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Abstract 

Resumo

This study aims to investigate the properties of pervious concrete focusing on characterization tests by the Ultrasound Method. For this, three 
mixtures were produced with the paste/aggregate (P/Ag) ratio ranging from 0.45 to 0.65, water to cement ratio (w/c) of 0.3, and all the specimens 
were compacted with a steel rod. The application of the ultrasound method deserves special attention for the characterization of pervious con-
crete, due to a lack of research and the potential to develop analytical models for predicting properties from ultrasonic pulse velocity (UPV) as 
an independent variable. The UPV obtained in this study ranged from 3642 to 4262 m/s for an approximately 12% reduction in porosity, with a 
correlation (R²) of 0.91. It is noteworthy that the high porosity of pervious concrete causes attenuation of the ultrasonic wave. The measurements 
of UPV had higher values for specimens with higher densities (R²=0.87), higher compressive and tensile strengths (R² of 0.79 and 0.84, resp.), 
and lower permeability (R² = 0.91).

Keywords: pervious concrete, ultrasound method, porosity, permeability, compressive strength.

Neste estudo, objetiva-se investigar as propriedades do concreto permeável com foco nos ensaios de caracterização pelo Método do Ultras-
som. Para isso, foram produzidos três traços com a relação pasta/agregado variando de 0,45 a 0,65, relação a/c de 0,3 e compactados por 
haste. A aplicação do Método do Ultrassom merece atenção especial para caracterização do concreto permeável, com carência de pesquisas 
e com potencial de desenvolver modelos analíticos de previsão das propriedades a partir da velocidade de pulsos ultrassônicos (VPU) como 
uma variável independente. A VPU variou de 3642 até 4262 m/s para uma redução de aproximadamente 12% na porosidade, com alta corre-
lação (R²) de 0,91 e destaca-se que a alta porosidade do concreto provoca atenuação da onda ultrassônica. As medições da VPU retrataram 
valores maiores para os CPs com maiores densidades (R²=0,87), maiores resistências à compressão e à tração (R² de 0,79 e 0,84, resp.), e 
menores permeabilidades (R²=0,91). 

Palavras-chave: concreto permeável, método do ultrassom, porosidade, permeabildiade, resistência à compressão.
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1.	 Introduction

Currently, pervious concrete is used in pavement construction in 
urban areas, as a way to minimize the impacts caused by conven-
tional impermeable paving. During heavy rainfall, impervious pav-
ing contributes to increased runoff of surface waters and potential 
for sudden flooding [1, 2], and is an effective way to meet growing 
environmental demands.
Permeability is an intrinsic property of pervious concrete that al-
lows fluid (water) to pass through its matrix [3]. This feature is 
attributed to the fact that pervious concrete has a network of in-
terconnected macropores that form channels that allow water to 
drain. Moreover, permeability may be used as a drainage device 
in retaining walls [4]. 
Also, pervious concrete is used to reduce the formation of heat 
islands in cities [5], and helps as a sound barrier, absorbing noise 
caused by the interaction between tire and pavement [6]. How-
ever, pervious concrete is generally used for low traffic demand 
pavements, since its high porosity decreases its compressive 
strength [5, 7, 8].
Allied to the environmental aspects, the technical characteristics 
of pervious concrete arouse an increasing interest for its use in 
sustainable construction, being promoted by building certification 
systems (such as the Green Building Council’s LEED [1]). Pervi-
ous concrete may contribute to some categories in LEED certifi-
cation, namely: Sustainable Sites; Water efficiency; Materials and 
Resources; and Design Innovation [9].
In order to optimize the percentage of interconnected pores relative 
to the total element volume, the traditional mix design philosophies 
for pervious concrete [10] suggest that the composition is formed 
by coarse aggregates, a minimal amount of fine aggregates (or, 
even, no fine aggregates), and cement paste volume sufficient to 

