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Abstract

The use of nondestructive ultrasonic pulse velocity (UPV) testing to assess the hardened properties of pervious concrete
(PC) mixtures is an emerging research area. Further, UPV has been successfully used to determine the effective flow resistiv-
ity (EFR) of asphalt concrete and cement concrete pavements. However, no research studies have focused on understanding
PC characteristics using EFR. Thus, the major objectives of this study were to assess the suitability of UPV testing for charac-
terizing PC mixtures and to quantify their EFR, which is a measure of the material’s characteristic impedance and is depen-
dent on the mix variables along with porosity. Thirty-six control and sand-modified PC mixtures were prepared with four
aggregate gradations, and three levels each of water-to-cement (w/c) and aggregate-to-cement (a/c) ratios. Test results indi-
cated that EFR was significantly dependent on the mix variables, with aggregate gradation being the most influential factor
(six and eight times higher than w/c and a/c ratios, respectively). Lower EFR or higher sound absorption capacity was
reported for PC with higher porosities. The sand-modified PC mixtures had higher EFR (by 4%—12%) than the control PC,
and consequently lower sound absorption capacity, attributed to the presence of mortar that densified the mixes. Further,
good-to-excellent correlations were obtained for various PC properties with UPV and EFR, which underscored the potential
of UPV in characterizing PC. The major contribution of this research was the development of a simple, fast, and cost-effective
approach, which can be suitably adopted as a quality-control test to determine PC mixture properties.

Keywords
Pervious concrete, ultrasonic pulse velocity, effective flow resistivity, dynamic modulus of elasticity, material properties,
nondestructive tests

During the last few decades, researchers across the world limited material requirement (e.g., no or limited sand),
have shown keen interest in developing sustainable pave- and lower tire—pavement noise (3-6).

ment materials and infrastructure that have the potential PC is typically characterized by its high porosity and
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implementation in areas with low-to-medium traffic,
medians, and highway shoulders (7, §). Researchers have
used different test methods to evaluate the pore para-
meters and performance characteristics of PC. For
instance, the porosity and density are typically computed
using material science theories, vacuum method, and
image analysis (9-/2). Similarly, the permeability is
quantified by performing falling and/or constant head
tests, while destructive testing is commonly utilized to
evaluate the strength of PC (/3). With recent technologi-
cal advances, some researchers have also focused on uti-
lizing simple and cost-effective nondestructive methods
such as ultrasonic pulse velocity (UPV) (/4-16), which is
commonly used to assess the quality of traditional con-
crete. A study showed that the correlations between
UPYV and PC characteristics were not very strong (/7),
while others have reported that UPV presents fairly
strong correlations with PC properties (/6). Another
piece of research proposed statistical models to predict
the compressive strength and hydraulic conductivity of
PC (18). Nonetheless, more research is required that can
encompass a vast range of mix variables.

With respect to skid resistance, researchers have
reported that the PC surface wearing course layers offer
higher friction than conventional pavements, thereby
having a high potential to minimize skidding-induced
accidents (19). Moreover, the porous structure of PC acts
as a dampening medium for sound and can reduce the
tire—pavement noise by 3 to 5dB compared with conven-
tional pavements, attributed to the high porosity and
interconnected pore network (20). An investigation sug-
gested that the sound absorption capability of PC was
higher than that of porous asphalt, with sound absorp-
tion coefficients of 0.1% to 20% greater under clogged
and unclogged conditions, respectively (5). It has been
found that the sound absorption in PC is a function of
aggregate size and gradation, paste content, porosity,
pore size and distribution, and specimen size, along with
other factors such as air humidity (2/-23). In general,
the sound absorption characteristics of PC and other
pavement types or the tire—pavement interaction noise
have been investigated using the standing wave method,
onboard sound intensity method, and impedance tube
(5, 21, 24).

