transfer performance of micro- and macro-encapsulated calcium chloride hexahydrate
in a dry air cooling system with thermal capacity increases from 20.0 to 49.2 kWh/m3 in
charging and from 20.3 to 43.6 kWh/m3 in discharging.

The electrochemical frequency modulation (EFM) technique has the capability to
provide a fast, reproducible, damage-free analysis in the field, providing insight into
the corrosion current, the corrosion potential, and the corrosion rate. Nonetheless, only
about 1138 articles related to this electrochemical technique (SCOPUS), about 15 related
to reinforced concrete, and none related to pervious concrete [33–35] were found. In this
work, we propose that the EFM technique is feasible for the fast and accurate assessment of
corrosion behavior, which is required in practical studies of reinforced concrete. Our EFM
results were corroborated by Tafel curves.

In this work, based on the above and to provide durability and efficiency to reinforced
pervious concrete (herein named RPC), the sizes of the coarse aggregate were varied to
determine the smallest granulometry that should be used to avoid retaining moisture and
thus reduce the corrosion process in reinforcing steel.

2. Experimental
2.1. Design and Elaboration of Concrete Specimens

The cement used to make the mixture was Type I composite Portland cement, produced
according to ASTM C150-07 [36]. For the production of specimens, a thick aggregate was
used with granulometries of No. 4 (4.75 mm), No. 3/8′′ (9.525 mm), No. 1/2′′ (12.7 mm),
No. 5/8′′ (15.875 mm), and No. 3/4′′ (19.05 mm). The conventional concrete absorbed 2.41%
and had a compacted dry density of 2360 kg/m3, as specified in the ASTM C33/C33M-18
standard [37].

The mixing water for the concrete complied with ASTM C1602/C1602M-22 [38]. As
specified in ASTM C494/C494M [39], a fluidizing water-reducing SIKA brand (SikaCem
40b) additive was used for mixtures of permeable concrete with aggregates with various
granulometries.

The materials were used to manufacture conventional concrete, and a fine aggregate
was added. Specimens were prepared according to the ASTM C 33 standard [37]. A fine
aggregate with a fineness modulus of 2.68, a mass density of 2.645 kg/m3, and absorption
of 4.1% was used.

A sand graduation in which one or two particle sizes predominate was avoided,
resulting in a high vacuum content and requiring a higher amount of cement–sand paste
to produce a workable mixture. Maximum workability was achieved when the separate
sizes of sand formed a smooth curve within the granulometric limits. Figure 1 shows the
materials used to make conventional concrete.

The elaboration of samples for electrochemical tests consisted of seven groups of
cylindrical specimens (six groups of permeable concrete and one of conventional concrete).
The cylinders were 10 cm in diameter with a height of 20 cm. The rod was No. 3 (3/8′′),
with a length of 30 cm and with 18 cm embedded in the concrete. The steel was protected
using epoxy paint in the concrete–steel interface zone. Figure 2 shows the geometry of the
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specimens, of which six groups of permeable concrete (No.4, 1/4′′, 3/8′′, 1/2′′, 5/8′′, and
3/4′′) were used for permeability tests.
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Permeable concrete with six different aggregate sizes and conventional concrete specimens
with 3/4′′ crushed gravel were manufactured. Table 1 shows the corresponding dosages.

Table 1. Materials used to prepare conventional and pervious concretes.

Concrete Type Maximum
Aggregate Size

Cement
(kg/m3)

Coarse Aggregate
(kg/m3)

Fine Aggregate
(kg/m3)

Water
(kg/m3)

Additive
(kg)

Conventional ¾′′ 349 1095 698 224

Pervious

No. 4 350 1638 122 1.4
1/4′′ 345 1648 120 1.38
3/8′′ 342 1653 119 1.36
1/2′′ 334 1667 117 1.33
5/8′′ 329 1676 115 1.31
3/4′′ 323 1686 113 1.29

2.2. Preparation of Cylindrical Specimens of Permeable Concrete

The specimens were prepared in accordance with the ASTM C31/C31M-23 stan-
dard [40], which outlines the procedures needed to prepare and cure cylindrical concrete
specimens. The molds were filled into three layers of an equal volume. Enough concrete
was added in the last layer so that the mold was full after compaction. For the compaction
of permeable concrete, each layer was compacted with 25 rod penetrations which were
distributed in a spiral shape ending in the center [40].

