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Resumen

Los pavimentos permeables surgen como
alternativa de buena gestion de la escorren-
tia superficial, brindando la oportunidad
de disminuir el potencial de inundaciones y
aprovechar las aguas lluvias de una forma
rapida y eficiente. Sin embargo, el desem-
peno mecanico e hidraulico del material ha
sido evaluado de forma amplia a nivel labo-
ratorial, y se ha obviado el comportamiento
real del material en campo y la forma en que
su exposicion acelerara la pérdida de sus
propiedades hidraulicas (colmatacion). En
ese sentido, la presente investigacion tiene
por objetivo evaluar el desempefio mecani-
co e hidraulico de pavimentos permeables
de concreto en un campo experimental, que
simula las condiciones de trabajo del mate-
rial, mediante la cual seran evaluadas pro-
piedades como la resistencia a compresion,
a traccion, la porosidad y la permeabilidad,
asi como la pérdida de eficiencia hidrauli-
ca dada por la colmatacién. Lo anterior se
adelanta con la intencién de aumentar el
nivel de conocimiento adquirido sobre el
material, para brindar directrices construc-
tivas y de control de calidad que permitan
garantizar el correcto funcionamiento de
este tipo de pavimento, dada su gran contri-
bucién a la sustentabilidad.

Palabras clave: concreto permeable,
pavimentos permeables, permeabilidad,
porosidad, propiedades mecanicas.

Abstract

Pervious pavements emerge as an alternati-
ve for good management of surface runoff,
providing the opportunity to quickly and
efficiently reduce the potential for flooding
and reuse rainwater. However, the mecha-
nical and hydraulic performance of the ma-
terial have been extensively evaluated at
the laboratory level, leaving aside how the
material will behave in the field and how its
exposure will accelerate the loss of its hy-
draulic properties (clogging). In this sense,
this research evaluated the mechanical and
hydraulic performance of permeable con-
crete pavements in an experimental field
that simulates the working conditions of
the material, where properties such as com-
pressive strength, tensile strength, porosi-
ty, and permeability were evaluated, as well
as the loss of hydraulic efficiency due to
clogging. This is to increase the knowledge
of the material to provide construction and
quality control guidelines that guarantee
the correct functioning of this type of pave-
ment, considering its great contribution to
sustainability.

Keywords: mechanical properties, per-
meability, pervious concrete, pervious
pavements, porosity.
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INTRODUCTION

Currently, urban drainage systems are often overwhelmed by the hydraulic load of
rain, lack of maintenance, and, in some cases, poor projection, causing numerous
problems, such as floods, public health problems, and a decrease in the flow speed
of the roads, directly influencing the traffic and transport of society. In this sense,
sustainable drainage systems are gaining importance, among which are permeable
pavements, which provide an immediate response to the correct management of
surface runoff caused by rainfall [1]-[4].

One of the most widespread pervious pavements is pervious concrete (PC), which is
composed of Portland Cement, coarse aggregates, and water (potable) and, in some
cases, may have small proportions of fine aggregates (sand) to increase its mechani-
cal strength (without damaging its hydraulic performance) [5]. Commonly the pc has
an aggregate-cement (a/c) ratio varying from 4.:1 to 6:1 (which guarantees its high po-
rosity) and a w/c ratio varying from 0,26 to 0,45). Lower ratios implement additives
to ensure the workability of the material [6], [7].

These mix proportion recommendations lead to the production of rcs with a maxi-
mum unit weight of 2000 kg/m?3, varying porosity of 15-35 %, permeability > 1 mm/s,
and proper mechanical behavior depending on their final request (walkway or
low-traffic pavement) [5].

The material has been extensively studied in the laboratory (hydraulic and mecha-
nical performance). However, few studies have evaluated its behavior in experimen-
tal fields, considering clogging and maintenance [3]. Nevertheless, comparing these
two types of evaluation is essential to understanding the material’s performance. In
this sense, the present work aims to evaluate the performance of rc in the field and
laboratory and to verify the main differences between these two types of analysis,
considering four types of aggregate granulometry (coarse) and three procedures of
compacting to fulfill the standard requirements to be considered as pc.

MATERIALS AND METHODS

Materials

Pervious concrete (PC) was produced using Portland Cement Type II (CP II-Z-32 Bra-
zilian denomination), four different types of coarse aggregates (of basaltic origin,
considering two maximum sizes and continuous and discontinuous granulometry),
and drinking water. The granulometric curves of the aggregates and sediment (soil)
used are shown in Figure 1. The tests were carried out according to the Brazilian
Standard ABNT NBR 7211 [8].
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*In discontinuous granulometry, the aggregate presents the absence of one or more fractions in
its granulometric distribution curve, and uniform granulometry is the one that presents grains
of a single size.