In the past, researchers recommended the use of effec-
tive flow resistivity (EFR), which is the measure of
acoustic impedance of a material, to determine the tire—
pavement noise (25—-28). The EFR depends on the mate-
rial parameters such as porosity, tortuosity, pore distri-
bution, and thickness (26, 28). Typically, the EFR values
for conventional pavement types such as asphalt con-
crete, aged asphalt concrete, and cement concrete have
been estimated to be 5000 to 15,000 cgs Rayls, 30,000 cgs
Rayls, and 20,000 cgs Rayls, respectively (28). The EFR

is generally determined by measuring the difference in
the sound pressure levels for frequencies ranging between
250 and 4000Hz (29). However, a few investigations
have proposed a simplified framework to evaluate the
impedance or EFR of several asphalt concrete mixtures
(laboratory and field cores) using the UPV test method
(25, 26). 1t was suggested that for waves measured within
the sonic range, the frequency had a significant effect,
while frequency was not deemed important in the case of
the ultrasonic range (26). A predictive model was also
proposed based on the transit time without considering
the pore arrangement within the mix matrix. Further,
the EFR was found to have a strong correlation with the
tire—pavement noise data gathered in the field using the
onboard sound intensity method and noise meter. Thus,
it was recommended that the UPV method is well suited
to predicting the EFR or characteristic fundamental
impedance of paving mixtures.

Based on the past literature, it was clear that though
investigations on the use of UPV to determine the PC
properties are emerging, there still exists significant room
to investigate additional mixtures, with sand being one
of the variables. Further, several methods have been
employed in the past to study the sound absorption char-
acteristics of PC mixtures by utilizing expensive instru-
mentation and analytical tools. In addition, it was also
understood that though EFR has been used in the past
to quantify the impedance of asphalt concrete mixtures
(open-graded asphalt, porous asphalt, and dense-graded
asphalt), there have not been systematic studies that have
focused on the utilization of EFR as a parameter to
understand the hardened properties (porosity, density,
permeability, and compressive strength) of PC mixtures
and their impedance, which is also an indirect measure
of the porosity/density of a material as well as being an
acoustic property assessor.

Therefore, the primary objective of this first-of-its-
kind research was to explore the potential of utilizing the
nondestructive UPV test to ascertain the EFR of control
and sand-modified PC mixtures. The influence of mix
variables and other hardened properties of PC on the
EFR were investigated through the UPV test technique
along with assessing the quality of mixtures through sta-
tistical inference. It is envisioned that the simplified
approach proposed in this study can be adopted as a
nondestructive quality control test to characterize the
physical, hydrological, and mechanical properties of PC
mixtures. Furthermore, tire—pavement noise is a function
of the porosity of any paving mix, as demonstrated by
several investigations and expert opinions (5, 20, 21, 23).
Therefore, it is anticipated that the impedance or EFR
of PC will provide important information that could be
utilized to conduct acoustic studies based on material
inputs in the future.
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Figure |. Ultrasonic pulse velocity measurements: (a) trimmed pervious concrete specimens, and (b) test setup.

Materials and Methodology

In this research, a full factorial experimental design was
undertaken to examine 36 PC mixtures having two con-
trol and two sand-modified gradations each, which were
designated as:

G-1: 9.5-6.3mm,

G-2: 6.3-4.75mm,
G-1S:9.5-6.3mm + 10% fines, and
G-2S: 6.3-4.75mm + 10% fines.

Sand was added as a partial replacement of coarse aggre-
gates (10% by weight). Further, three levels of water-to-
cement (w/c) (0.27, 0.30, and 0.33) and aggregate-to-cement
(a/c) (3.75, 4.00, and 4.25) ratios were adopted. In addition,
a superplasticizer was added in the proportion of 0.25% by
cement mass (30). The aggregate properties conformed to
Indian Standard (IS) 2386 (3/), while Ordinary Portland
cement 53 grade met the requirements of IS 12269 (32), as
reported in published documents (33, 34). Three replicate
specimens (100 mm X 200 mm) were prepared per mix type
resulting in a total of 108 cylinders, and the detailed experi-
mental matrix encompassing the various mix proportions is
presented elsewhere (33). The specimens were compacted in
two layers by providing 25 blows on each layer with a stan-
dard Proctor hammer (9, 33).

Hardened Density and Porosity

The hardened density and porosity of PC specimens were
determined in accordance with ASTM C1754 (35). The
detailed procedure is described in the literature as well (33).

Permeability

The permeability of PC cylinders was estimated based on
Darcy’s principle as per the procedure described in the
literature (33).

