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Abstract: Cell phone images of pervious pavement surfaces were used to explore relationships
between surface infiltration rates (SIR) measured using the ASTM C1701 standard test and using
a simple falling head test. A fiber-reinforced porous asphalt surface and a highly permeable
material comprised of stone, rubber and a polymer binder (Porous Pave) were tested. Images
taken with a high-resolution cellphone camera were acquired as JPEG files and converted to gray
scale images in Matlab® for analysis. The distribution of gray levels was compared to the surface
infiltration rates obtained for both pavements with attention given to the mean of the distribution.
Investigation into the relationships between mean SIR and parameters determined from the gray level
distribution produced in the image analysis revealed that mean SIR measured in both pavements
were proportional to the inverse of the mean of the distribution. The relationships produced a
coefficient of determination over 85% using both the ASTM and the falling head test in the porous
asphalt surface. SIR measurements determined with the ASTM method were highly correlated with
the inverse mean of the distribution of gray levels in the Porous Pave material as well, producing
coefficients of determination of over 90% and Kendall’s tau-b of roughly 70% for nonparametric data.

Keywords: permeable pavements; porous asphalt; image analysis; clogging; surface infiltration rates;
ASTM C1701 method; falling head test; image analysis

1. Introduction

Permeable pavement systems (PPS) have seen increasing adoption as a low impact development
technology (LID) for use in low-traffic areas. PPS has been shown to not only mitigate stormwater
water quantities [1–7] but water quality as well [1,8–10]. Various types of PPS have seen increasing
use in recent years including porous asphalt, porous concrete, and permeable interlocking concrete
pavers [11,12]. Runoff reduction rate resulting from the very high surface infiltration rates (SIR) in
PPS is one of the many benefits for using these systems [4,13–15]. Consequently, the maintenance of
this hydraulic performance is critical to sustainable implementation of these systems in the long term.
Once implemented, the SIR will immediately begin to degrade from clogging and degradation of the
porosity [16]. Maintaining the lifespan of PPS requires knowing when, and what type of maintenance
should be conducted. Accurate methods for determining SIR in the field are key to understanding
when maintenance should be performed.

SIR, which is inversely proportional to the clogging rate, is a largely surface phenomenon, which
results from qualities within the top 0.25 m of the pavement [17]. Several methods have been used
over the years to determine SIR. Winston et al. [18] succinctly summarizes the variety of methods used
for measuring SIR. They range from single ring infiltrometers, or double ring infiltrometers (both are
loosely based on conventional methods used in soil systems); simple and quick methods involving
exposing the pavement to some volume of water; involve large-scale inundation of the pavement;
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or specially designed infiltrometers that employ a constant head or falling head [18]. Several studies
have attempted to determine, which of these methods is optimal given the variety of surfaces available
and the conditions for testing [19,20].

The variety of methods and variability in results between methods points to the need for some
kind of standard test method that could be used over time on a wide-scale. This lead the ASTM
to develop two standards for performing infiltration tests on two types of permeable pavement
systems: ASTM C1701 and C1781, developed for porous concrete and interlocking concrete pavers,
respectively [21,22]. Both tests use single ring infiltrometers under a constant head and pre-wetting
with 3.60 kg of water. If the pre-wetting time is less than 30 s, then 18.0 kg of water is used in the actual
infiltration tests, but if the time is greater than 30 s, then 3.60 kg of water is used. The infiltration rate is
calculated using the following equation:

I =
KM
D2t

(1)

where I is the surface infiltration rate (mm/min), K = 76,394,433.33 (mm3·s/(kg·min)), M is the mass of
infiltrated water (kg), D is the ring’s inside diameter (mm), and t is time required for the amount of
water used in the test to infiltrate the surface (s). A larger diameter single ring infiltrometer is used as
opposed to a double ring infiltrometer because of the large infiltration rates provided by these types of
surfaces, and to reduce variability and repeatability between operators [23]. The method is intended
to give some measure of “surface clogging potential” in the PPS. The developers recognized several
issues with the C1701 test when it was introduced and suggested that the value obtained should be
considered a starting point for infiltration leading to “early” evaluation of pavement permeability
performance and the need for remediation [23].