The permeable and conventional concrete mixtures were made according to the NMX-
C-159-ONNCCE-2016 standard [41]. The concrete was prepared in a tilting drum concrete
mixer (Figure 3a) which was previously moistened. The coarse aggregate and about half
of the water were placed inside and left to stir at about 20 rpm for 1 min. Then, cement,
sand, additive, and the rest of the water were placed inside, leaving the mixture to stir at
about 20 rpm for 3 min. Subsequently, it was left to stand for 3 min and covered with a bag
to prevent water evaporation. Then, the revolver was turned back on for 2 min to better
integrate the materials.

The specimens were removed from the molds between 18 h and 24 h after molding
(Figure 3b). They were labeled using nomenclature based on their characteristics for
identification. The specimens were placed in a curing room, where they remained for
28 days [41], Figure 3c,d. The compressive strength was tested in a 30-ton “Tinius Olsen”
universal machine.

2.3. Permeability Test

Permeability tests were performed to ensure that the manufactured permeable concrete
specimens complied with the determined permeability coefficient in the 0.2 to 0.54 cm/s
range. Figure 4 shows the variable-load permeameter used to determine the permeability
coefficient according to the ACI 522 standard [16].

2.4. Electrochemical Tests

Corrosion tests were carried out as a reference for comparison after the preparation
of the specimens by immersing them in a prepared solution of 5% sodium chloride to
accelerate the corrosion process in the reinforcing steel (Figure 5a). The exposure of the
specimens consisted of a cycle in which the specimens were immersed for three days in the
aggressive medium and remained outside for the next four days. The process was repeated
during the research period to study the steel’s behavior against the action of chloride [42].

This research aimed to obtain the corrosion rate through two electrochemical tests:
Tafel curves and electrochemical frequency modulation (EFM). The electrochemical tests
were conducted using a three-electrode electrochemical cell configuration and a potentiostat–
galvanostat Gamry Reference 3000. The specimens exposed to the aggressive medium were
studied and analyzed for 41 days to determine the behavior of the corrosion kinetics of the
reinforcing steel.
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Figure 4. Variable-load permeameter.

To carry out the Tafel curve technique, a potential range of −200 mV to +200 mV was
used as a parameter, with a scanning speed of 10 mV/min (Figure 5b). The electrochemical
frequency modulation technique used a frequency A of 2 Hz, a frequency B of 5 Hz, an
amplitude of 10 mV, and 4 cycles as parameters (Figure 5c). A steel rod in the specimen
was used as the working electrode, a graphite bar was used as the counter electrode, and
a Calomel electrode was used as a reference. Figure 5b,c show the electrochemical cell
components used to conduct the tests.
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3. Results and Discussion

Figure 6a shows the five types of pervious concrete specimens with different aggregate
sizes and the two reference cylinders of conventional concrete in a row. Figure 6b directly
compares the pervious (No. 4) and conventional concrete specimens. Figure 6c presents
a detailed view of the steel rebar embedded in pervious concrete with a part uncovered
by the concrete coarse aggregate. These images show a single half-piece of each type of
specimen after the corrosion tests. It is possible to observe the conditions of the rebars,
which were completely covered by corrosion residue in the form of red rust on the pervious
concrete specimens. Comparatively, under the same corrosion test conditions, between the
end of the concrete and the painted segment, only a small part on top of the conventional
concrete specimens showed corrosion products.

3.1. Simple Compressive Strength Tests

Simple compressive strength tests were performed to corroborate that the specified
strength was met. Figure 7a–d shows the tested specimens. Table 2 shows the results
obtained for two tests for each aggregate size. These were in accordance with other
published works that indicate that compression strength is more related to voids and
the binding material used [1,43,44]. The compressive strength values show that all the
specimens were within the range of 65–82 kg/cm2, between M5- and M10-grade concrete.
The conventional concrete used as a reference had a compressive strength of 180.3 kg/cm2,
which was in the middle between M15- and M20-grade concrete. So, the results show
that the obtained values were within the specified range. The tendency in the permeable
concrete specimens was that the smaller the aggregate used, the higher the strength of
the cylinder.
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Table 2. Simple compressive strength of the evaluated specimens.

