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Abstract 
The aim of this study was to propose a correlation for the hydraulic parameters of pervious concrete (PC). Thus, three aggregates from 
civil construction waste and one basalt aggregate (reference) were used to produce PC. The ratio c/a (cement: aggregate) 1:3.26 and a w/c 
ratio of 0.34 were used in all mixtures. Compressive and flexure tensile strength tests were performed to mechanically characterize the 
mixtures produced, whereas porosity and constant head permeability tests were also carried out to assess the material hydraulic properties. 
Firstly, the experimental results were compared with the requirements established in international guidelines (ACI 522R-10, NBR 16416 
(2015) and VTT-R-080225-13). The results complied with the guidelines indicating it is feasible to produce pervious concretes with the 
sustainable aggregates used in the study in low structural applications such as walkways. On the other hand, a correlation between 
permeability and porosity was proposed based on Darcy’s and Bernoulli’s laws. The proposed equation, obtained by means of a non-linear 
regression, is an exponential equation that characterizes the hydraulic efficiency of the internal channels of the material considering the 
pores interconnection. The correlation between porosity and permeability was finally validated using results from the literature showing 
the same trend found in laboratory, and therefore it was demonstrated that the proposed correlation in an efficient tool to predict the 
hydraulic efficiency of pervious concrete. 
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Correlación de la permeabilidad y la porosidad para el concreto 
permeable (CoPe) 

 
Resumen 
El objetivo de este estudio fue proponer una correlación para los parámetros hidráulicos del concreto permeable (CoPe). Para esto, se 
utilizaron 3 agregados de residuos de construcción civil y 1 agregado de basalto como referencia para producir CoPe. La relación 1: 3.26 
(cemento: agregado) se trabajó en todas las mezclas, una relación a/c de 0.34. Se realizaron pruebas de resistencia a la compresión y 
resistencia a la flexión para caracterizar mecánicamente el concreto producido y verificar el cumplimiento con los estándares ACI 522R-
10, NBR 16416 (2015) y VTT-R-080225-13. También se llevaron a cabo pruebas de porosidad y permeabilidad a carga constante para 
estudiar las propiedades hidráulicas del material. Los resultados indican que es factible producir concreto permeable con agregados 
sostenibles que cumplan con los estándares y que se podría usar en la construcción de calzadas. Por otro lado, se propone una correlación 
de permeabilidad y porosidad que involucra las leyes de Bernoulli y Darcy y establece las condiciones de contorno en las que funcionan 
estas dos propiedades, teniendo como conclusión una ecuación exponencial que caracteriza la eficiencia hidráulica de los canales internos 
del material relacionado. A la interconexión de poros. Al realizar la regresión no lineal, la ecuación se ajusta a los resultados encontrados 
y se ajusta a lo que se encuentra en la literatura, siendo una herramienta excelente para identificar la eficiencia hidráulica del material. 
 
Palabras clave: concreto permeable; permeabilidad; porosidad; correlación; agregados sostenibles; regresión no lineal. 
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1.  Introduction 
 
Pervious Concrete (PC) is an especial concrete whose 

main characteristic is its high permeability, which is related 
to the porosity of the PC. Since PC is a coarse-aggregate 
concrete, it facilitates the creation of large interconnected 
voids that allow the passage of water at high speed [1-5]. 

Porosity in PC is governed by mix proportion, grain size 
distribution, typology of the aggregates and the applied 
compaction process [6-8]. These variables conduct PCs with 
high variability in hydraulic terms. Generally, the porosity in 
PC varies from 15 to 30% [9,10] so that the material is 
considered pervious.  

Permeability is the most important property of PC, this is 
derived from the Darcy´s law for water flow in porous media, 
and contributes to the PC objective that is the flow of surface 
runoff through its structure quickly and safely [11-13]. The 
methodology to measure the permeability can affect the 
result. According to the literature, two types of tests are 
applied: Falling or Constant [9-12]. Values of permeability 
coefficient from 1.5 to 30 mm/s were found [10,14,15]. 

The correlation for permeability and porosity for PC has 
been widely studied by some researchers (Fig. 1 and Table 1, 
Eq. 1, Eq. 2, Eq. 3, Eq. 4, Eq. 5, Eq. 6). The relationship of 
these two parameters has predominantly an exponential 
tendency. However, some authors consider that its trend is 
linear (considering a proportionality between the two 
properties), as shown in Fig. 1 and Table 1 there are 
enormous differences with the results found among the 
correlations. 

After all, the results found applying these 
correlations are not entirely realistic, since in most 
cases for porosities equal to zero, there are permeability 
values, and in others it gives negative values. 
 

 
Figure 1. Correlations for permeability and porosity found in literature. 
Review. 
Source: The Authors. 

Table 1. 
References and correlations for permeability and porosity found in literature 
review. 

Reference Correlation 

[16] 𝑘𝑘 = 19.17 ∗ 𝑒𝑒0.14∗Φ               (1) 

[17] 𝑘𝑘 = 0.84 ∗ 𝑒𝑒0.09∗Φ                  (2) 

[3] 𝑘𝑘 = (0.40 ∗ 𝑒𝑒11.3∗Φ) ∗ 10−10 (3) 

[18] 𝑘𝑘 = (0.0447 ∗ 𝑒𝑒0.1388∗Φ)       (4) 

[19] 𝑘𝑘 = 0.2927 ∗ Φ − 4.97          (5) 

[20] 𝑘𝑘 = 0.067 ∗ 𝑒𝑒7.246∗Φ               (6) 

Source: The Authors. 
 
 

On the other hand, very high permeability values 
(>40mm/s) were found and for PC it is difficult to reach this 
limit of permeability. Therefore, the boundary conditions in 
which these two hydraulic parameters vary have not been 
established. 

Additionally, these proposed correlations do not help in 
making decisions to run a PC in the field, since they do not 
establish that there may be a PC that meets the minimum 
mechanical parameters and in turn it is hydraulically 
efficient. 

PC is generally composed of cement, coarse aggregates 
(conventional or recycled), water and admixtures (additives 
and additions). The choice of the grain size distribution of the 
coarse aggregates depends on the final properties 
requirement: a continuous grading is recommended if greater 
strength is required; on the other hand, greater permeability 
may be obtained using more uniform particle sizes [21-23]. 
According to the literature [1], the cement ratio (w/c) of PC 
varies from 0.22 to 0.40. 

When conventional aggregates were used to make PC the 
compressive strength of pervious concrete varied from 3-30 
MPa [1,24,25].  Additionally, the use of recycled aggregates 
has been incorporated in the composition of PC obtaining 
good results in hydraulic terms [26]. The porosity of the PC 
manufactured with CCW varied from 23 to 26 %, and the 
compressive strength ranged from 7 to 12 MPa (which is 
lower when compared to PC with conventional aggregates) 
[13,26,27]. These differences are related to the high 
heterogeneity and the nature of this type of aggregates. 

As its mechanical properties are so varied, PC can be used 
in parking lots, parks, light traffic pavements, pool edges and 
walkways [28]. For these applications, the runoff reduction 
and the need to contribute to the recharge of aquifers are the 
main required properties, and they are directly related to the 
hydraulic properties instead of the compressive strength 
[1,25]. These facts made the PC an environmentally friendly 
material and with the prominent potential to contribute to the 
solution of the problems related to the runoff. 

 An experimental program was developed, with the 
intention to answer these research gaps which initially 
contemplated the mechanical and hydraulic characterization 
for PC produced with 4 types of aggregates (electric furnace 
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slag (EFS), ceramic waste (CW), recycled concrete (RCA) 
and basalt). Then, the verification of compliance with the 
minimum parameters of the international standards and 
finally a new model for the hydraulic properties (k-Φ) were 
proposed and validated with other researcher’s results. 