involve the coarse aggregates. Due to this proportion of materials, 
pervious concrete has a dry consistency with a slump close to zero 
[10-12].
The porosity of pervious concrete is a relevant factor in its per-
formance and is related to other properties, such as permeability 
[12-14]. It is noteworthy that, currently, there is no guideline that 
regulates the test procedure for the characterization of permeabil-
ity of pervious concrete in the laboratory. However, for some re-
searchers [12, 15-19], the permeability test may be performed with 
constant-head permeameter for specimens with high porosity and 
high permeability. On the other hand, other authors [20-23] perform 
the test using falling-head permeameter, regardless of the porosity 
level of the specimens. 
In this sense, mix design philosophies of pervious concrete are lim-
ited. There is no consolidated and universally accepted theoretical 
knowledge that relates the mix proportion of the materials and the 
consolidation process to the hardened properties of the pervious 
concrete [24]. Moreover, according to ACI 522R-10 [10] pervious 
concrete mix design has an empirical component based on the 
experiments already performed. In the usual applications among 
researchers, it is noted mass mixtures ranging from 1:2 to 1:12, 
with cement consumption ranging from 150 to 700 kg/m³ and w/c 
ratio from 0.2 to 0.5, which conduct to porosities up to 42% and 
permeability up to 33 mm/s [2].
The first published guidelines for pervious concrete were: PCP 
manual [1]; and ACI 522R-10 [10]. Both address technical aspects 
of the material, the constituents, simplified mix design methods, 
and characterization tests.
In recent years, the American Society for Testing and Materials 
(ASTM) has released a collection of standards for pervious con-
crete characterization: ASTM C1754 [25], to determine the density 
and void content of pervious concrete in the hardened state; ASMT 
C1747 [26], to determine the degradation resistance of impact and 
abrasion pervious concrete; ASTM C1688 [27], to determine the 
density and void content of fresh pervious concrete; ASTM C1701 
[28], to determine the permeability of pervious concrete. Recently, 
the Brazilian Association of Technical Standards (ABNT) also pub-
lished a standard on pervious concrete, ABNT NBR 16416 [29], 
which deals with pervious pavement requirements, focusing on in-
terlocking blocks and the in situ permeability characterization test. 
Although there are standards related to properties characterization 
of pervious concrete, there are no in-depth standards nor guide-
lines in the literature on the use of non-destructive tests for indirect 
characterization of pervious concrete.
The Ultrasound Method is a relevant non-destructive test for the 
characterization and investigation of conventional concrete [30, 
47]. Regarding pervious concrete, there is a little research about 
this topic, which opens the possibility of developing prediction 
equations that can help in determining its properties.
The use of an ultrasound test allows the characterization of con-
crete, detecting flaws, and monitoring its state of deterioration, 
in addition to estimate its mechanical properties. Generally, the 
frequency of the transducers used in the tests ranges from 25 to 
100 kHz and the ultrasonic pulse velocity (UPV) for conventional 
concrete is different depending on the mix constitution, its propor-
tion, and the physical characteristics of the aggregates [31]. The  

Figure 1
Surface aspect of the particle size fraction: 
range 6.3 to 9.5 mm
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standard for determining ultrasonic pulse velocity (UPV) in con-
crete follow ASTM C 597 [32]
Because pervious concrete has a high level of porosity, it causes 
attenuation of the ultrasonic wave. This characteristic leads to an 
amplification factor between 50 and 60 dB [33] in order to mea-
sure the UPV. In the literature [34, 35] was found that for a higher 
pervious concrete density, lower porosity and higher compressive 
strength, the greater the UPV. Also, the authors [34, 35] highlighted 
the feasibility of using the ultrasound method to perform periodic 
evaluations on pervious concrete pavements, preserving it from 
the need for core extraction. From the current state of the art, this 
paper aims to investigate the properties of pervious concrete fo-
cusing on characterization tests by the ultrasound method.