Aggregate
Compressive Strength

[kg/cm2] [N/mm2] Standard Deviation

No. 4 82.1 8.05 0.35
1/4′′ 74.8 7.34 7.50
3/8′′ 72.5 7.11 4.10
1/2′′ 75.0 7.35 1.20
5/8′′ 69.6 6.83 2.62
3/4′′ 65.5 6.42 1.56
Ref. 1 180.3 17.68 3.18

3.2. Permeability Coefficient Tests

Permeability tests were carried out using a variable-load permeameter to determine
whether the permeable concrete specimens were within the range to be considered perme-
able. Table 3 shows the permeability coefficient values obtained in the test for two tests for
each aggregate size. Each of the samples was tested at two different water level heights.
The permeability coefficient of pervious concrete should be in the range of 0.2 to 0.54 cm/s.
Therefore, when analyzing the values obtained, it can be noted that all specimens are within
this range according to the ACI 522 [16]. The permeability of the specimen increases as
the size of the inert aggregate increases, which is related to the structure formed in each
specimen depending on the aggregate size.

Table 3. Permeability coefficients of specimens.

Aggregate Height 1 Height 2 K Average (cm/s)

No. 4 0.32 0.31 0.31
1/4′′ 0.36 0.35 0.36
3/8′′ 0.38 0.40 0.39
1/2′′ 0.36 0.36 0.36
5/8′′ 0.49 0.51 0.50
3/4′′ 0.50 0.54 0.52

3.3. Corrosion Currents of Steel Rebars in Pervious Concrete vs. Density

The density of each specimen analyzed was determined (Table 4). These values were
compared with the corrosion values to observe the correlation between the concrete density
and the behavior of the concrete with respect to steel corrosion.

Table 4. The weight and density of the cylindrical specimens. Final icorr vs. aggregate size, measured
using EFM and Tafel curves.

Aggregate
Size

EFM Icorr Final
[µA/cm2]

Tafel Icorr Final
[µA/cm2]

Weight
[kg]

Density
[kg/m3]

Moisture
Content

[%]

Volume
[L]

Volume
[m3]

No.4 238.45 24.02 2.91 2694.44 1.75 1.08 0.0011
1/4′′ 234.98 45.29 2.88 2691.59 1.70 1.07 0.0011
3/8′′ 170.9 23.84 2.80 2692.31 1.59 1.04 0.0010
1/2′′ 174.88 57.21 2.71 2683.17 1.55 1.01 0.0010
5/8′′ 220.13 45.1 2.70 2673.27 1.47 1.01 0.0010
3/4′′ 260.77 68.39 2.67 2670 1.47 1.0 0.0010
Ref. 1 4.3 0.57 3.54 2360 2.41 1.5 0.0015
Ref. 2 5.87 0.52 3.65 2354.84 2.15 1.55 0.0016

Table 4 shows the weight and density of each of the cylindrical specimens. The
volumes were measured by immersing the specimens in water. Concrete density is usually
about 2400 kg/m3. The increase in the density of the pervious concrete, considering that
the voids were not included, was attributed to the coarse aggregates, which were denser.

Table 4 also shows the icorr associated with variations in aggregate size measured using
both techniques: electrochemical frequency modulation and Tafel curves. It is noticeable
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that corrosion increased as the aggregate size increased using both techniques. Also, icorr
diminished as the concrete density decreased.

3.4. Electrochemical Frequency Modulation Tests for Corrosion Current Density icorr

EFM can offer a quick, repeatable, damage-free analysis that provides information on
the corrosion potential, corrosion rate, and corrosion current. In this work, we verify the
corrosion behavior of steel-reinforced concrete using EFM and Tafel curves. In the same
way, conventional reinforced concrete specimens were evaluated.

Figure 8 shows the behavior of each of the reinforced permeable concrete samples
in terms of corrosion density over time using the EFM technique. The specimens were
analyzed weekly for 50 days. The corrosion current densities were much lower in reference
specimens compared to permeable concrete specimens. So, the corrosion rate is higher.
Also, the corrosion values increase from the first day of the analysis to the last day.
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The conventional concrete specimens showed a corrosion current density two orders
of magnitude lower than the previous ones. This fact is ascribed to the highly alkaline
environment that passivates the rebars and differences in permeability.

When comparing this behavior between pervious concrete specimens with different
aggregate sizes, it is observed that with larger aggregates, the corrosion current densities
increased. The results of the electrochemical frequency modulation technique indicated an
increase in the corrosion density of the reinforcing steel as the size of the inert aggregate
increased. The specimen that presented lower corrosion density values was the one manu-
factured with the addition of the 3/4′′ aggregate (the highest aggregate size), and the one
that showed the highest corrosion values was No. 4 (the lowest aggregate size).
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3.5. Tafel Curves Tests for Corrosion Current Density icorr

Figure 9 shows the corrosion density values of the permeable concrete specimens
analyzed using the Tafel curve technique, comparing them against the granulometry used
to manufacture each specimen. The specimens were analyzed weekly for 50 days.
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Figure 9. Specimens of permeable concrete were tested using the Tafel curve technique. Two references
using conventional concrete are shown.