 
2.  Research significance 

 
PC has a very heterogeneous hydraulic behavior, in other 

words the material can have an equal porosity and two 
different coefficients of permeability. This is related to the 
grain size distribution of the aggregates, the amount of 
cement paste used, the method of compaction executed and 
the interconnectivity of the voids. These parameters have 
been studied and there are still great controversies on the 
contribution of each of them with the interconnectivity of 
gaps [10].  

Therefore, this work studies the possibility to create a 
correlation of hydraulic properties that allows to identify how 
efficient the PC will be in terms of permeability based on its 
porosity, taking into consideration two major laws of 
hydraulics such as Darcy and Bernoulli's laws. For this, an 
experimental program divided into four phases was 
established, as shown in Fig. 2. 

As shown in Fig. 2, phase 1 regards the mechanical 
characterization of the PC mixes and the evaluation of the 
experimental results; in phase 2 the hydraulic properties of 
the mixtures are studied; phase 3 compares the experimental 
data with the requirements established in international 
standards, and finally, in phase 4 a proposal equation to 
correlate the hydraulic parameters (porosity and 
permeability) is presented. 

The proposed model will allow to identify how efficient 
the PC is hydraulically, allowing to find PCs that have a 
balance of their hydraulic properties, and at the same time 
comply with the mechanical parameters required by 
international standards. Therefore, this correlation would be 
of great help in order to successfully disseminate and apply 
the material in the project and work. 
 

 
Figure 2. Research Summary. 
Source: The Authors. 

 
Figure 3. Aggregates: a) Basalt b) EFS c) CW and d) RCA. 
Source: The Authors. 
 
 
3.  Experimental program 
 
3.1. Materials 
 

The cement used in this study was a CP II-F-32 (Brazilian 
denomination). This presents a limestone filler addition 
content of 6-10% that allows a reduction of the clinker in its 
manufacture and therefore is more environmentally friendly. 
Tap water was used in the production process to fulfill the 
standard requirements. 

Four different types of aggregates were used in this study 
(Fig. 3): Basalt, Electric Furnace Slag (EFS), Ceramic Waste 
(CW) and Recycled Concrete Aggregates (RCA). Notice that 
basalt is obtained by quarrying process, and thus it is a non-
renewable resource, and besides it is the most common 
aggregate in southern Brazil. That is the main reason why 
Basalt is used as a reference in the study. On the other hand, 
EFS, CW, and RCA are denominated sustainable aggregates. 
EFS comes from the processes for melting scrap metal 
(recycling) and making new steel products, whereas CW and 
RCA from the waste generated during construction and 
demolition of civil infrastructures, the first one of the 
traditional construction systems, and the second of the 
construction with structural masonry. 
 
Table 2. 
Aggregates characterization. 

Aggregate Density 
(g/cm3) 

Materials 
finer than 
75μm (%) 

Water 
Absorption 

(%) 

Bulk 
density 
(g/cm3) 

Fines 
Content 

(%) 
Basalt 2.80 4.15 1.20 1.50 37.87 
EFS 2.70 0.00 0.49 1.60 0.49 
CW 1.80 5.50 10.2 1.12 17.10 
RCA 2.12 4.50 6.12 1.30 17.49 

Source: The Authors. 
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Figure 4. Basalt, EFS, CW and RCA particle size distribution. 
Source: The Authors. 
 
 

Table 2 presents the density, materials finer than 75 μm, 
water absorption, bulk density and determination of material 
finer than 0.075 mm sieve (fines content) for each type of 
aggregate. These properties were obtained following the 
requirements of the Brazilian standards NBR NM 53/2003 
(ASTM C 127-84) [29], NBR NM 46/2003 (ASTM C 117 - 
90) [30], and NBR NM 45/2006 (ASTM C 29 - 90) [31]. 

The values of these properties are important to correct the 
water absorption of each aggregate without changing the 
water-to-cement ratio (w/c) of mix proportion and therefore 
affecting the mechanical properties of the mixtures [32]. The 
aggregate that presented higher absorption was CW, what is 
related to its heterogeneous nature [13,15,20], as expected the 
density of the sustainable aggregates is lower than the 
reference due to its production process and nature. 

All mixtures were produced with a maximum size of 
aggregate of 9.5 mm, regardless of the type of aggregate. This 
was considered to simulate a typical composition of PC 
[12,21,22]. This type of concrete composed with the selected 
maximum size presents reasonable mechanical properties 
without affecting the hydraulic features [23,24]. Fig. 4 
presents the particle size distribution of all aggregates used 
in the study. 

The grading curves of the aggregates show a uniform 
distribution, regardless of the type of aggregates. This is 
recommended by ACI 522R-10 to produce PC [28]. 
Moreover, the uniformity coefficients (Cu) [35] of Basalt, 
EFS, CW, and RCA are 2.20, 1.80, 2.16 and 1.86, 
respectively. These values are close, so the difference 
presented among the grading curves is not significant. Apart 
from that, since Cu values are lower than 5, the grading 
considered uniform guarantees high hydraulic properties 
(porosity and permeability) [35]. 
 
3.2.  Mixture design and production process 
 

To analyze how the type of aggregate affects the final 
properties of the PC, a unique reference mix was considered. 
This presented a content of cement and aggregates equal to 
420 kg/m3 and 1369.20 kg/m3, respectively. The water-
cement ratio (w/c) was also the same for all the mixtures 0.34. 

The total water content was corrected considering the water 
absorption results obtained for each type of aggregate [13]. 

All mixes were produced in a concrete mixer with a 
capacity of 150 liters. First, the aggregates and 50% of the 
total water were mixed during 120s. Then, the cement and 
25% of the total water were added and mixed during 120s 
more. Finally, the rest of the water was added and all the 
materials were mixed for 60s. Notice that this production 
process was already used in former research studies [12]. 

Once the PC was mixed, it was used to produce two types 
of cylindrical samples (100x200mm and 100x150mm, 
respectively) and slabs (750x250x50mm). Cylindrical 
samples were placed on a flow table and compacted with 20 
blows in two layers, whereas compacting process for the 
slabs was performed with 5 rubber hammer blows around the 
mold. In order to reduce the variability introduced by the 
pouring and compacting process, the same technician was 
designated to perform the entire procedure for all mixes. 

Samples and slabs were placed inside a curing room in 
the first 24 hours to ensure good curing conditions 
(temperature and humidity). Then, specimens were demolded 
and cured submerged in water until the test age. 
 
3.3.  Test Methods 
 
3.3.1.  Mechanical properties 
 

The mechanical properties of the PC evaluated at an age 
of 28 days in this study were: compressive strength and 
flexural tensile strength (Fig. 5). Firstly, to estimate the 
compressive strength of the PC, cylindrical samples 
(100x200 mm) were tested following the requirements of the 
NBR 5739/2007 (ASTM C39/39M-18) [36]. A total of seven 
samples was tested for each mix. On the other hand, the 
flexural tensile strength of the mixes was assessed testing 
four samples (750x250x50mm) regarding the standard NBR 
12142/2010 (ASTM C78/C78M-18) [37]. 
 

  
a) b) 

Figure 5. Mechanical tests performed: a) compressive strength and b) 
flexural strength. 
Source: The Authors. 
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3.3.2.  Hydraulic properties 
 
To evaluate the hydraulic properties of the PC mixes two 

tests were performed: porosity and permeability. Firstly, the 
test performed to assess the porosity was the same used by 
Sandoval et al. (2017) in previous research’s [12]. This 
method consists of filling all concrete pores of a cylindrical 
sample (100x200mm) with water and correlate the total water 
volume with the porosity [28, 29].  