Since the introduction of this standard, a number of studies evaluating the accuracy of the
ASTM standard tests, or comparing them to other methods for determining SIR, can be found in
the literature [16,24–29]. These comparisons are useful not only in judging the general use of such a
method, but the precision by which it can provide a measure of SIR because of modeling needs and
maintenance requirements [30]. It should be noted that while there is currently no standard to test
porous asphalt or PPS in general, numerous studies have been conducted using the ASTM C1701 test
on both porous concrete and porous asphalt, or used modified versions to test infiltration rates of
PPS on other types of systems [6,31,32]. Brown and Borst [16] recognized the need to select locations
strategically on the surface as opposed to randomly. Li et al.’s [25] comparison of the ASTM C1701
with the National Centre for Asphalt Technology (NCAT) permeameter (which uses a falling head)
showed the latter to produce higher SIR magnitudes and greater variability because of the higher
hydraulic head. This was confirmed by Qin et al. [33]. Li et al. [25] suggested using larger ring
sizes to produce greater similarity in results. Winston et al. [8] used a simple method based on the
ASTM test for interlocking pavers that uses a falling head but over a larger surface area. They found
their method provided comparable results to the ASTM test method. Other similar methods have
been demonstrated to provide reasonable estimates of clogging levels in interlocking pavers [24,29].
Alternative instruments that simulate rainfall have produced SIR values comparable to double ring
infiltrometers on interlocking pavers [27]. Rainfall simulators and surface inundation methods [26,28]
arguably provide as close a measure of clogging during a high rain event than most other tests. How
this can be related to the ASTM standard used pervasively is difficult to say.

SIR is a measure of the degree of clogging, or decrease in porosity of the media at the surface within
a very small depth [17]. Recent studies in the laboratory setting have used some form of imaging to
obtain estimates of porosity [17,34,35]. Obaidat et al. [35] used image analysis on cell phone images
to successfully determine volumetric parameters such as the amount of voids in an asphalt material.
These studies suggest that capturing and analyzing imagery may produce useful surrogates for surface
infiltration rates of permeable surfaces.

Given the continued diversity in SIR estimation methods and comparisons to the ASTM standards,
the objectives of this work are to explore and demonstrate the possibilities provided by image analysis
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for providing comparable estimates of surface infiltration rate. Image analysis is a non-contact method
that may help to alleviate problems with SIR estimation methods seen in the literature thus far.
However, exploring such a method requires a comparison to an already established method such as the
ASTM C1701 method. In addition, this study focuses on two permeable pavement surfaces that are not
investigated in the literature as greatly as porous concrete and interlocking pavers. A fiber-reinforced
porous asphalt and a new material called Porous Pave are tested in this research. Because ASTM
C1701 is designed for porous concrete, and ASTM C1781 for interlocking pavers, the authors will draw
on recommendations arising from the literature for determining SIR on the fiber-reinforced porous
asphalt and Porous Pave surface (as no standard for determining SIR on these two types of surfaces
as yet exists). Thus, this investigation will use the ASTM C1701 method and variations based on
ring size, as well a falling head test, to explore the use of image analysis for estimating SIR. Image
analysis of cell-phone photographs is used to develop relationships with SIR determined with these
contact methods.