Ultrasonic Pulse Velocity and Dynamic Modulus of
Elasticity

The UPV test was performed in accordance with ASTM
C597 (36), and the time taken for the propagation of
longitudinal ultrasonic pulse through the PC was noted.
The test setup comprised a pulse generator connected to
two electro-acoustical transducers: (a) a transmitter that
helped in the generation of longitudinal stress waves,
and (b) a receiver that collected and converted the ultra-
sonic pulse into an electrical signal.

Before the measurement of pulse velocity, the top
10mm of each of the PC specimens was trimmed with a
concrete cutter to attain a relatively smooth surface and
ensure uniform contact between transducers and PC
(Figure la). Figure 15 presents the setup used for per-
forming the experiment. The faces of transducers and PC
cylinders were coupled by applying petroleum jelly,
which guaranteed a voidless contact and consistent
energy transfer between the specimens and transducers.
In this study, a transducer set with a frequency range of
55kHz was used.

Once the pulse velocity was determined, attempts were
made to quantify the dynamic modulus of elasticity
(DME) of the PC mixtures (17, 36). DME is an impor-
tant parameter that governs the stiffness of a material.
Since limited studies have focused on understanding the
modulus of PC and its relationship with material proper-
ties such as compressive strength, an effort was made to
determine the DME using pulse velocity (from the UPV
test) and Poisson’s ratio as the major inputs. Although a
previous study suggested that the range of Poisson’s
ratio varies from 0.23 to 0.27 (/7), this research made an
effort to investigate this parameter for the given set of
mixtures in a similar manner. However, a broader range
of Poisson’s ratios (0.15, 0.18, 0.21, 0.24, 0.27, and 0.30)
was used in this study. Analysis of variance (ANOVA)
and post hoc tests were performed to investigate the sig-
nificant differences in dynamic moduli computed using
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six Poisson’s ratios. The ANOVA test results revealed
that Poisson’s ratios had a significant effect on the
dynamic moduli, but Sidak’s post hoc test results indi-
cated that dynamic moduli were not significantly differ-
ent at 95% confidence level for Poisson’s ratios of 0.18,
0.21, and 0.24 (37). Therefore, the Poisson’s ratio was
assumed as 0.24.

Unconfined Compressive Strength

The unconfined compressive strength (UCS) was calcu-
lated on capped PC cylinders by applying load in a
stress-controlled mode at a rate of 1 MPa/min (38). Since
PC is a highly porous material with an interconnected
pore network structure, a slow rate of loading was used
to prevent the samples from being subjected to sudden
loading, which may otherwise have led to premature
failure.

Effective Flow Resistivity

The impedance of the PC mixtures was computed using
the relationship given in Equation 1 and is expressed in
Newton-seconds per cubic meter. The impedance com-
puted by the product of density and UPV is representa-
tive of a material’s mechanical impedance per unit area,
which is also referred to as the EFR (25, 26). Note that
EFR is a measure of the material’s characteristic impe-
dance and not a specific acoustic impedance. Therefore,
the impedance derived for the different PC mixtures may
also be used as a direct input in the Federal Highway
Administration’s traffic noise model for investigations
pertaining to noise abatement designs (29). The EFR can
also be expressed in the units of cgs Rayls by multiplying
the resultant obtained from Equation 1 by a factor of
0.10.

Z =pXwv (1)

where
Z = impedance in N.s/m°,
p = density of the material in kg/m?, and
v = UPV through the material in m/s.

Results
Hardened Density and Porosity

On average, the hardened porosity and density of the PC
mixtures varied from 21% to 32% and from 1704 to
1927 kg/m?, respectively, while those for sand-modified
mixtures were in the range of 19% to 30% and 1824 to
2031kg/m?, respectively. Further, the respective coeffi-
cients of variation for porosity and density varied from
0.54% to 11% and 0.15% to 2.51% for control PC

mixtures, and 0.40% to 14.95% and 0.24% to 5.03% for
PC with sand. Figure 2, a to d, presents the influence of
varying w/c and a/c ratios for different aggregate grada-
tions on porosity and density.