In that sense, porosity (Φ) was obtained using Eq. 7, that 
considers the volume of water (Vw) and the total volume of 
the sample (VT). Notice that five samples for each mixture 
were tested to obtain this property. 

 

Φ =
𝑉𝑉w
𝑉𝑉𝑇𝑇

∙ 100 (7) 

 
On the other hand, it is important to remark that currently 

there is no standard to assess the permeability for PC [28]. 
Concerning that, two types of test are commonly used to 
measure the permeability coefficient: the falling head 
permeability test [3,8,10,11,38] and the constant head 
permeability test [39-44].  

In this study, the constant head permeability test was 
adopted, since according to Sandoval et al (2017) [12] it 
reduces the variability of the results and the experimental 
results obtained are sensitive to changes in the aggregate 
properties. Fig. 6 shows the permeameter used, which uses 
cylindrical specimen of PC with section and height equals to 
A and L, respectively, and a known water volume (q). During 
the test, the time (t) that the water column needs to pass 
through the specimen is measured.  

Then, the permeability coefficient (k) is calculated using 
Eq. 8. In this study h was 520 mm and equal for all the tests. 
A total of five cylindrical samples (100x200mm) was tested 
for each mix. 

 
𝑘𝑘 =

𝑞𝑞 ∙ 𝐿𝐿
𝐴𝐴 ∙ ℎ ∙ 𝑡𝑡 (8) 

 

  
a) b) 

Figure 6. Constant head permeability test: a) schematic view and b) final set 
up. 
Source: The Authors. 

 
Figure 7.  Experimental results for mechanical properties: compressive and 
flexural strengths. 
Source: The Authors. 
 
 
4.  Results and analysis 
 

The results of the experimental program are presented and 
discussed in this section. Firstly, Fig. 7 presents the 
mechanical properties results obtained: compressive strength 
and flexural tensile strength. The results are presented 
considering the type of aggregate used in the mixture and 
they show graphically the results deviation. 

Regarding the compressive strength results, these varied 
from 3.3 to 11.0 MPa. This variation agrees with the findings 
in the literature review [10,28]. Performing a significance 
analysis with the software ANOVA a p-value lower than 
1x10-5 was obtained, indicating that the results presented 
significant differences considering the type of aggregate used 
in each mix. The compressive strength of EFS was around 
5% higher when compared with Basalt. On the other hand, 
the compressive strengths of CW and RCA were around 60% 
and 34% lower, respectively, when compared with Basalt. 
This suggests that the nature of the aggregates is an important 
parameter to be considered. The low bulk density of the CW 
and RCA (Table 1) indicates that they are more porous, 
heterogeneous when compared to the others aggregates. This 
difference affects the mechanical properties of PC. 
Regarding the flexural tensile strength results, these follow 
the same tendency observed in the compressive strength 
results as expected [45]. In this study, the flexural tensile 
strength is on average 40% of the compressive strength 
agreeing with the results found in the literature review [41].  

Fig. 8 presents the results of the hydraulic properties: 
porosity (Φ) and permeability (k). The results presented 
consider the type of aggregate used in the mixtures 
production and the results deviation. 

The experimental results show that the porosity varied 
from 19.1 to 28.6%, whereas the permeability varied from 
4.3 to 15.3mm/s. Both parameters presented the same 
tendency: increases in porosity entailed a higher permeability 
agreeing with the results found in the literature [14,46]. 
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Figure 8. Experimental Results: porosity and permeability. 
Source: The Authors. 
 
 

Besides, in order to analyze how the type of aggregate 
influences the results, a significance analysis using the 
ANOVA software was carried out. As a result, a p-value 
lower than 1x10-5 was obtained, which indicated that there 
were significant differences in the results of porosity and 
permeability among the PCs produced with different types of 
aggregates. 

Considering the nature of the aggregates, PC produced 
with CW, which presented a higher water absorption (Table 
1), showed the highest porosity (27.06%). The Basalt 
aggregate contained more fine grains than the other types, 
leading to a reduction of final porosity of the material. On the 
other hand, EFS presented the lowest content of fines, and 
lowest value of Cu (1.80) entailing an average porosity of 
24.75%, which was lower than the one produced with CW. 
 
5.  Verification of compliance of international standards 
and guidelines 

 
In this section, the mechanical and hydraulic properties 

are analyzed to study the feasibility of using sustainable 
aggregate in the production of PC. Concerning that, the 
average values obtained in the presented experimental 
program are gathered and compared to the requirements 
presented by the American guidelines ACI 522R-10, the 
Brazilian standard NBR 16416/2015 and VTT-R-080225-13 
guidelines. Therefore, Table 3 shows the average results of 
the compressive strength, flexural tensile strength, porosity 
and permeability for each of the studied mixtures. Finally, the 
mechanical and hydraulic requirements for PC presented in 
ACI 522R-10, NBR 16416/2015 and VTT-R-080225-13 are 
presented. The presented requirements are intervals of the 
research conducted on PC, and in some cases minimum 
values according to the type of application required, however 
there are still some gaps regarding the knowledge of the 
material. 

According to the compressive strength results the only 
concrete mixture with sustainable aggregate that complies 
with the standards was the EFS, in the case of CW and RCA 
its values were lower than the required intervals 46.6% and 
6.47% respectively. 

Table 3. 
Summary of experimental results and requirements for different standards 
and guidelines. 

PC 
Compressive 

Strength 
(MPa) 

Flexural tensile 
strength 
(MPa) 

Porosity 
(%) 

k 
(mm/s) 

Basalt 
(reference) 9.56 1.57 19.26 4.97 

EFS 10.10 2.92 24.75 10.52 
CW 3.83 1.24 27.06 15.08 
RCA 6.36 2.46 23.42 9.90 

ACI 522R-10 6.8-37.9 0.68-2.15 10-35 >1.0 
NBR 

16416/2015 20-35 >1.0 15-30 >1.0 

VTT-R-
080225-13 10-20 1.5-3.0 20-35 >1.5 

Source: The Authors. 
 

Comparing the flexural tensile strength results with the 
standards the BFS, CW and RCA meet the ranges proposed 
in the standards, therefore the EFS can be used in low traffic 
pavements, parking lots and roadways, and the CW and RCA 
only in walkways. In hydraulic terms, the concrete mixtures 
with sustainable aggregates comply with the porosity and 
permeability intervals of the standards and guidelines. 
 
6.  Correlation between porosity and permeability 
 

Darcy’s law and Bernoulli’s law can be applied in PC. 
Darcy’s law allows he calculation of the flow (𝑄𝑄 = 𝑘𝑘𝑘𝑘𝐴𝐴), as 
well as the Bernoulli equation allows the calculation of the 
velocity, and making the next approach also allows the 
calculation of the flow 𝑄𝑄 = 𝑉𝑉 ∑𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and  ∅ ≅
∑𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐴𝐴𝑇𝑇𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇⁄ . The material work as a homogeneous 
porous medium and its interconnected voids build a network 
of internal channels, then the PC meets both conditions, and 
a correlation between hydraulic properties (permeability and 
porosity) could exist as shown in Eq. 9. 
 