2. Materials and Methods

2.1. Test Site

The Hybrid Absorbable Landscape (HAL) facility was designed for testing the performance of
permeable pavements as part of treatment trains with bioretention cells. Located in Victoria, British
Columbia at the University of Victoria, the site shown in Figure 1 was designed so that the pavements
flow into the bioretention cells, which are roughly 2 m × 2 m vegetated plots, marked A through D in
Figure 1a. The thick dashed lines shown between the pavement surfaces and the bioretention cells
mark the location of a unique valve mechanism that directs drainage from the pavement surfaces into
specific bioretention cells. Currently, two innovative permeable pavement surfaces are installed at
the site. The porous asphalt shown on the right in Figure 1a and at the bottom in Figure 1b is 80 mm
thick on top of a 50 mm layer of washed 20 mm fine aggregate. The fine aggregate sits on top of
a 250 mm sub-base of washed, 38 mm course aggregate. It contains hydrophilic fibers as part of a
separate experiment on the resiliency and integrity of porous asphalt with fibers. The Porous Pave
surface shown in Figure 1 is 38 mm in thickness and laid over the same thickness of fine and course
aggregate as the porous asphalt pavement. The Porous Pave product is a highly permeable pavement
material developed by Porous Pave Incorporated® intended for use in low and light-traffic areas. It is
made from recycled tires, stone aggregate and a proprietary urethane binder and claims to allow over
23,000 L/h of water to pass through the product [36]. To date no studies have been performed on this
product outside of a laboratory environment and its potential use as an LID technology is unclear.
Both pavement systems are lined with impermeable liners on a bed of roughly 2% slope between the
highest corner and the final drainage point.

While neither surface is porous concrete, infiltration tests were performed on the two surfaces
according to ASTM standard C1701 since installation in 2015. Five locations were strategically chosen
for testing on each surface and marked in Figure 1b numerically. The ASTM C1701 standard suggests
selecting three test locations for every 2500 m2 and at least one meter apart. The porous asphalt site
is only 23 m2 and the Porous Pave site is only 18 m2. Thus, five locations on each strip roughly 1 m
apart were chosen to span each strip where one or two were chosen near the corners where pores
were visibly clogged, and one near the edge where soil and debris were likely to be transported to the
surface (due to a crack in the curb). Sites 1–5 on both the porous asphalt and the Porous Pave site were
chosen in this way. In addition, a small sample of porous asphalt was poured onto a layer of course,
washed aggregate, in a wooden box of 0.75 m length, 0.5 m width and 0.3 m depth. This sample was
kept covered the entire time since it was poured as it is intended for control purposes in comparison to
the field site.
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test was observed (including pre-wetting) except that modeling plasticine was used to secure this 
device to the surface. Previous testing on the site using silicone left a residue that was difficult to 
remove. The plasticine could be pushed into the surface to prevent leakage and is easier to remove. 
The plasticine was attached to the ring, placed on the surface and the device surrounded by foam, 
which was weighed down with wood and rocks to keep pressure on the plasticine. This helped to 
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Figure 1. (a) The HAL field site for testing permeable surfaces in treatment trains with bioretention cells.
The Porous Pave® surface is red in color and shown in the left. The porous asphalt is the black surface
shown on the right; (b) Plan view of the site with test locations shown numerated at the indicated
locations of the test. The comma at 1,9 indicates the location of both 1 and 9.

2.2. SIR Test Methodologies

The ASTM C1701 tests were conducted in accordance with the instructions in the test with the one
exception, instead of plumber’s putty, silicone was used to adhere the ring to the surface as experience
in other research [7] indicated it provided better restriction to lateral flow. The Porous Pave material
has incredibly high infiltration rates and the Li et al. [25] study indicated that larger ring sizes reduced
the impact of lateral water flow occurring in surfaces with very high infiltration rates. Because the
Porous Pave surface has higher infiltration rates than any other type of surface seen in the literature
thus far, the authors decided to draw on methods discussed in the literature and apply the ASTM
C1701 test with three different ring sizes: a 203 mm ring and a 406 mm ring were used in addition to
the 305 mm diameter ring size indicated in the ASTM C1701 test.

Working on recommendations in the literature favoring a falling head over a constant head
test [18,25,33], a simple falling head test device was developed using a 300 mm diameter concrete form
tube reinforced with plastic and affixed atop a base with three openings. The base was 1 cm thick
and sized so that the tube would be placed atop the base and when rotated, three openings would
release water onto the surface. This device is shown in Figure 2a,b. Every other aspect of the ASTM
C1701 test was observed (including pre-wetting) except that modeling plasticine was used to secure
this device to the surface. Previous testing on the site using silicone left a residue that was difficult to
remove. The plasticine could be pushed into the surface to prevent leakage and is easier to remove.
The plasticine was attached to the ring, placed on the surface and the device surrounded by foam,
which was weighed down with wood and rocks to keep pressure on the plasticine. This helped to
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inhibit lateral movement of water under the device. Because this is a falling head test, a smaller head
of 2.7 kg of water was used in both the pre-wetting and the actual infiltration test as recommended
by Qin et al. [33]. The falling head test was performed at each location marked 1 through 10 on the
porous asphalt surface and on the sample, on separate days taking care to observe the rule of 24 h of
antecedent dry weather. This was problematic for collecting large amounts of data because the field
site is located in Victoria, Canada, which receives frequent rainfall.
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Figure 2. The falling head test device developed for comparison to the ASTM test when (a) closed and
(b) open.