Regardless of the inclusion of sand, the density of mix-
tures prepared with small-sized aggregates was lower; this
was attributed to their higher surface area, which
required more paste content to coat the aggregates for a
given volume of the mix (33, 37). Further, the large-sized
aggregates were less angular (about 40%) than small-
sized aggregates, indicative of their ability to undergo a
higher degree of compaction, resulting in lower porosity
and higher density. The porosity of gradations G-1S and
G-2S was lower, while their density was higher compared
with G-1 and G-2; this is ascribed to the addition of sand,
which filled the pore spaces in the PC (33). Additionally,
an increase in the w/c ratio resulted in the production of
mixtures with lower porosity and higher density. This
was attributed to the availability of higher paste content,
which made the mix more workable and further allowed
the migration of paste into the pores of the PC after coat-
ing the aggregate particles. Moreover, as the a/c ratio
increased, the density of PC reduced with an increase in
the porosity resulting from the greater total volume of
aggregates for a given mixture, which led to the creation
of higher numbers of pore channels. Furthermore, an
increase in porosity reflected a reduction in density,
which corroborated with the previously reported litera-
ture (39, 40).

Permeability

The permeability of PC mixtures with and without sand
varied from 0.27 to 1.11cm/s and 0.22 to 0.60cm/s,
respectively. Further, the coefficients of variation varied
from 0.01% to 0.25% for PC mixtures without sand, and
0.04% to 0.53% for PC mixes with sand. Figure 3 depicts
the respective influence of different aggregate gradations
with varying w/c and a/c ratios on the permeability of PC
mixtures. As can be observed from Figure 3a, the perme-
ability decreased with an increase in the w/c ratio; this is
attributed to the availability of higher paste volume,
which not only coated the aggregates but also occupied
the pores (33). Further, the variations in permeability for
G-1S and G-2S followed a similar trend as that for por-
osity. Note that the incorporation of sand in PC augmen-
ted the binding area, thereby densifying the mixtures and
resulting in lower permeability (4/, 42). In general, an
increase in the aggregate content for a given paste or
mortar volume resulted in the production of mixtures
with higher permeability (Figure 3b), ascribed to the
increased surface area, which was a result of the avail-
ability of lower cement content for occupying the inter-
stices within the PC (33).
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Figure 3. Influence of varying aggregate gradations on the permeability of pervious concrete with increasing: (a) water-to-cement ratio

and (b) aggregate-to-cement ratio.

Statistical Distributions. In this study, the permeability data
were best represented by the three-parameter Weibull dis-
tribution, and the distribution parameters were fitted
using the distribution identification function in Minitab®
software. The major function of a PC sample is to allow

rapid infiltration of stormwater, which is attributed to the
high void ratio (or porosity). Therefore, PC must always
have a minimum rate of permeability to serve its intended
function, which may be represented by the location para-
meter (y). Further, the permeability of PC tends to reduce
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Figure 4. Three-parameter Weibull distribution for permeability: (a) probability plot, and (b) probability distribution function.

Note: Cl = confidence interval; thresh = threshold.

over time because of the clogging of the porous network
structure. Therefore, the reduction in permeability may be
represented by the shape parameter (B). Finally, the range
of permeability values may be described by the scale para-
meter (). The general expression for the three-parameter
Weibull distribution is given in Equation 2, and the fitted
distribution function (K,) is given in Equation 3. The
probability plot and Weibull distribution function are
presented in Figure 4, a and b, respectively.

B-1 _
E % (Kp — 'y) » ei(Kp“ v)B
mn mn

/() (2)

where

= permeability in cm/s,
= shape parameter,
= location parameter, and
= scale parameter.

32X

1.721

1.721
(X,

S &) = 5357

K, — 0.120 0.721  Kp—0.120
P X e )
0.457

3)

Ultrasonic Pulse Velocity and Dynamic Modulus of
Elasticity

The UPV of control and sand-modified PC mixtures var-
ied from 3296.74 to 4524.82m/s and from 3551.02 to
4508.24 m/s, respectively. In addition, the DME for con-
trol and sand-modified PC mixtures ranged from 15.75 to
34.23 GPa and from 19.31 to 34.97 GPa, respectively. The
variations of UPV and DME with increasing w/c and a/c
ratios are presented in Figure 5, a to d, respectively.
Further, ANOVA showed that all three independent

variables (aggregate gradation, w/c ratio, and a/c ratio)
and their three-way interactions had significant effects on
the UPV and DME, as summarized in Table 1. The rela-
tive contribution of aggregate gradation was found to be
the highest, whereas w/c and a/c ratios had lower effects.
In general, it was observed from Figure 5, a to d, that
PC mixtures prepared with gradations G-1 and G-18S had
higher UPV and DME than did their respective counter-
parts G-2 and G-2S. This may be explained as follows:

G-2 and G-2S gradations comprised more angular
particles (angularity number of 9.65) compared
with G-1 and G-1S (angularity number of 5.76),
which provided higher aggregate interlock. As a
result, more resistance was offered to compaction
by gradations G-2 and G-2S leading to the devel-
opment of PC mixtures with lower density.

For a given volume of the mixture, the number of
particles in gradations G-2 and G-2S was plausibly
higher than G-1 and G-18, thereby requiring more
cement paste to coat the aggregates and producing
more porous mixtures.

An increase in the a/c ratio resulted in mixtures
with increased porosity and consequently lower
density that might have caused a reduction in
UPV and DME of PC.

An increase in the w/c ratio led to an increase in
density, which may be attributed to the higher
workability that provided a thicker coating of
cement paste/mortar over the aggregates and also
occupied some additional pores, resulting in higher
magnitudes of pulse velocity and dynamic modulus.

Furthermore, for sand-modified mixtures, higher UPV
and DME were observed for mixtures with higher
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cement ratio on UPV, (c) water-to-cement ratio on dynamic modulus of elasticity (DME), and (d) aggregate-to-cement ratio on DME.

densities and lower porosities. This further corroborated
the discussion mentioned above, which suggests that
higher UPV and DME are achievable for PC with higher
density. The relationships between UPV, DME, and other
hardened properties of PC are illustrated using scatter
plots in Figure 6, a to g. Good-to-excellent correlations
were observed between the different parameters, highlight-
ing the potential of using UPV as a quality-control non-
destructive test method to evaluate PC mixtures.

Unconfined Compressive Strength

The average UCS of PC cylinders tested in this study was
found to vary from 8.24 to 21.37 MPa for mixtures with-
out sand, and from 14.48 to 32.93 MPa for sand-modified

PC mixtures. The influence of varying w/c and a/c ratios
on different aggregate gradations is presented in Figure
7, a and b, respectively.

The mixtures prepared with gradations G-1 and G-1S
showed higher UCS than did their counterpart mixtures
with gradations G-2 and G-2S. This was attributed to
their lower porosity, which indicated the higher effective
spacing between the pores that would reduce their early
encounter with the stress path, leading to higher strength
(43). In addition, the sand-modified PC mixtures resulted
in higher strength, ascribed to their higher density than
the control PC (33). An increase in w/c ratio was conse-
quential of mixtures with greater UCS except for grada-
tion G-28, attributed to the random distribution of pores
in the PC, which might have caused an early encounter
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Table I. Summary of Analysis of Variance Results for Ultrasonic Pulse Velocity and Dynamic Modulus of Elasticity

Dependent variable Source Type lll sum of squares Degree of freedom Mean square F Sig.
Ultrasonic pulse Gradation 4,067,868.97 3 1,355,956.32 202.95 < 0.05
velocity (m/s) w/c 1,295,178.22 2 647,589.11 96.92 < 0.05
alc 572,687.50 2 286,343.75 42.86 < 0.05
Gradation * wic 1,977,796.73 6 329,632.79 49.34 < 0.05
Gradation * a/c 105,403.81 6 17,567.30 2.63 0.023
wlc * alc 125,380.62 4 31,345.15 4.69 < 0.05
Gradation * w/c * a/c 360,929.91 12 30,077.49 4.50 < 0.05
Residual 481,057.06 72 6681.35
Total 8,986,302.81 107
Dynamic modulus Gradation 1245.86 3 415.29 253.07 < 0.05
of elasticity (GPa) w/c 240.32 2 120.16 73.23 < 0.05
alc 143.78 2 71.89 43.81 < 0.05
Gradation * w/c 441.90 6 73.65 44.88 < 0.05
Gradation * alc 2531 6 422 2.57 0.03
w/c * alc 28.66 4 7.17 437 < 0.05
Gradation * w/c * a/c 101.46 12 8.45 5.15 < 0.05
Residual 118.15 72 1.64 na na
Total 2345.44 107 na na na

Note: Sig. = significance; w/c = water-to-cement ratio; a/c = aggregate-to-cement ratio; na = not applicable.

with the stress path. Further, the density of PC mixtures
was lower at higher aggregate content for a given paste/
mortar volume, and consequently, their corresponding
UCS was lower.