𝑘𝑘
∅

=
1
𝑘𝑘
�2𝑔𝑔�ℎ − ℎ𝑓𝑓� 

(9) 

 
Where: 

• 𝑘𝑘 = permeability of PC (mm/s) 
• α = permeability test parameter (mm/s) 
• Φ = porosity of PC 
• n = hydraulic efficiency coefficient of PC 
• 𝑘𝑘 = Hydraulic gradient (permeability test parameter) 
• 𝑔𝑔 = Acceleration of gravity 
• ℎ = hydraulic load (permeability test parameter) 

Eq. 9 proposes a relationship between infiltration velocity 
and charge loss with  𝑘𝑘 𝛷𝛷⁄ , which is represented by a parable 
of degree n using and empirical equation shown in Fig. 9. The 
𝑘𝑘/𝛷𝛷 relationship expresses the hydraulic efficiency of the 
interconnected pores. The 𝑘𝑘 𝛷𝛷 ⁄ ration increases with the 
reduction of charge loss, and, as a consequence, the increase 
of the permeability. This ratio considers the maximum and 
minimum limits which has these two hydraulic parameters 
the first, “ lim

Φ→0
𝑘𝑘(Φ) = 0” (impervious material) where for a 

zero porosity in the PC (ideal condition) the permeability will  
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Figure 9. Limits of relation of porosity and permeability (boundary 
conditions). 
Source: The Authors. 
 
be equal to zero. And the second limit “ lim

Φ→1
𝑘𝑘(Φ) =  1

𝑖𝑖 �2𝑔𝑔ℎ” 
(ATotal=Apores) which has a porosity of one hundred percent 
the permeability would be maximum. Fig. 9 presents the 
correlation of k and Φ between these limits. 

Eq. 9 meets the boundary conditions (limits) proposed in 
Fig. 9. 𝑘𝑘(1) = 1

𝑖𝑖 �2𝑔𝑔ℎ  for  maximum permeability and 
𝑘𝑘(0) = 0 for minimal permeability. The coefficient “𝑛𝑛” of 
empirical equation showing in Fig. 9 may be determined by 
non-linear regression, or analytically for each experimental 
data. 

Using the experimental results of porosity and 
permeability presented in Fig. 8, a non-linear regression 
using Eq. 9 was performed with the IBM SPSS statistic 
software Fig. 10 was plotted, showing that the experimental 
results have a variation coefficient (R2) of 0.98. 

As shown in Fig. 10, the curves of the non-linear 
regression are very close regardless of the type of aggregate 
used, the values of the coefficient “n” were 3.32 for the 
basalt, 3.35 for the EFS, 3.29 for the CW, and 2.27 for the 
RCA. Then there is no significant difference in the “n”-
coefficients studied. These two parameters can be correlated, 
presenting an R2 coefficient equal to 0.97, considering the 
average results. 
 

 
Figure 10. Non-linear regression for Basalt, EFS, CW and RCA. 
Source: The Authors. 

 
Figure 11. Analysis of the correlation proposed with other studies. 
Source: The Authors. 
 
 

In order to validate the proposed correlation, Eq. 9 was 
used to perform non-linear regressions with experimental 
data obtained from other researchers [7,23,30,40-42] using 
IBS SPSS Statistic software. Fig. 11 shows that the proposed 
correlation presents good fit for all the considered 
experimental results, being the minimum, the maximum and 
the average R2 values equal to 0.98 and 0.97 respectively. 

As shown in Fig. 11 a different value of the coefficient 
“n” was obtained from each experimental data from the 
literature, varying from 2.5 to 5.6. The coefficient “n” is 
explained as a characteristic of PC directly related to 
hydraulic efficiency of the internal channels. The voids in the 
PC are like a series of channels and their efficiency is related 
to their size and their interconnection, therefore there can be 
two hypotheses.  The first where the PC has a low porosity 
with a high permeability that is more hydraulically efficient, 
represented by a coefficient “n” less than 3. And the second 
where the PC has a high porosity and a permeability less 
hydraulically efficient, represented by a coefficient “n” 
greater than 3 as shown in Fig. 11. Therefore, each pervious 
concrete is characterized by a specific “n” and depending on 
the needs of a work the PC that best suits them can be chosen. 
 
7.  Conclusions 
 
• It was possible to propose a correlation of the hydraulic 

parameters (Φ and k) based on the Darcy’s and 
Bernoulli’s laws. 

• The proposed Equation was tested based on the 
experimental data found in the laboratory and data from 
other authors showing excellent correlation in all cases, 
thus demonstrating the predictability of the proposed 
model. 
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• The proposed correlation adjusted to the theoretical 
boundary conditions in which both porosity and 
permeability vary. 

• The “n” coefficient defined as the hydraulic efficiency of 
the PC controls the correlation between permeability and 
porosity.  

• In practice, lower values of the coefficient 𝑛𝑛 result in PC 
with higher permeability (more efficient in terms of 
hydraulic performance). 

• In mechanical properties, it was demonstrated that for 
both compressive and flexural tensile strength, the nature 
of the aggregate used was more important, in this case, 
the EFS mechanical properties exceed those of the 
reference (basalt). 

• The porosities of the PCs with sustainable aggregates 
were higher when compared with the reference (basalt), 
since the sustainable aggregates presented lower density, 
greater water absorption and lower content of fines 
allowing the formation of high porosities. 

• According to the verification of the standards and 
guidelines it is possible to make PC with sustainable 
aggregates that meets the minimum mechanical and 
hydraulic properties for the construction in low traffic 
pavements, parking lots, roadways and walkways. 
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Abstract

The aim of this study was to propose a correlation for the hydraulic parameters of pervious concrete (PC). Thus, three aggregates from civil construction waste and one basalt aggregate (reference) were used to produce PC. The ratio c/a (cement: aggregate) 1:3.26 and a w/c ratio of 0.34 were used in all mixtures. Compressive and flexure tensile strength tests were performed to mechanically characterize the mixtures produced, whereas porosity and constant head permeability tests were also carried out to assess the material hydraulic properties. Firstly, the experimental results were compared with the requirements established in international guidelines (ACI 522R-10, NBR 16416 (2015) and VTT-R-080225-13). The results complied with the guidelines indicating it is feasible to produce pervious concretes with the sustainable aggregates used in the study in low structural applications such as walkways. On the other hand, a correlation between permeability and porosity was proposed based on Darcy’s and Bernoulli’s laws. The proposed equation, obtained by means of a non-linear regression, is an exponential equation that characterizes the hydraulic efficiency of the internal channels of the material considering the pores interconnection. The correlation between porosity and permeability was finally validated using results from the literature showing the same trend found in laboratory, and therefore it was demonstrated that the proposed correlation in an efficient tool to predict the hydraulic efficiency of pervious concrete.



Keywords: pervious concrete; permeability; porosity; correlation; sustainable aggregates; non-linear regression.





Correlación de la permeabilidad y la porosidad para el concreto permeable (CoPe)



Resumen

El objetivo de este estudio fue proponer una correlación para los parámetros hidráulicos del concreto permeable (CoPe). Para esto, se utilizaron 3 agregados de residuos de construcción civil y 1 agregado de basalto como referencia para producir CoPe. La relación 1: 3.26 (cemento: agregado) se trabajó en todas las mezclas, una relación a/c de 0.34. Se realizaron pruebas de resistencia a la compresión y resistencia a la flexión para caracterizar mecánicamente el concreto producido y verificar el cumplimiento con los estándares ACI 522R-10, NBR 16416 (2015) y VTT-R-080225-13. También se llevaron a cabo pruebas de porosidad y permeabilidad a carga constante para estudiar las propiedades hidráulicas del material. Los resultados indican que es factible producir concreto permeable con agregados sostenibles que cumplan con los estándares y que se podría usar en la construcción de calzadas. Por otro lado, se propone una correlación de permeabilidad y porosidad que involucra las leyes de Bernoulli y Darcy y establece las condiciones de contorno en las que funcionan estas dos propiedades, teniendo como conclusión una ecuación exponencial que caracteriza la eficiencia hidráulica de los canales internos del material relacionado. A la interconexión de poros. Al realizar la regresión no lineal, la ecuación se ajusta a los resultados encontrados y se ajusta a lo que se encuentra en la literatura, siendo una herramienta excelente para identificar la eficiencia hidráulica del material.