The trend is similar, considering the differences between the two techniques, EFM and
Tafel curves. The corrosion values increase from the first day of analysis to the last day.
So, the results of the Tafel curve technique indicate a trend of the corrosion density of the
reinforcing steel increasing as the inert aggregate size increases. On average, the corrosion
density values were increasing. The specimens containing a coarse aggregate of 3/4′′ had
the highest values of icorr, and those containing the No.4 aggregate had the lowest values.

Table 5 shows the polarization resistance, measured using EFM and Tafel curves. As
the time with active corrosion increases, the oxides generated on the steel rebars increase in
surface coverage and thickness. This caused a slight reduction in the EFM measurements
but a bigger change in the Tafel curves, which have longer measurement times. The
references with conventional concrete significantly reduced the polarization resistances
attributed to high internal alkalinity in the specimens that accelerated corrosion on the
rebar surface.

Table 5. Polarization resistance (Ω/cm2) was measured using EFM and Tafel curves.

Aggregate
EFM Tafel

Rp Initial Rp Final Rp Initial Rp Final

No. 4 2.57 1.30 93.29 10.82
1/4′′ 1.85 1.24 104 7.58
3/8′′ 1.82 1.22 84.41 7.92
1/2′′ 1.59 1.21 41.95 4.55
5/8′′ 1.51 1.08 21.52 4.32
3/4′′ 1.22 0.997 12.79 3.80
Ref. 1 173.33 60.47 6500 456.14
Ref. 2 236.36 44.29 8666.67 448.26
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3.6. Corrosion Rates Analyzed by EFM and Tafel Curves

Figure 10 shows the corrosion rates of the reinforcing steel embedded in permeable
concrete and conventional concrete. EFM and Tafel curve electrochemical techniques were
used to evaluate the behavior.
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The two techniques provide the same results in terms of corrosion rate. The corro-
sion rate increases in direct proportion to the aggregate size. The conventional concrete
specimens presented corrosion rates well below those of the permeable concrete.

Considering that the corrosion rate of a steel rebar in seawater is about <0.1–1 mm
year−1<, the results shown in Figure 10 are between one or two orders of magnitude lower.
Contact with the surrounding material could reduce the exposed area of steel rebars in
pervious concrete. The values shown in Figure 10 consider the Faraday formula, carbon
steel density (0.00784 g/mm3), a 200 mm length, and a diameter of about 9.525 mm (3/8′′).
The standard deviation considers changes in the monitoring period.

4. Conclusions

Reinforced pervious concrete (RPC) specimens were prepared with five natural coarse
aggregate granulometries.

• The compressive strength values showed that all the specimens were within the range
of 65–82 kg/cm2, between the M5 and M10 grades of concrete.

• The physical aspects, such as moisture retention and how electrochemical tests are car-
ried out when electrode communication is affected by the size of the coarse aggregate,
were analyzed.

• The permeability coefficients were between 0.31 and 0.52 cm/s, satisfying the
ACI 522 standard.

• The permeability of the specimen increases as the size of the inert aggregate increases,
which is related to the structure formed in each specimen depending on the aggre-
gate size.

• It was observed that on average, the specimens of reinforced permeable concrete had
higher corrosion rates, measured using the electrochemical techniques Tafel curves
and electrochemical frequency modulation (EFM), than the specimens of conventional
concrete that showed moderate corrosion.
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• The trend was an increase in corrosion density that was directly proportional to the
increase in aggregate size. The specimen that presented lower values of corrosion
density was the one manufactured with the addition of No. 4, and the one that showed
the highest corrosion values was the specimen containing the 3/4′′ aggregate.

• The electrochemical frequency modulation (EFM) technique served not only to validate
the Tafel test results and vice versa but to propose it as a viable alternative in corrosion
studies for reinforced concrete and particularly for pervious concrete. This is the only
work using such a technique with pervious concrete and one of the few using it for
reinforced concrete.

There are no previous studies using reinforced pervious concrete (here, referred to
by us as RFC) because it is not common to use it in such rigid structures. Nonetheless,
whether alone or next to reinforced concrete, corrosion is an issue to investigate in this
porous medium.
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