Figure 8, a and b, presents the correlations between
UCS and other measured parameters of UPV.
Interestingly, strong correlations were observed between
UCS and UPV parameters, where UCS increased with
increasing UPV and DME. These findings were found to
be crucial since a nondestructive technique such as UPV
exhibited excellent potential in predicting UCS and
DME, the latter being a critical variable that could be
cogently used in the pavement design process.

Statistical Distributions. The UCS data were fitted by a
three-parameter Weibull distribution function. To be
a suitable candidate for pavement applications and
perform satisfactorily over its design life, PC must
possess minimum strength, which was represented by
v (minimum strength parameter). Further, the com-
pressive strength of PC deteriorates with time when
subjected to repeated vehicular loads because of the
development of strains within the mix, represented by
B. The data values may be described by m. The fitted
three-parameter Weibull distribution function is given
in Equation 4. Further, the probability plot (along
with the goodness-of-fit statistics) and Weibull distri-
bution function are shown in Figure 9, a and b, respec-
tively. The Anderson—Darling (A-D) statistics for
normal, lognormal, and gamma distributions were
1.226, 0.402, and 0.364, respectively. Although the A-
D value for lognormal was lower than the three-

parameter Weibull, it was not suitable, as the data
obtained after taking the natural log of the original
UCS data did not follow a normal distribution.
Further, gamma distribution was not logical as it did
not provide a cutoff point based on the dataset, and
lower values were also likely, which would lead to the
production of very low-strength PC mixtures unsuita-
ble for field applications.

S(UCS) =

1.610 UCS — 7.325 0.610 (UGS — 7.325,1.610
10.506 10.506 X e e

4)

Effective Flow Resistivity

The EFR was found to vary from 5517 to 8739 cgs Rayls
and from 6279 to 9072 cgs Rayls for control and sand-
modified PC mixtures, respectively, and the correspond-
ing coefficients of variation ranged from 0.86% to 4.55%
and from 0.48% to 7.27%. ANOVA test results (Table 2)
revealed that the individual contributions of the three
mix variables as well as the two-way and three-way inter-
actions were significant (p < 0.05). The plots for the main
effects (Figure 10) showed that the aggregate gradation
was the major parameter that governed the EFR para-
meter followed by w/c and a/c ratios. The individual con-
tribution of the mix variables was computed as the ratio
of the sum of squares of a factor to the total sum of
squares for all the factors. It was found that the contribu-
tion of aggregate gradation was about 6 and 10 times
higher than that of the w/c ratio and a/c ratio,
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Figure 6. Correlations between: (a) ultrasonic pulse velocity (UPV) and porosity, (b) UPV and density, (c) UPV and permeability, (d)
dynamic modulus of elasticity (DME) and porosity, (¢) DME and density, (ff DME and permeability, and (g) UPV and DME.

respectively. This finding also suggested that the aggre- turn had a significant effect on the EFR parameter
gate gradation governed the pore arrangement, which in through the PC material (24, 33).
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Table 2. Summary of Analysis of Variance Results for Effective Flow Resistivity of Pervious Concrete Mixtures

Dependent Variable Source Type lll sum of squares  Degree of freedom  Mean square F Sig.
Effective Flow Gradation 43,913,175 3 14,637,725 269.57 < 0.05
Resistivity (cgs Rayls)  wi/c 7,955,432 2 3,977,716 73.25 < 0.05
alc 4,480,900 2 2,240,450 41.26 < 0.05
Gradation * w/c 13,288,543 6 2,214,757 40.79 < 0.05
Gradation * a/c 835,276 6 139,213 2.56 0.023
w/c * alc 792,058 4 198,015 3.65 < 0.05
Gradation * w/c * a/c 3212,178 12 267,682 4.93 < 0.05
Residual 3,909,581 72 54,300 na na
Total 78,387,144 107 na na na