Palabras clave: concreto permeable; permeabilidad; porosidad; correlación; agregados sostenibles; regresión no lineal.
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1.  Introduction



Pervious Concrete (PC) is an especial concrete whose main characteristic is its high permeability, which is related to the porosity of the PC. Since PC is a coarse-aggregate concrete, it facilitates the creation of large interconnected voids that allow the passage of water at high speed [1-5].

Porosity in PC is governed by mix proportion, grain size distribution, typology of the aggregates and the applied compaction process [6-8]. These variables conduct PCs with high variability in hydraulic terms. Generally, the porosity in PC varies from 15 to 30% [9,10] so that the material is considered pervious. 

Permeability is the most important property of PC, this is derived from the Darcy´s law for water flow in porous media, and contributes to the PC objective that is the flow of surface runoff through its structure quickly and safely [11-13]. The methodology to measure the permeability can affect the result. According to the literature, two types of tests are applied: Falling or Constant [9-12]. Values of permeability coefficient from 1.5 to 30 mm/s were found [10,14,15].

The correlation for permeability and porosity for PC has been widely studied by some researchers (Fig. 1 and Table 1, Eq. 1, Eq. 2, Eq. 3, Eq. 4, Eq. 5, Eq. 6). The relationship of these two parameters has predominantly an exponential tendency. However, some authors consider that its trend is linear (considering a proportionality between the two properties), as shown in Fig. 1 and Table 1 there are enormous differences with the results found among the correlations.

After all, the results found applying these correlations are not entirely realistic, since in most cases for porosities equal to zero, there are permeability values, and in others it gives negative values.





Figure 1. Correlations for permeability and porosity found in literature. Review.

Source: The Authors.

Table 1.

References and correlations for permeability and porosity found in literature review.

		Reference

		Correlation



		[16]

		               (1)



		[17]

		                  (2)



		[3]

		 (3)



		[18]

		       (4)



		[19]

		          (5)



		[20]

		               (6)





Source: The Authors.





On the other hand, very high permeability values (>40mm/s) were found and for PC it is difficult to reach this limit of permeability. Therefore, the boundary conditions in which these two hydraulic parameters vary have not been established.

Additionally, these proposed correlations do not help in making decisions to run a PC in the field, since they do not establish that there may be a PC that meets the minimum mechanical parameters and in turn it is hydraulically efficient.

PC is generally composed of cement, coarse aggregates (conventional or recycled), water and admixtures (additives and additions). The choice of the grain size distribution of the coarse aggregates depends on the final properties requirement: a continuous grading is recommended if greater strength is required; on the other hand, greater permeability may be obtained using more uniform particle sizes [21-23]. According to the literature [1], the cement ratio (w/c) of PC varies from 0.22 to 0.40.

When conventional aggregates were used to make PC the compressive strength of pervious concrete varied from 3-30 MPa [1,24,25].  Additionally, the use of recycled aggregates has been incorporated in the composition of PC obtaining good results in hydraulic terms [26]. The porosity of the PC manufactured with CCW varied from 23 to 26 %, and the compressive strength ranged from 7 to 12 MPa (which is lower when compared to PC with conventional aggregates) [13,26,27]. These differences are related to the high heterogeneity and the nature of this type of aggregates.

As its mechanical properties are so varied, PC can be used in parking lots, parks, light traffic pavements, pool edges and walkways [28]. For these applications, the runoff reduction and the need to contribute to the recharge of aquifers are the main required properties, and they are directly related to the hydraulic properties instead of the compressive strength [1,25]. These facts made the PC an environmentally friendly material and with the prominent potential to contribute to the solution of the problems related to the runoff.

 An experimental program was developed, with the intention to answer these research gaps which initially contemplated the mechanical and hydraulic characterization for PC produced with 4 types of aggregates (electric furnace slag (EFS), ceramic waste (CW), recycled concrete (RCA) and basalt). Then, the verification of compliance with the minimum parameters of the international standards and finally a new model for the hydraulic properties (k-Φ) were proposed and validated with other researcher’s results.



2.  Research significance



PC has a very heterogeneous hydraulic behavior, in other words the material can have an equal porosity and two different coefficients of permeability. This is related to the grain size distribution of the aggregates, the amount of cement paste used, the method of compaction executed and the interconnectivity of the voids. These parameters have been studied and there are still great controversies on the contribution of each of them with the interconnectivity of gaps [10]. 

Therefore, this work studies the possibility to create a correlation of hydraulic properties that allows to identify how efficient the PC will be in terms of permeability based on its porosity, taking into consideration two major laws of hydraulics such as Darcy and Bernoulli's laws. For this, an experimental program divided into four phases was established, as shown in Fig. 2.

As shown in Fig. 2, phase 1 regards the mechanical characterization of the PC mixes and the evaluation of the experimental results; in phase 2 the hydraulic properties of the mixtures are studied; phase 3 compares the experimental data with the requirements established in international standards, and finally, in phase 4 a proposal equation to correlate the hydraulic parameters (porosity and permeability) is presented.

The proposed model will allow to identify how efficient the PC is hydraulically, allowing to find PCs that have a balance of their hydraulic properties, and at the same time comply with the mechanical parameters required by international standards. Therefore, this correlation would be of great help in order to successfully disseminate and apply the material in the project and work.



[image: ]

Figure 2. Research Summary.

Source: The Authors.
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[bookmark: _Ref483236413]Figure 3. Aggregates: a) Basalt b) EFS c) CW and d) RCA.

Source: The Authors.





3.  Experimental program



3.1. Materials



The cement used in this study was a CP II-F-32 (Brazilian denomination). This presents a limestone filler addition content of 6-10% that allows a reduction of the clinker in its manufacture and therefore is more environmentally friendly. Tap water was used in the production process to fulfill the standard requirements.

Four different types of aggregates were used in this study (Fig. 3): Basalt, Electric Furnace Slag (EFS), Ceramic Waste (CW) and Recycled Concrete Aggregates (RCA). Notice that basalt is obtained by quarrying process, and thus it is a non-renewable resource, and besides it is the most common aggregate in southern Brazil. That is the main reason why Basalt is used as a reference in the study. On the other hand, EFS, CW, and RCA are denominated sustainable aggregates. EFS comes from the processes for melting scrap metal (recycling) and making new steel products, whereas CW and RCA from the waste generated during construction and demolition of civil infrastructures, the first one of the traditional construction systems, and the second of the construction with structural masonry.



[bookmark: _Ref486931136]Table 2.

Aggregates characterization.

		Aggregate

		Density

(g/cm3)

		Materials finer than 75μm (%)

		Water Absorption (%)

		Bulk density

(g/cm3)

		Fines Content (%)



		Basalt

		2.80

		4.15

		1.20

		1.50

		37.87



		EFS

		2.70

		0.00

		0.49

		1.60

		0.49



		CW

		1.80

		5.50

		10.2

		1.12

		17.10



		RCA

		2.12

		4.50

		6.12

		1.30

		17.49





Source: The Authors.