2.3. Image Acquisition and Analysis

Photographs using a high-resolution cell phone camera were taken of each location before each
test. The camera was positioned approximately 0.5 m above each spot with the camera aimed directly
above and in parallel with the surface. The high-resolution files were stored as JPEG files for processing
and cropped to avoid shadows created by the photographer so that each image was roughly the same
size (with the same number of pixels). A simple Matlab® program was written to convert the image to a
gray-scaled image (with 256 gray levels) using Matlab®’s “rgb2gray” function and a simple histogram
of each image was produced. The methodology for the imagery was kept as simple as possible in
order to reproduce what a homeowner might need to do in order to use imagery to determine surface
infiltration of their permeable pavement systems.

2.4. Statistical Methods

Two statistical software packages, SPSS® and StatDirect®, were used to conduct a variety of tests
on the data to determine the appropriate analysis. The Shapiro-Wilk test was conducted on the pooled
data where all the infiltration tests conducted on the surface, regardless of location, were lumped into
one data set as done in similar studies [18,25,29]. Pooled data sets were created for each ring size,
for each surface and for each type of test method (either ASTM or falling head). The Shapiro-Wilk test
determines whether or not the data deviate from a normal distribution significantly and is intended
for data sets with less than 2000 data points.
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If at least one data set proves to deviate from the normal distribution, a Sample Sign test for
related samples (related by location) is conducted to test the degree of difference in any pairwise
comparison. The Sample Sign test is a non-parametric test that determines any significant difference
between the median of differences between data pairs. If data sets prove to be normal, SPSS® can
provide linear regression analysis using the assumption of normality in the data.

If datasets proved to be non-normal, than a nonparametric linear regression method provided
by StatDirect® is used to determine a linear relationship based on medians. The slope of the
non-parametric regression is calculated as the median of the gradients from all possible pairwise
contrasts of the data. Assumptions inherent in this analysis are that the sample data are random,
and that the relationship between the dependent and independent variables is linear. Kendall’s tau-b
procedure, another nonparametric procedure, was used to determine the correlation between data sets
whenever a nonparametric linear regression was conducted.

3. Results

3.1. Application of the ASTM C1701 Standard Test and Impact of Ring Size

The results of testing the three ring sizes with the ASTM C1701 test on the porous asphalt surface
in the spring of 2016 are shown in Table 1. The mean SIR and the range for each location are shown for
each ring size along with the number of samples (N) collected at that location and the dates these data
were acquired. Results from location 4 on the porous asphalt were omitted for the smaller and largest
ring sizes because the tests took longer than an hour to complete and insufficient data was collected
to allow for meaningful analysis. Because of frequent rainfall during the spring, the data collection
period spanned 10 weeks. Changes to surface permeability due to runoff within this period are likely
very small as continued rainfall prevented significant build-up of clogging material.

The Shapiro-Wilk test was conducted on the pooled data and the results showed that for porous
asphalt, the data collected for the 203 mm (N = 12, p = 0.08); and 305 mm (N = 14, p = 0.285) ring sizes
are normally distributed. The data set collected with the 406 mm ring size is not normally distributed
at the 0.05 significance level (N = 13, p = 0.023).