Note: Sig. = significance; w/c = water-to-cement ratio; a/c = aggregate-to-cement ratio; na = not applicable.

resulting in lower porosity and higher density. Further, it

i : : : is interesting to mention that mixtures designed with
~ . Gradation Water-to-cement Aggregate-to-cement .
< 8250 R small aggregate particles (G-2 and G-2S) that were more
& 3000 angular in nature resulted in higher EFR compared with
{? — G-1 and G-18, attributed to their lower porosities. Other
g - . researchers also reported that PC mixtures designed with
= 75 . . . .
= d smaller aggregate sizes had pores with lower sizes, which
e R L D S N SR resulted in a higher sound absorption coefficient, attrib-
& 7000 . uted to the presence of a greater number of internal chan-
£ o150 ° ¢ nels for sound propagation (24, 44).
€ 500 In addition, the EFR increased linearly with increas-
= S , , B , ing w/c ratios, which was indicative of higher tire—
G-l GIS G2 G2§ 027 030 033 375 400 425 . .
pavement noise levels, ascribed to the presence of aug-
mented paste content and the lower porosity of the mix.
Figure 10. Mean effective flow resistivity (cgs Rayls) of pervious A similar study reported that the sound absorption coef-
concrete mixtures with respect to materials properties. ficient of PC reduced for higher paste content (45).

Moreover, higher a/c ratios indicated the presence of a

greater number of aggregates for a given mix volume,

As observed from Figures 10 and 11, the EFR was  which utilized greater cement content for coating, conco-
lower for sand-modified PC than for the control mix-  mitant with higher porosity, and better sound absorption
tures, majorly attributed to the inclusion of sand in the characteristics (lower tire—pavement noise) as also
matrix, which caused densification of the mix, thereby  reflected by the lower EFR magnitudes. This observation
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Figure I 1. Variation in effective flow resistivity (cgs Rayls) with respect to aggregate gradation: (a) water-to-cement ratio, and (b)

aggregate-to-cement ratio.
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Note: PC = pervious concrete; UPV = ultrasonic pulse velocity; DME = dynamic modulus of elasticity; UCS = unconfined compressive strength.

was similar to the results reported elsewhere, where
increasing aggregate content and reduced cement coating
corresponded to lower sound absorption ability (24).
Furthermore, it is noteworthy to mention that previous
investigations conducted on asphalt concrete and cement
concrete materials have suggested that mixtures with
higher porosities allow for better sound absorption char-
acteristics (lower tire—pavement noise), attributed to their
lower EFR compared with the dense-graded mixtures
(25, 26, 28).

The relationships between EFR and hardened PC
properties are presented through scatter diagrams in
Figure 12, a to d. Good-to-excellent correlations were
observed between different parameters, where the EFR
(characteristic impedance of PC) increased with increas-
ing porosity of the mix and vice versa. Further, higher
EFR corresponded to PC with lower permeability and
augmented strength. These results are important as they
confirm that PC designed with higher air void content
will result in lower EFR and ultimately lower noise lev-
els, which corroborates with previous studies conducted
on asphalt concrete and cement concrete mixtures (25,
26, 28). Furthermore, the EFR was a better predictor of
the hardened PC properties, namely, porosity, perme-
ability, and UCS compared with UPV, as evidenced

from the observed higher coefficients of determination
(Figure 12, a to d). Essentially, the EFR parameter was
computed using a simple, cost-effective, and nondestruc-
tive UPV technique, which displayed excellent potential
in predicting the quality of PC mixtures. Note that EFR
was highly dependent on the porosity or density of PC
mixtures, which is an indirect material acoustic para-
meter. Thus, the EFR parameter showed great promise
for future use in understanding tire—pavement noise
characteristics as well.