[bookmark: _Ref483236488]Figure 4. Basalt, EFS, CW and RCA particle size distribution.

Source: The Authors.





Table 2 presents the density, materials finer than 75 μm, water absorption, bulk density and determination of material finer than 0.075 mm sieve (fines content) for each type of aggregate. These properties were obtained following the requirements of the Brazilian standards NBR NM 53/2003 (ASTM C 127-84) [29], NBR NM 46/2003 (ASTM C 117 - 90) [30], and NBR NM 45/2006 (ASTM C 29 - 90) [31].

The values of these properties are important to correct the water absorption of each aggregate without changing the water-to-cement ratio (w/c) of mix proportion and therefore affecting the mechanical properties of the mixtures [32]. The aggregate that presented higher absorption was CW, what is related to its heterogeneous nature [13,15,20], as expected the density of the sustainable aggregates is lower than the reference due to its production process and nature.

All mixtures were produced with a maximum size of aggregate of 9.5 mm, regardless of the type of aggregate. This was considered to simulate a typical composition of PC [12,21,22]. This type of concrete composed with the selected maximum size presents reasonable mechanical properties without affecting the hydraulic features [23,24]. Fig. 4 presents the particle size distribution of all aggregates used in the study.

The grading curves of the aggregates show a uniform distribution, regardless of the type of aggregates. This is recommended by ACI 522R-10 to produce PC [28]. Moreover, the uniformity coefficients (Cu) [35] of Basalt, EFS, CW, and RCA are 2.20, 1.80, 2.16 and 1.86, respectively. These values are close, so the difference presented among the grading curves is not significant. Apart from that, since Cu values are lower than 5, the grading considered uniform guarantees high hydraulic properties (porosity and permeability) [35].



3.2.  Mixture design and production process



To analyze how the type of aggregate affects the final properties of the PC, a unique reference mix was considered. This presented a content of cement and aggregates equal to 420 kg/m3 and 1369.20 kg/m3, respectively. The water-cement ratio (w/c) was also the same for all the mixtures 0.34. The total water content was corrected considering the water absorption results obtained for each type of aggregate [13].

All mixes were produced in a concrete mixer with a capacity of 150 liters. First, the aggregates and 50% of the total water were mixed during 120s. Then, the cement and 25% of the total water were added and mixed during 120s more. Finally, the rest of the water was added and all the materials were mixed for 60s. Notice that this production process was already used in former research studies [12].

Once the PC was mixed, it was used to produce two types of cylindrical samples (100x200mm and 100x150mm, respectively) and slabs (750x250x50mm). Cylindrical samples were placed on a flow table and compacted with 20 blows in two layers, whereas compacting process for the slabs was performed with 5 rubber hammer blows around the mold. In order to reduce the variability introduced by the pouring and compacting process, the same technician was designated to perform the entire procedure for all mixes.

Samples and slabs were placed inside a curing room in the first 24 hours to ensure good curing conditions (temperature and humidity). Then, specimens were demolded and cured submerged in water until the test age.



3.3.  Test Methods



3.3.1.  Mechanical properties



The mechanical properties of the PC evaluated at an age of 28 days in this study were: compressive strength and flexural tensile strength (Fig. 5). Firstly, to estimate the compressive strength of the PC, cylindrical samples (100x200 mm) were tested following the requirements of the NBR 5739/2007 (ASTM C39/39M-18) [36]. A total of seven samples was tested for each mix. On the other hand, the flexural tensile strength of the mixes was assessed testing four samples (750x250x50mm) regarding the standard NBR 12142/2010 (ASTM C78/C78M-18) [37].
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		a)

		b)





Figure 5. Mechanical tests performed: a) compressive strength and b) flexural strength.

Source: The Authors.

3.3.2.  Hydraulic properties



To evaluate the hydraulic properties of the PC mixes two tests were performed: porosity and permeability. Firstly, the test performed to assess the porosity was the same used by Sandoval et al. (2017) in previous research’s [12]. This method consists of filling all concrete pores of a cylindrical sample (100x200mm) with water and correlate the total water volume with the porosity [28, 29]. 

In that sense, porosity (Φ) was obtained using Eq. 7, that considers the volume of water (Vw) and the total volume of the sample (VT). Notice that five samples for each mixture were tested to obtain this property.



		

		(7)







On the other hand, it is important to remark that currently there is no standard to assess the permeability for PC [28]. Concerning that, two types of test are commonly used to measure the permeability coefficient: the falling head permeability test [3,8,10,11,38] and the constant head permeability test [39-44]. 

In this study, the constant head permeability test was adopted, since according to Sandoval et al (2017) [12] it reduces the variability of the results and the experimental results obtained are sensitive to changes in the aggregate properties. Fig. 6 shows the permeameter used, which uses cylindrical specimen of PC with section and height equals to A and L, respectively, and a known water volume (q). During the test, the time (t) that the water column needs to pass through the specimen is measured. 

Then, the permeability coefficient (k) is calculated using Eq. 8. In this study h was 520 mm and equal for all the tests. A total of five cylindrical samples (100x200mm) was tested for each mix.



		

		(8)
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[bookmark: _Ref483236925]Figure 6. Constant head permeability test: a) schematic view and b) final set up.

Source: The Authors.

		





Figure 7.  Experimental results for mechanical properties: compressive and flexural strengths.

Source: The Authors.





4.  Results and analysis



The results of the experimental program are presented and discussed in this section. Firstly, Fig. 7 presents the mechanical properties results obtained: compressive strength and flexural tensile strength. The results are presented considering the type of aggregate used in the mixture and they show graphically the results deviation.

Regarding the compressive strength results, these varied from 3.3 to 11.0 MPa. This variation agrees with the findings in the literature review [10,28]. Performing a significance analysis with the software ANOVA a p-value lower than 1x10-5 was obtained, indicating that the results presented significant differences considering the type of aggregate used in each mix. The compressive strength of EFS was around 5% higher when compared with Basalt. On the other hand, the compressive strengths of CW and RCA were around 60% and 34% lower, respectively, when compared with Basalt. This suggests that the nature of the aggregates is an important parameter to be considered. The low bulk density of the CW and RCA (Table 1) indicates that they are more porous, heterogeneous when compared to the others aggregates. This difference affects the mechanical properties of PC. Regarding the flexural tensile strength results, these follow the same tendency observed in the compressive strength results as expected [45]. In this study, the flexural tensile strength is on average 40% of the compressive strength agreeing with the results found in the literature review [41]. 

Fig. 8 presents the results of the hydraulic properties: porosity (Φ) and permeability (k). The results presented consider the type of aggregate used in the mixtures production and the results deviation.

The experimental results show that the porosity varied from 19.1 to 28.6%, whereas the permeability varied from 4.3 to 15.3mm/s. Both parameters presented the same tendency: increases in porosity entailed a higher permeability agreeing with the results found in the literature [14,46].

Figure 8. Experimental Results: porosity and permeability.

Source: The Authors.





Besides, in order to analyze how the type of aggregate influences the results, a significance analysis using the ANOVA software was carried out. As a result, a p-value lower than 1x10-5 was obtained, which indicated that there were significant differences in the results of porosity and permeability among the PCs produced with different types of aggregates.

Considering the nature of the aggregates, PC produced with CW, which presented a higher water absorption (Table 1), showed the highest porosity (27.06%). The Basalt aggregate contained more fine grains than the other types, leading to a reduction of final porosity of the material. On the other hand, EFS presented the lowest content of fines, and lowest value of Cu (1.80) entailing an average porosity of 24.75%, which was lower than the one produced with CW.