2.	 Materials and methods

2.1	 Materials

The coarse aggregate was obtained by a sieving process from a 
granular set of basaltic origin acquired in a quarry located in the 
region of Apucarana/PR (Brazil). The sieving process followed the 
recommendations of ABNT NBR NM 248 [36]. The result was the 
particle size fraction between 6.3 and 9.5 mm. Figure 1 shows the 
superficial aspect of coarse aggregates.
The obtained particle size fraction was characterized by the fol-
lowing tests: Unit mass, ABNT NBR NM 45 [37]; Shape Index (SI), 
ABNT NBR 7809 [38]; and Zingg Method [39]. In this sense, three 
measurements (length, width, and thickness) of 200 aggregates, 
random selected, were made. Table 1 shows the physical charac-
teristics of the aggregates.	
According to the Zinng classification [39], obtained by the values 
of elongation (ratio between thickness and width) and flatness (ra-
tio between width and length) of the aggregates, the predominant 
aspect of the aggregates is lamellar elongation. The aggregate 
classification is important for the understanding of the properties 
of pervious concrete, which its physical characteristics influence 
in the compaction process, adversely affecting the contact area 

between the aggregates and thus leading to different densities and 
strength [10, 40, 44]. 
The material compositions used were defined in order to emulate 
typical dosages found in pervious concrete applications. Accord-
ing to the literature recommendations [17, 22, 40-42], the aggre-
gates with uniform diameter were selected. The value of Paste/
Aggregate (P/Ag) ratios was defined in order to obtain pervious 
concretes with porosity and permeability compatible with the prac-
tical application.
Table 2 shows the 3 mix composition defined in this study. The P/Ag 
volume ranged from 0.45 to 0.65, assigning the nomenclature to the 
three mixture of T0.45, T0.55, and T0.65. The particle size range used 
was uniform, with diameters between 6.3 and 9.5 mm, the water/ce-
ment ratio (w/c) was constant for all compositions, and the Portland 
Cement CP II-Z regulated by ABNT NBR 16697 [43] was used.
The pervious concrete mixing process followed the recommenda-
tions of SCHAEFER et al. [44]. After concrete preparation, a vi-
sual inspection was performed and it was found that the w/c ratio 
used to lead to the aggregates entirely covered with paste and in 
the consolidation process the paste did not segregate, following 
the recommendations of TENNIS et al. [1]. The consolidation pro-
cess was performed by throwing the concrete into the cylindrical 
mold in three layers, each layer was compacted with 25 blows 
with a steel rod, following the rules of ABNT NBR 45 [37]. In total, 
36 cylindrical specimens (100 mm in diameter and 200 mm in 
height) were produced.

2.2	 Methods

All the specimens had their density and porosity in the fresh and 
hardened state, permeability, compressive and tensile strength, 
and UPV characterized. The density and porosity in the fresh state 
were obtained using the procedure described by ASTM C1688 
[27]. The procedures proposed by ASTM C1754 [25] were used to 
calculate the density and porosity in the hardened state.
The permeability of pervious concrete was obtained through 
the constant-head permeameter, which is recommended in the  

Table 1
Dimensions and shape index of the particle size range

Particle size 
(mm)

Length
(l)

Width
(w)

Thickness
(t)

Shape index
(SI)

Sphericity
(standard 
deviation)

Unit mass
(kg / m³)
(standard 
deviation)

Voids indexAverage 
(mm)

(standard deviation)

6.3 - 9.5 15.96
(2.92)

10.08
(1.58)

5.09
(1.64)

3.29
(1.03)

0.59
(0.09)

1,374.01
(2.35) 0.544

Table 2
Mixture proportion of the pervious concrete: the first experimental campaign

Mixture P/Ag ratio by 
mass

Aggregate 
consumption 

(kg/m³)

Cement 
consumption 

(kg/m³)