FiGURE 1. GRANULOMETRIC CURVES.

METHODS

——pc Production

To produce the pc, a mix proportion of 1:3,26 (cement: coarse aggregate) was used
(taken from [9], contemplating a w/c ratio of 0,34 (fixed in all mixtures) to obtain a
zero slump [10] and a suitable consistency as recommended by [5] as shown in Figure
2. The mix was carried out in a concrete mixer with a capacity of 450 liters and a
total mixture time of five minutes.
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Source: Own elaboration.

FIGURE 2. FRESH STATE TESTS.

Experimental Fields Construction

Four experimental fields were built, considering a total water infiltration system, a
base layer with a coarse aggregate of 25 mm, and a variation of the surface course of PC
of 10 cm in height. The experimental field construction followed the next steps: First,
the soil excavation was carried out (Figure 3a); second, a 30 cm layer of granular base
(25 mm) was placed (Figure 3b) without compaction to guarantee the total infiltration
of water in the soil; third, after leveling the base layer, the wooden forms were posi-
tioned to ensure an area of 1 m? per slab and a height of the surface layer of 10 cm, as
recommended by the Brazilian Standard ABNT NBR 16416 [11]. Finally, the pc was placed
in the forms (Figure 3c), leveled, and compacted with a metal roller (1 m long and 67 kg
in weight). The PC 10 roll passes were used to compact, as recommended by [12].

Source: Own elaboration.

F1GURE 3. EXPERIMENTAL F1ELDS CONSTRUCTION.

INGENTER DAY iy 141
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The permeability (in field) was measured according to ASTM C1701 [13]. During the
test setup, the perimeter of the infiltration ring was sealed directly with the rc sur-
face with silicone (Figure 3d) to restrict water loss. After verifying the permeability,
the clogging phenomenon was simulated using a dry soil mix (clay and sand) (Figure
3e), following the procedure suggested by [12]. For the mechanical tests of the expe-
rimental field, cylindrical specimens (10x10 cm) were extracted according to the age
of the studied test as Shown in Figure 4a and Figure 4b.

-

Source: Own elaboration.

FIGURE 4. SPECIMENS EXTRACTION IN FIELD.

Laboratory-produced pc

To evaluate PC performance in the laboratory and compare it with the specimens
extracted from the experimental fields, cylindrical specimens (10 cm x 20 ¢cm) were
molded. As there is no standardization and/or consensus in the literature for com-
pacting [3], two compaction procedures were used: steel bar (Figure 5a) with 12
blows per layer with three layers [14]|three aggregates from civil construction waste
and one basalt aggregate (reference and 2,5 kg Proctor’s hammer (Figure 5b) with
ten blows per layer with two layers [12]. These procedures were chosen because they
are the most common in the literature to keep the pc produced within the standard
parameters (unit weight) [15]. All specimens produced were cured and immersed in
water until the test age (Figure 5c¢ and Figure 5d).
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Source: Own elaboration.

FI1GURE 5. SPECIMENS PRODUCTION.

Performance Verification (laboratory and field test)

Figure 6 and Table 2 presents the hydraulic and mechanical tests, the number, di-
mensions, and compaction of the specimens analyzed at 28 days of curing, produced
with the coarse aggregates selected.

(a) (b): (c) (d)

Source: Own elaboration.

Ficure 6. HyDrAULIC AND MECHANICAL TEST.

! Constant head permeability test was adapted to simulate the clogging phenomenon [12].
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TABLE 1. EXPERIMENTAL PROGRAM

Tests/standard Number of Specimen’s Compacting proce-
Specimen’s dimensions (cm) dure
Steel bar*
Unit weight 10 X 20*
(kg/m?)/[16] 4 10 % 10** Proctor hummer*
g Metal roller™*
Steel bar*
Porosity (%)/ 10 X 20*
7] A 10X 1™ Proctor hummer*
2 X
z Metal roller**
Steel bar*
Permeability 10 X 20* .
(mm/s)/[o]’ 4 10 % 10™* Proctor hummer
2 Metal roller**
Clogging test 10 X 20*
gging 4 Metal roller**
(%)/[12] 10 X 10**
Compressive . 16X 20* Steel bar*
strength (MPa)/ “ Proctor hummer*
2% 10 X 10™*
[18] Metal roller**
Steel bar*
Flexural streng- 4* 10 X 20* N
x x Proctor hummer
th (MPa)/[19] 2 10X 10

Metal roller**

Source: Own elaboration.