5.  Verification of compliance of international standards and guidelines



In this section, the mechanical and hydraulic properties are analyzed to study the feasibility of using sustainable aggregate in the production of PC. Concerning that, the average values obtained in the presented experimental program are gathered and compared to the requirements presented by the American guidelines ACI 522R-10, the Brazilian standard NBR 16416/2015 and VTT-R-080225-13 guidelines. Therefore, Table 3 shows the average results of the compressive strength, flexural tensile strength, porosity and permeability for each of the studied mixtures. Finally, the mechanical and hydraulic requirements for PC presented in ACI 522R-10, NBR 16416/2015 and VTT-R-080225-13 are presented. The presented requirements are intervals of the research conducted on PC, and in some cases minimum values according to the type of application required, however there are still some gaps regarding the knowledge of the material.

According to the compressive strength results the only concrete mixture with sustainable aggregate that complies with the standards was the EFS, in the case of CW and RCA its values were lower than the required intervals 46.6% and 6.47% respectively.

Table 3.

Summary of experimental results and requirements for different standards and guidelines.

		PC

		Compressive Strength

(MPa)

		Flexural tensile strength

(MPa)

		Porosity

(%)

		k

(mm/s)



		Basalt (reference)

		9.56

		1.57

		19.26

		4.97



		EFS

		10.10

		2.92

		24.75

		10.52



		CW

		3.83

		1.24

		27.06

		15.08



		RCA

		6.36

		2.46

		23.42

		9.90



		ACI 522R-10

		6.8-37.9

		0.68-2.15

		10-35

		>1.0



		NBR 16416/2015

		20-35

		>1.0

		15-30

		>1.0



		VTT-R-080225-13

		10-20

		1.5-3.0

		20-35

		>1.5





Source: The Authors.



Comparing the flexural tensile strength results with the standards the BFS, CW and RCA meet the ranges proposed in the standards, therefore the EFS can be used in low traffic pavements, parking lots and roadways, and the CW and RCA only in walkways. In hydraulic terms, the concrete mixtures with sustainable aggregates comply with the porosity and permeability intervals of the standards and guidelines.



6.  Correlation between porosity and permeability



Darcy’s law and Bernoulli’s law can be applied in PC. Darcy’s law allows he calculation of the flow (), as well as the Bernoulli equation allows the calculation of the velocity, and making the next approach also allows the calculation of the flow  and  . The material work as a homogeneous porous medium and its interconnected voids build a network of internal channels, then the PC meets both conditions, and a correlation between hydraulic properties (permeability and porosity) could exist as shown in Eq. 9.



		

		(9)







Where:

·  = permeability of PC (mm/s)

· α = permeability test parameter (mm/s)

· Φ = porosity of PC

· n = hydraulic efficiency coefficient of PC

·  = Hydraulic gradient (permeability test parameter)

·  = Acceleration of gravity

·  = hydraulic load (permeability test parameter)

Eq. 9 proposes a relationship between infiltration velocity and charge loss with  , which is represented by a parable of degree n using and empirical equation shown in Fig. 9. The  relationship expresses the hydraulic efficiency of the interconnected pores. The ration increases with the reduction of charge loss, and, as a consequence, the increase of the permeability. This ratio considers the maximum and minimum limits which has these two hydraulic parameters the first, “” (impervious material) where for a zero porosity in the PC (ideal condition) the permeability will 

[image: ]

Figure 9. Limits of relation of porosity and permeability (boundary conditions).

Source: The Authors.



be equal to zero. And the second limit “” (ATotal=Apores) which has a porosity of one hundred percent the permeability would be maximum. Fig. 9 presents the correlation of k and Φ between these limits.

Eq. 9 meets the boundary conditions (limits) proposed in Fig. 9.   for  maximum permeability and  for minimal permeability. The coefficient “” of empirical equation showing in Fig. 9 may be determined by non-linear regression, or analytically for each experimental data.

Using the experimental results of porosity and permeability presented in Fig. 8, a non-linear regression using Eq. 9 was performed with the IBM SPSS statistic software Fig. 10 was plotted, showing that the experimental results have a variation coefficient (R2) of 0.98.

As shown in Fig. 10, the curves of the non-linear regression are very close regardless of the type of aggregate used, the values of the coefficient “n” were 3.32 for the basalt, 3.35 for the EFS, 3.29 for the CW, and 2.27 for the RCA. Then there is no significant difference in the “n”-coefficients studied. These two parameters can be correlated, presenting an R2 coefficient equal to 0.97, considering the average results.





Figure 10. Non-linear regression for Basalt, EFS, CW and RCA.

Source: The Authors.



Figure 11. Analysis of the correlation proposed with other studies.

Source: The Authors.





In order to validate the proposed correlation, Eq. 9 was used to perform non-linear regressions with experimental data obtained from other researchers [7,23,30,40-42] using IBS SPSS Statistic software. Fig. 11 shows that the proposed correlation presents good fit for all the considered experimental results, being the minimum, the maximum and the average R2 values equal to 0.98 and 0.97 respectively.

As shown in Fig. 11 a different value of the coefficient “n” was obtained from each experimental data from the literature, varying from 2.5 to 5.6. The coefficient “n” is explained as a characteristic of PC directly related to hydraulic efficiency of the internal channels. The voids in the PC are like a series of channels and their efficiency is related to their size and their interconnection, therefore there can be two hypotheses.  The first where the PC has a low porosity with a high permeability that is more hydraulically efficient, represented by a coefficient “n” less than 3. And the second where the PC has a high porosity and a permeability less hydraulically efficient, represented by a coefficient “n” greater than 3 as shown in Fig. 11. Therefore, each pervious concrete is characterized by a specific “n” and depending on the needs of a work the PC that best suits them can be chosen.



7.  Conclusions



· It was possible to propose a correlation of the hydraulic parameters (Φ and k) based on the Darcy’s and Bernoulli’s laws.

· The proposed Equation was tested based on the experimental data found in the laboratory and data from other authors showing excellent correlation in all cases, thus demonstrating the predictability of the proposed model.

· The proposed correlation adjusted to the theoretical boundary conditions in which both porosity and permeability vary.

· The “n” coefficient defined as the hydraulic efficiency of the PC controls the correlation between permeability and porosity. 

· In practice, lower values of the coefficient  result in PC with higher permeability (more efficient in terms of hydraulic performance).

· In mechanical properties, it was demonstrated that for both compressive and flexural tensile strength, the nature of the aggregate used was more important, in this case, the EFS mechanical properties exceed those of the reference (basalt).

· The porosities of the PCs with sustainable aggregates were higher when compared with the reference (basalt), since the sustainable aggregates presented lower density, greater water absorption and lower content of fines allowing the formation of high porosities.