Mixture by mass

Cement Aggregate w/c

T0.45 0.45 1,305.91 452.26 1 2.9 0.3
T0.55 0.55 1,306.85 553.35 1 2.4 0.3
T0.65 0.65 1,218.81 609.40 1 2.0 0.3
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literature [12,15-19]. Figure 2 shows the constant-head perme-
ameter developed for the test. The permeability results presented 
in this study were calculated with a hydraulic load of 30 cm.
Once the specimen was coupled with the apparatus, the opening 
of the bottom tube was closed. Next, the volume of water neces-
sary to fill the bottom tube and the pore spaces of the specimen 
was measured (q1). Then, the apparatus was completely filled with 
water and the bottom tube was opened. Finally, the volume of wa-
ter that passed through the specimen in 60 s was measured (q2).
The permeability (k) was estimated using Darcy's Law according to 
Equation 1. In this equation q is the difference between both mea-
sured volumes of water (q2 - q1), h is the heigth specimen (Ls) plus 
the hydraulic load (30 cm), and t is time interval (60 s).

(1)

The compressive strength was determined according to ABNT 
NBR 5739 [45]. The bottom and top surfaces of the specimens 
were regularized with plaster. The tensile strength was determined 
by diametric compression according to the recommendations of 
ABNT NBR 7222 [46].
The Ultrasonic Pulse Velocity (UPV) was determined using the 
PROCEQ/Pundit Lab ultrasound device, following the proce-
dures established in ASTM C597 [32]. The ultrasound measure-
ment was performed in the longitudinal direction (around 20 cm) 
of the specimens, with an ultrasonic wave vibration frequency 
of 24 kHz and a receiver amplification factor of 500 (which cor-
responds to 54 dB). The test setup consisted of two plates with 
holes to support the ultrasound transducers for direct measure-
ment, this ensured that the transducers were concentric to the 
specimen (see Figure 3). According to Chandrappa and Biligiri 
[34], it is required to apply a thick layer of gel on the top and 
bottom surfaces of the specimen where the transducers are 
placed. Finally, the average of three measurements was used 
as a single UPV value.

(a) (b) (c)

Figure 2
Process for mounting the permeability test

Figure 3
Ultrasound test: reading by direct longitudinal 
transmission
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3.	 Results e discussions

Table 3 shows the average and standard deviations (in parenthe-
sis below average) of density (fresh and hardened states), poros-
ity, compressive strength, tensile strength, permeability, and UPV 
value. From the data obtained in the characterization by the ul-
trasound method, some correlations can be made in order to un-
derstand the behavior of pervious concrete using a nondestructive 
method.
Figure 4a shows the relation between UPV and total porosity, no-
tice that the UPV increases as porosity decreases. This behavior 
is expected because the voids cause attenuation of the ultrasonic 
wave velocity. Besides, mixtures with a higher P/Ag ratio lead to a 
low level of porosities, which increase the possibility of the wave to 
find shorter paths for its propagation and increase the UPV value. 
Equation 2 presents the relation to obtain total porosity (P) through 
the independent variables UPV and P/Ag ratio.

(2)

Figure 4b presents a comparison between the average experimen-
tal and estimated porosity for all specimens, including an equiva-
lence line. Results reveal a relative prediction error of the estima-
tion is 0,24%, and a coefficient of correlation (R2) of 0.91.
Figure 5a shows the relation between UPV and density at the hard-
ened state. The observed behavior is the opposite of the relation 
between UPV and Porosity, which means that samples with higher 
densities (or lower porosities) conduct to higher values of UPV. 
Equation 3 presents the relation to obtaining density at the hard-
ened state (DE) through the independent variables UPV and P/Ag. 

(3)

Figure 5b presents a comparison between the average experimen-
tal and estimated densities for all specimens, including an equiva-
lence line. Results reveal a relative prediction error of the estima-
tion is 0,01%, and a coefficient of correlation (R2) of 0.87. 
Figure 6a presents the comparison between the permeability (k) 
depending on UPV value. It is observed that specimens with higher 

Table 3
Properties of pervious concrete

Mixture
Fresh state 

density 
(kg/m³)

Hardened 
state density 

(kg/m³)

Total porosity 
(%)

Compressive 
strength (MPa)

Tensile 
strength 
(MPa)

Permeability 
height 
30 cm 

(mm/s)

UPV
(m/s)

T0.45 1,914.85                    
(23.48)