*Laboratory-produced pc

**Extracted field specimens

***The hydraulic test and compressive strength were carried out drawing on
the same specimen

For each PC mixture, a nomenclature was adopted according to the coarse aggrega-
te used (Granulometry: Bo-U, Bo-D, B1-U, Bi1-D), the compaction procedure for the
specimens molded in the laboratory (steel bar-H and Proctor of 2,5 kg-P), and for the
specimens extracted from the experimental fields-T (metal roller). For example, the
rc “Bo-U-T” was made with 9,5 mm coarse aggregate, uniform granulometry, and
is an extracted specimen, while “B1-D-H” was made with 19 mm coarse aggregate,
discontinuous granulometry, and compacted with a steel bar.

2 Porosity test uses the water immersion principle.

3 It was used the constant head permeability test.
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RESULTS

Figure 3 presents the performance results (hydraulic and mechanical) evaluated on
the specimens molded in the laboratory and the specimens extracted from the ex-
perimental fields. Unit weight (p) results are initially shown (Figure 7a), followed by
porosity ( ) (Figure 7b), permeability (k) (Figure 7¢), compressive strength (f¢) (Figu-
re 7d), flexural strength (fct) (Figure 7e), and finally clogging (Figure 7f).
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*The results presented correspond to an average of the number of specimens presented in Table
2 for each specific compacting procedure.

F1GURE 7. PERFORMANCE RESULTS.

The unit weight results (Figure 7a) vary from 1855 to 2523 kg/m3, being generally PC
with discontinuous granulometry aggregate presenting the highest values. This is
justified by the diversity of sizes that leads to a better arrangement of the grains after
compaction [20]. The behavior of the unit weight (Figure 7a) shows a great differen-
ce between laboratory and field conditions, and in the latter, a greater magnitude
is reached depending on the best distribution of compaction energy and the final
arrangement of the grains [21].

The porosity varies from 22 % to 35%, and all the concrete is produced in the accep-
table range for rc according to the standard parameters [22], the discontinuous gra-
nulometry being the one that reached the lowest values in all cases associated with
better grain rearrangement (variable sizes) [23]. The porosity (Figure 7b) also shows
an inverse behavior to the unit weight, i.e., in the experimental fields, it resulted in
a lower magnitude of the porosity, justified by the high unit weight obtained and the
better arrangement of the grains [21].

The permeability varies from 3,8 to 9,26 mm/s, fulfilling the concretes produced
with the minimum standard (>1 mm/s) [22]. In the case of permeability behavior (Fi-
gure 7c), the same porosity trend was not maintained, and in almost all cases (B1U,
B1D and BoU), the highest permeability was reached in the experimental fields. two
reasons can explain this fact: first, the hydraulic principle of the test used in the
field, but in the laboratory (constant), because there is no unidirectional flow res-
triction, and in the laboratory, there such a restriction exists; second, this hydraulic
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property depends not only on the porosity but also on the interconnection of the
pores, which was guaranteed in the field by the type of compaction used, while in
the laboratory, the type of compaction used reduced the pore connection, justifying
the lower permeability results [14)].

The mechanical results (Figures 7d and 7e) were more associated with the grain size
than with the compacting method and the material’s porosity, with the steel bar
being the most efficient in terms of compaction in terms of strength. The concretes
produced with Bo are the ones that reached the highest resistance values, associated
with the highest points of contact between the grains and the best stress distribu-
tion, agreeing with the results obtained by [24].

Finally, the clogging results (permeability loss) showed that CPs produced with a
smaller grain size lose (Bo) more permeability when compared to those of a larger
size and that the magnitude of the permeability loss was associated with the type
of sediment used (a mix of clay and sand) and the amount of it, which simulates 20
years of service in the material [12].

CONCLUSIONS

The PC produced in the laboratory and field fulfills the minimal requirements to be
considered a pervious material according to the standard limits. First in field, the
applied compaction was shown to be more efficient due to a better arrangement of
the grains, resulting in higher unit weight. On the other hand, the porosity is direct-
ly associated with unit weight, with the heaviest PCS being the least porous and the
lightest PCS being the most porous; therefore, the compacting procedure is a control
parameter to ensure an adequate porosity. Nevertheless, the permeability showed
a different behavior than expected in the literature. Such a difference is associated
with the flow restrictions, which the laboratory test has compared to the field test,
and a better interconnection of the pores given by the compaction method used. The
mechanical performance of the evaluated rcs was more associated with the grain
size than with the compaction used, where smaller sizes present smaller pores than
a greater stress distribution, meaning greater resistance. Finally, the permeability
loss found with the clogging simulation was associated with the type of sediment
used (mix of soils). In this case, to guarantee greater hydraulic durability, it is recom-
mended to use aggregates larger than 10 mm (agreeing to the literature).
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