Because the 406 mm ring size data set for the porous asphalt surface was not normally distributed,
the Sample Sign test for related samples (related by location) was used to determine if any significant
differences existed between data sets. The pooled data set for each ring size was used (but related
by location and pairs were compared based on the location) but because ring size 203 mm had only
12 points, only the first two infiltration test results collected at a specific location in the other two ring
sizes, were used (thus, N = 12 for all sets for the pairwise comparison). Results for the porous asphalt
showed no significant difference between the median of differences for the 203 mm and 305 mm ring
sizes (p = 0.227), or between the 203 mm and the 406 mm ring sizes (p = 1.0), or between the 305 mm
and 406 mm ring sizes (p = 0.227).

The results of testing the three ring sizes on the Porous Pave surface with the ASTM C1701 test
in the spring of 2016 are shown in Table 2. When the Shapiro-Wilk test was applied to the pooled
data, none of the pooled data sets were found to be normally distributed: 203 mm ring size (N = 15,
p = 0.031), 305 mm ring size (N = 18, p = 0.026), and 406 mm ring size (N = 15, p = 0.017). Using the
Sample Sign test on the pooled data created in the manner done for the porous asphalt, (thus, N = 15),
there is a significant difference in the median of differences between the 203 mm ring size and the
305 mm ring size (p = 0.007) and between the 203 mm and 406 mm ring sizes (p < 0.000). However,
there is no significant difference between the 305 mm and the 406 mm ring sizes for the Porous Pave
(p = 1.00) surface.
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Table 1. SIR data collected on the porous asphalt surface in the spring of 2016 using the ASTM C1701
standard test with varying ring sizes. Sample size N (of the data leading to the mean SIR and range
given) is provided for each location tested on the surface. The dates encompassing the period of
collection are shown as day/month. Means are given instead of the median as the latter cannot be
computed with less than 3 points.

Dates
Acquired

203 mm 305 mm 406 mm

16/March–30/March 2/February–25/February 2/April–8/April

Location N Mean SIR
(mm/min)

Range
(mm/min) N Mean SIR

(mm/min)
Range

(mm/min) N Mean SIR
(mm/min)

Range
(mm/min)

1 3 76.2 10.9 4 113.0 113.8 3 94.0 33.4
2 3 31.6 9.2 3 63.8 61.2 3 22.2 3.1
3 3 26.7 6.8 3 24.4 10.7 3 23.2 6.9
4 1 0.0 1 0.0 1 0.0
5 2 89.9 1.3 3 117.0 32.8 3 104.8 22.4

Table 2. SIR data collected on the Porous Pave surface in the spring of 2016 using the ASTM C1701
standard test with the three ring sizes. Sample size N (of the data leading to the mean SIR and range
given) is provided for each location tested on the surface. The dates encompassing the period of
collection are shown as day/month. Means are given instead of the median as the latter cannot be
computed with less than 3 points.

Dates
Acquired

203 mm 305 mm 406 mm

16/March–30/March 2/February–25/February 2/April–8/April

Location N Mean SIR
(mm/min)

Range
(mm/min) N Mean SIR

(mm/min)
Range

(mm/min) N SIR
(mm/min)

Range
(mm/min)

1 3 185.1 19.7 4 152.3 160.63 3 131.8 2.4
2 3 1882.5 262.8 4 1178.2 371.8 3 1155.8 98.4
3 3 1013.1 158.4 4 847.2 393.0 3 778.0 229.6
4 3 2095.5 113.1 3 1138.7 470.3 3 1326.8 156.7
5 3 1598.1 233.5 3 1167.9 285.5 3 1057.9 195.6

For both surfaces, the Sample Sign test did not seem to suggest that a 305 mm ring size should
produce anything significantly different than a larger ring size. The results on the Porous Pave surface
however, do suggest that a 203 mm ring size is likely too small (since the two larger ring sizes produce
no significant difference) to capture a scalable infiltration rate. The tests suggest that the ASTM C1701
standard size of 300 m ± 10 mm is appropriate for porous asphalt and possibly for Porous Pave.