Comparison of EFR for Various Paving Materials. Figure 13
depicts the measured EFR of PC mixtures investigated
in this research along with the EFR values for conven-
tional pavement types gathered from the existing litera-
ture (25, 26, 28). Note that the upper limits of EFR were
used to compare the findings and plot the data to present
scenarios that related to the least sound absorption. In
addition, Portland cement concrete mixtures of different
grades (M10-M30) were also prepared in the laboratory
and tested for their UPV and EFR parameters. In gen-
eral, the UCS of PC mixtures varied between 3 and
28 MPa with slightly higher values reported in some
studies. Thus, the comparison of the EFR parameter
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Figure 13. Comparison of effective flow resistivity of pervious
concrete mixtures and other pavement types.

with cement concrete mixtures of similar grades was
deemed essential. As observed, the EFR of PC mixtures
was lower than the conventional asphalt concrete and
cement concrete pavements. Further, the EFR of
asphalt-rubber friction courses and open-graded asphalt
concrete surfaces was lower than for PC. These findings
are contradictory to the results reported in another
study, which indicated that the sound absorption poten-
tial of PC was higher than that of the porous asphalt
pavements (5). Therefore, the relatively higher EFR val-
ues or lower impedance of PC are indicative of dense
and strong PC mixtures, which were observed in this
research. However, it was interesting to note that the
EFRs for all concrete mixtures (M10-M30 grade) pre-
pared in the laboratory were lower than for the PC mix-
tures, including those with slightly higher strengths,
which further revealed that the porous nature of PC can
assist in higher noise abatement compared with the tradi-
tional concrete. Furthermore, the results showed that
though PC mixtures are potential candidates for mitigat-
ing the tire—pavement noise, additional efforts must be
made to develop mix matrixes that not only allow infil-
tration of stormwater but also resist vehicular loads
while simultaneously assisting in reducing tire—pavement
noise.

Conclusions

This study assessed the suitability of utilizing the nondes-
tructive UPV test method in quantifying the EFR of 36
PC mixtures encompassing three mix variables: (a) four
different aggregate sizes; (b) three levels of w/c ratios,
and (c) three a/c ratios. The investigation involved the

evaluation of the influence of three mix variables on
UPV, DME, and EFR along with investigating the por-
osity, density, permeability, and compressive strength of
hardened PC mixtures, which aided in the development
of parametric relationships. The major contributions of
this research include:

e The use of the UPV test method to determine the
EFR of PC was found to be a promising
approach, in that lower EFR was obtained for
mixtures with higher porosity and subsequently
better sound absorption capacity, and vice versa.
Further, EFR was dependent on the aggregate
gradation, and lower flow resistivity was obtained
for mixtures designed with smaller aggregate par-
ticles (6.3—4.75mm). This was attributed to the
increased surface area and presence of a higher
number of pores for a given mix volume. Further,
sand-modified PC mixtures exhibited higher EFR
or greater potential for transmissibility of sound
than the control PC owing to their lower air void
content.

e The EFR parameter was found to have very good
to excellent correlations (R* ~ 80%-92%) with
the properties of PC. Indeed, the EFR was a rea-
sonably good predictor of the materials properties
compared with UPV, which confirmed that the
simplified approach proposed in this study was
rational and could be adopted as a nondestructive
quality-control test to characterize PC paving
mixtures.

e The UCS of sand-modified PC mixtures was nota-
bly higher (about 35%-—43%) than control PC,
with porosity still being above the minimum
requirements of 15%, as prescribed by the
American Concrete Institute.

® Three-parameter Weibull probability distribution
functions were developed and proposed for the
computation of both permeability and UCS of PC
mixtures.

e The DME of PC varied between 16 and 35 GPa,
which was found to be a function of the aggregate
gradation and packing.

The findings of this study demonstrated that UPV
could be successfully utilized to determine the quality of
PC mixtures. As part of the future research, attempts are
underway to investigate the influence of transducers with
different frequency ranges on the EFR. Additional
research must be done to assess the differences in the
EFR obtained using the proposed framework and other
sophisticated tools that are commonly used. Note that
EFR, being the characteristic impedance of a material,
provides an indirect assessment of the sound absorption
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ability of PC cores without the need for performing a
full-scale field evaluation. Furthermore, the application
of UPV in predicting the impedance of PC was found to
be simple, cost-effective, and scientific, so it has the
potential to be a suitable alternative to the other sophis-
ticated instrumentation and analytical techniques. It is
envisioned that the UPV test method can be successfully
adopted as a nondestructive quality-control toolkit by
researchers and practitioners to derive the properties of
PC pavements comprising a broad range of mix propor-
tions, pore structure arrangement, porosity levels, and
field applications.
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