1,893.84                    
(23.71)

28.44                     
(1.05)

7.77                                 
(0.46)

1.49                                 
(0.20)

8.31
(0.77)

3,719.79
(48.91)

T0.55 2,046.04                  
(32.80)

2,026.20                  
(32.41)

20.97                  
(1.62)

10.65                                               
(1.07)

2.36                                               
(0.34)

2.37
(0.99)

4,063.50
(73.28)

T0.65 2,035.27               
(42.38)

2,004.08
(42.21)

20.93                  
(2.14)

11.73                                 
(1.72)

2.33                                 
(0.41)

3.15
(0.82)

4,163.00
(97.70)

Figure 4
Relation between total porosity and ultrasonic pulse velocity (a) and validation of experimental 
and estimated data (b)

(a) (b)
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permeability lead to a lower value of UPV, which is related to higher 
porosities. This sheds light on the possibility of estimate the per-
meability of the pervious concrete with nondestructive tests. It is 
possible to estimate permeability (k) through the independent vari-
ables UPV and P/Ag ratio by Equation 4.

(4)

Figure 6b presents a comparison between the average experi-
mental and estimated permeability for all specimens, including an 
equivalence line. Results reveal a relative prediction error of the 
estimation is 5,06%, and a coefficient of correlation (R2) of 0.91. 
Figure 7 shows the comparison between compressive and tensile 
strengths depending on the UPV. This correlation provides an es-
timation of these properties without the need for destructive tests. 

Figure 5
Hardened state density and ultrasonic pulse velocity (a) and validation of experimental 
and estimated data (b)

(a) (b)

Figure 6
Relation between permeability and ultrasonic pulse velocity (a) and validation of experimental 
and estimated data (b)

(a) (b)
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Equations 5 and 6 present the relations to obtain the compressive 
and tensile strength, respectively, through the independent vari-
ables UPV and P/Ag ratio. 
Figure 8 presents a comparison between the average experimental 
and estimated compressive and tensile strength for all specimens, 
including an equivalence line. Results reveal relative prediction 
errors of the estimations are 0,63% and 0,81%, and coefficients 
of correlations (R2) of 0.79 and 0.84 for compressive and tensile 
strength, respectively.

(5)

(6)(6)

It is worth highlighting a particular characteristic of pervious con-
crete concerning its rupture, in which predominantly it was the 
coarse aggregates that failed and not the P/Ag bonding layer, a 
behavior also observed by other authors [21].
The correlations presented suggest the potential that the application 
of nondestructive tests has to characterize pervious concrete, avoid-
ing the need for core extraction and allowing to establish correlations 
with its properties. Thus, deeper studies are required to verify the in-
fluence of the pervious concrete constituent materials on the UPV. It 
is emphasized that all presented equations are only compatible with 
the materials used in this research. So, concretes produced with 
materials of different physical and chemical characteristics need to 
be tested and validated for the presented equations. 

4.	 Conclusions

The application of the ultrasound method deserves special attention for 
the characterization of pervious concrete, due to the potential to de-
velop analytical models for predicting properties from UPV. Ultrasonic 
pulse velocity results were between 3642 and 4262 m/s for a variation 
of approximately 12% in porosity. Specimens with higher permeability 
presented higher porosity which leads to a higher value of UPV be-
cause the voids cause attenuation of the ultrasonic wave velocity. More-
over, the mechanical properties (compressive and tensile strengths) are 
inversely proportional to the UPV. With the UPV values of all mixtures, 
multivariable linear regressions were performed to estimate the proper-
ties of the pervious concrete, obtaining a high correlation coefficient, as 
follows: 0.91 (Porosity); 0.87 (Density); 0.91 (permeability); 0.79 and 
0.84 (Compressive and tensile strength, respectively). 

Figure 7
Relation between compressive strength and 
tensile strength with ultrasonic pulse velocity 
for three volumes P/Ag

Figure 8
Validation of compressive (a) and tensile (b) strength, estimated and experimental

(a) (b)
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