3.2. Application of the Falling Head Device in Comparison to the ASTM C1701 Test

In the spring of 2017, both the ASTM C1701 test and the falling head device were applied to
locations 1 to 5 on the porous asphalt surface, and on the porous asphalt sample. These results are
shown in Table 3. The Shapiro-Wilk test showed that the pooled (N = 12) ASTM data for these data
were normally distributed (p = 0.407) but the falling head data set rejected the null hypothesis (N = 16,
p = 0.032) and is not considered to be normally distributed. The Sample Sign Test showed a significant
difference (N = 12 with the third value taken at any one location being thrown out in the falling head
test) in the median of differences between the falling head test and the ASTM test (p = 0.001).

While the data are insufficient to decide whether the falling head test is preferable to the ASTM
test, the former produces a higher infiltration rate because of the higher hydraulic head involved but
the variability (seen in the range of the three values at each location) is smaller than the range for the
ASTM tests. This is a desirable characteristic to have in such a test and suggests at least, that the falling
head test is worth exploring if such a permeability test is needed. For these reasons, both the ASTM
test data and the falling head test data are used in the image analysis exploration.
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Table 3. Comparison of ASTM and falling head test in porous asphalt field site and the control sample.
Data set size N (of the data leading to the mean SIR and range given) are provided for each location
tested on the surface. The collection dates for locations 1–5 are 20 March to 31 March for the ASTM
method and 27 April to 30 April for the falling head test. The data collected on the sample were taken
4 August to 9 August. Means are given instead of the median as the latter cannot be computed with
less than 3 points.

Location
ASTM Falling Head

N Mean SIR (mm/min) Range (mm/min) N Mean SIR (mm/min) Range (mm/min)

1 2 50.4 18.9 3 101.3 8.3
2 2 21.5 1.5 3 59.6 15.7
3 2 16.5 2.8 3 52.0 5.2
4 1 0.0 1 0.0
5 2 48.6 10.6 3 113.8 17.5

Sample 3 52.1 18.0 3 121.0 5.0

3.3. Image Analysis

Figure 3 shows the images that were captured with a cellphone in the spring of 2017 of the dry
porous asphalt before taking the SIR measurements at locations 1 to 5. Figure 4 shows the distributions
(histograms) produced by Matlab® in the image processing of the gray level image.

The falling head test was conducted on locations 6–10 in the summer of 2017. Those images are
shown in the Appendix A with their respective gray level histograms. For locations 6–10, only one
falling head test at each location was conducted. A Shapiro-Wilk test was conducted on the falling head
data set that was used to create Figure 5b. This data set was comprised of the single tests conducted on
sites 6–10 in 2017 pooled with the average of the falling head tests conducted on locations 1 to 5 in
2016, and the average of the falling head results of the sample asphalt). In this data set, N = 11 and
p = 0.841 showing that the data are normally distributed. Likewise the ASTM data set was tested and
it too is normally distributed according to the Shapiro-Wilk test (N = 6, p = 0.197). Because the falling
head data set of Table 3 was shown to deviate from a normal distribution, one could argue that the
median of the falling head test instead of the mean should have been tested. The authors tested this
data set (that is, the same data set tested above but now for locations 1 to 5, the median of the 3 points
taken in the falling head test is used in the pooled data set instead of the mean). This data set was also
normally distributed (N = 11, p = 0.780).

Figure 5a shows a simple linear regression between the inverse of the mean of each histogram
and the mean surface infiltration rate measured by the ASTM C1701 method (Table 3 data). A simple
linear regression was conducted between the inverse of the mean of each histogram and the mean
surface infiltration rate measured by the falling head method (Table 3 data) in Figure 5b. For simplicity,
the mean is used as opposed to using the median of the falling head test. If the median were used,
the regression coefficients are different but the adjusted coefficient of determination is nearly identical.
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Figure 3. Images acquired with a cell phone camera of on the porous asphalt site at location 1 in (a),
location 2 in (b), location 3 in (c), location 4 in (d) location 5 in (e) and on the porous asphalt sample
shown in (f). Some of the images still show the silicone present from ASTM testing.
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Figure 4. Histogram of the gray levels produced for each image for (a) locations 1 to 3, and (b) locations
4 and 5 and the Sample, of porous asphalt as a normalized pixel count for each gray level. The number
beside PA refers to the location on the porous strip.
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Figure 5. Relationship between inverse of the histogram mean image intensity and the measured
surface infiltration rate on the porous asphalt surface using (a) the ASTM method (on locations 1–5)
and the sample of porous asphalt, and (b) the falling head test on locations 1–10 and on the control
sample. The dashed lines are the best-fit linear regression lines.