· According to the verification of the standards and guidelines it is possible to make PC with sustainable aggregates that meets the minimum mechanical and hydraulic properties for the construction in low traffic pavements, parking lots, roadways and walkways.
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k (mm/s)









n=2.799	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	2.0696028135734515E-3	1.5527278173043054E-2	5.0473030958223593E-2	0.11649402768581184	0.22287318033541909	0.37867594051622538	0.59279893105724013	0.87400111823996662	1.2309254884086416	1.6721149805568856	2.2060246798471432	2.8410314420098071	3.585441677416934	4.4474977724423512	5.4353834740900355	6.557228467925559	7.8211123162294403	9.2350678803962527	10.807084321629475	12.545109752527793	14.457053596478437	16.550788700099126	18.834153235135279	21.314952419435496	24.000960081349167	26.899920087733818	30.019547652451546	33.367530539574659	36.951530173363096	40.779182665312838	44.858099767119029	49.195869757191794	53.800058267353407	58.678209055496978	63.83784472927082	69.28646742524279	75.031559447476383	81.080583869006148	87.440985099311959	94.120189420558688	101.12560549507727	108.46462484631067	B. Huang et al. (2010)	21	22	16	15	V. Sata et al. (2013) 	24.2	25.3	27.4	26.8	26.9	26.4	23.7	21.7	22.4	12.5	11.8	17.100000000000001	15.6	14.6	14.7	11.2	7.1	8	n=3.308	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	1.9225127976663111E-4	2.0625843527635086E-3	8.2	649536914218488E-3	2.2128613226549087E-2	4.7502314986956846E-2	8.867126492439921E-2	0.15030303186395919	0.23740872593846749	0.3553134190017721	0.50963266268538432	0.7062532782372235	0.95131727494777529	1.2512081399549559	1.6125389754067381	2.0421421073456894	2.5470598891440854	3.1345364899582053	3.8120105065077641	4.5871082711697424	5.4676377550674999	6.4615829842270074	7.577098901751345	8.8225066205501133	10.20628902030059	11.73708664961368	13.423693900264816	15.275055425145414	17.300262775533081	19.508551236544161	21.909296842360003	24.512013555109505	27.326350593230259	30.362089896780443	33.629143718585659	37.137552331319519	40.897481841666874	44.919222103628655	49.21318472382405	53.789901152339276	58.660020853284628	63.83430954976005	69.323647538406803	n=3.274	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	2.1989483018802197E-4	2.3119348068839237E-3	9.1551865555518971E-3	2.4307267918536806E-2	5.1840547528514594E-2	9.6255989480052498E-2	0.16242750328979341	0.2555622554339585	0.38117058411646043	0.54504221921276341	0.7532269011690953	1.0120182100675341	1.3279398201649191	1.7077336385299964	2.1583494407744319	2.6869357190358953	3.3008315273803799	4.007559159192664	4.8148175268668316	5.7304761405340461	6.762569602473449	7.9192925491024404	9.2089949842979557	10.640177957139381	12.221489544607618	13.961721105772916	15.869803778883826	17.954805196775798	20.225926399332746	22.692498924500288	25.363982061669631	28.249960253213601	31.360140631623416	34.704350681120374	38.292536013841918	42.134758251759393	46.241193006401311	50.622127949257099	55.287960966433495	60.249198391750944	65.516453313007005	71.10044394661351	this study	19.098593171027439	19.416903057211229	19.73521294339502	18.780283284843648	19.73521294339502	23.87	23.87	24.19	25.15	26.1	27.69	28.65	25.78	26.1	25.98	21.65	23.55	23.55	23.87	24.51	4.4800000000000004	5.01	5.33	4.38	5.5	9.34	9.39	10.65	11.37	11.52	15.10359821447598	15.181781917794382	15.003246177748357	15.056344527508529	15.060437003451732	9.32	9.7200000000000006	9.94	10.37	10.44	n=3.426	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	1.1119862977720966E-4	1.295477386795313E-3	5.4474485159214537E-3	1.5092467083996169E-2	3.3269168895377635E-2	6.3463429200944013E-2	0.10956386268960581	0.17582905344645569	0.2668620592993739	0.38758981174306728	0.5432460036826291	0.73935656925836135	0.98172715404293664	1.2764321539636587	1.6298050172755716	2.0484295817122762	2.5391322729210812	3.1089750288166225	3.7652488426583113	4.5154678386900873	5.3673638101738534	6.3288811620051693	7.408172209784941	8.6135927949093887	9.9536981814141914	11.437239205318004	13.07315865131336	14.870587835042375	16.838843372017159	18.987424116612427	21.326008256556193	23.86445055004371	26.612779694050822	29.581195813670114	32.780068063370393	36.21993233201426	39.911489044282099	43.865601051864587	48.093291608410247	52.605742422766987	57.41429178554462	62.530432764458872	J. Yang, G. Jiang (2003)	24.3	25	22	8.3000000000000007	8.9	7.8	n=3.178	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	5.9635156385529498E-4	5.395686188916911E-3	1.9569928606880071E-2	4.8819238874894845E-2	9.9204071132114713E-2	0.17706534182553965	0.28897599635186466	0.44170806100983584	0.64220860460644991	0.89758134116634614	1.2150720490574358	1.6020567016669105	2.0660315988491127	2.6146050198379416	3.2554900619635596	3.9964984227028189	4.8455349453030294	5.810592791736946	6.8997491377498417	8.1211613073525015	9.4830632809077091	10.99376252365969	12.661637091313223	14.495132976868415	16.502761668910008	18.693097896329299	21.074777538307846	23.656495681523264	26.447004809106637	29.455113108004468	32.689682883166562	36.159629068463943	39.873917825491766	43.841565222473264	48.071635986386603	52.573242322213197	57.355542793874051	62.427741262001348	67.799085874194759	73.478868103850786	79.476421834039158	85.801122483238316	Z. Zhang et al. (2017)	15	14.8	15.6	16	15	17	3.7	3.6	3.5	3.5	3.9	3.8	n=5.662	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	6.4002651417423242E-9	3.2411350479046032E-7	3.2193279416864603E-6	1.6413314395746864E-5	5.8066073060501255E-5	1.6302881820389866E-4	3.9024026332336271E-4	8.3118069895851937E-4	1.6193192260940928E-3	2.940502937341544E-3	5.0442460023267773E-3	8.2558832297888306E-3	1.298955765677068E-2	1.9762015581381898E-2	2.9207185534940311E-2	4.2091520192910889E-2	5.933008229469932E-2	8.2003357379825295E-2	0.11137477762408741	0.14890894232687443	0.19629052169954034	0.25544383156513017	0.32855306742538065	0.41808318710046621	0.52680143181530736	0.65779947620538914	0.81451619825482302	1.0007610606678303	1.2207380956186287	1.4790704852295726	1.7808257304978796	2.1315414017315195	2.5372514638682793	3.0045131703413506	3.5404345194228877	4.1527022672258438	4.8496104917756746	5.6400897027797674	6.5337364919237233	7.5408437187127673	8.6724312270534671	9.9402770879374618	Nguyen et al. (2017)	32	33	34	34.6	2.2999999999999998	2.2999999999999998	3	3.4	n=2.549	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	0	1.0786215119761904E-2	6.3119107601094682E-2	0.17741803465406686	0.36936234815670232	0.65232706994524525	1.0382203484137462	1.5379046556109583	2.1614460251568337	2.9	182765846048278	3.8173077452853312	4.8670128843995801	6.0754899802721516	7.4505104432439522	8.9995580803765289	10.729860791417849	12.648416772800703	14.762016482656891	17.077261273599902	19.600579364227993	22.338239655512833	25.296363780463821	28.480936689598785	31.897816011052367	35.552740376147447	39.451336864561121	43.599127694810569	48.001536263537972	52.663892619464825	57.591438443813281	62.789331597645834	68.262650287347512	74.016396891917637	80.055501489502731	86.384825115422288	93.009162779612183	99.933246267774763	107.16174674744789	114.69927719759909	122.55039467812169	130.71960245369939	139.21135198486533	148.03004479765829	K. S. Elango, V	.Revatchi (2017)	14.8	15.6	17.8	19.5	9.8000000000000007	12.6	17.8	19.5	Φ (%)



k (mm/s)
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