The following relationships were achieved for the dashed lines shown in Figure 5a,b (as Equations (2)
and (3), respectively). Note SIRfh (the SIR determined using the falling head method) and SIRastm (the
SIR determined using the ASTM method) are in mm/minute and x is the mean gray level of the image.

SIRastm = 25, 365x−1 − 182 R2 = 0.87 (2)

SIR f h = 60, 340x−1 − 438 R2 = 0.87 (3)

The adjusted R2 for SIRastm is 0.84 and the standard error of the estimate is 8.74 mm/min.
The ANOVA analysis indicates the regression is significant (p = 0.007) as are the slope (p = 0.007) and
constant (p = 0.012). The adjusted R2 on SIRfh in Equation (3) is 0.85 and the standard error of the
estimate is 27.3 mm/min. The regression is significant according to ANOVA with p < 0.000 as are
the slope and constant (p < 0.000 for both). The residual statistics for both regressions are shown in
Table 4. The key values to examine in Table 4 are the standardized residuals. If the data are normal,
and the relationship between the dependent and independent variable is truly linear, then all the
standardized residuals values should be between +2 and −2. The table shows that this is true for both
linear regressions equations.

Table 4. Residual statistics for ASTM and falling head regressions given in Equations (2)
and (3), respectively.

Minimum Maximum Mean s

ASTM (N = 6)

Predicted Value 8.36 61.28 31.68 20.13
Residual −9.15 8.50 0.00 7.82

Std. Predicted Value −1.16 1.47 0.00 1.00
Std. Residual −1.05 0.97 0.00 0.89

Falling Head (N = 11)

Predicted Value 15.48 215.37 104.46 66.49
Residual −42.83 40.90 0.00 25.91

Std. Predicted Value −1.34 1.67 0.00 1.00
Std. Residual −1.57 1.50 0.00 0.95
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3.4. Application of the ASTM C1701 Test and Image Analysis on the Porous Pave Site

No falling head testing was conducted on the Porous Pave site because of the high infiltration rate.
Thus, all image analysis relies on the ASTM C1701 testing conducted in the spring of 2016. Images of
the test locations 1–5 on the Porous Pave surface shown in Figure 1b were taken on a dry day in the
spring of 2017 and are shown in Figure 6. Figure 7 shows the histograms obtained for these images
and Figure 8a shows the SIR measured with the ASTM C1701 test in the Spring of 2016 (a year before
the images were taken) plotted against the inverse of the mean and the inverse of the median, of each
image’s gray level. A plot using the median gray level is considered because the surface has a great
deal of red color and red values tend to convert to lower gray values, thus, creating a distribution
skewed to lower values. The median is not as affected by skewness as the mean.

The data sets used to create Figure 8 (the mean SIR data shown in Table 2) were tested with the
Shapiro-Wilk test. The data for the 305 mm ring significantly deviated from a normal distribution
(N = 5, p = 0.03) while the five data points for each of ring 203 mm and 406 mm ring sizes were normally
distributed according to the test (p = 0.55 and p = 0.38, respectively). Figure 8b shows the same image
analysis data but now related to the SIR values in Table 2 for the smaller and larger rings sizes. Thus,
Figure 8b shows linear regression lines for the 203 mm and 406 mm ring sizes, but no line is shown for
the 305 mm ring size in either Figure 8a,b.

Because the 305 mm ring size SIR measurements observed on the Porous Pave surface are not
normally distributed, StadDirect® was used to conduct nonparametric linear regression on the medians
of all gradients of the data to produce the following expressions:

SIR305 = 841, 044x−1 − 5929 (4)

SIR305 = 516, 629x̃−1 − 3131 (5)

where x̃ refers to the median and again SIR is in mm/min. Note that the slope coefficient seen in these
two equations are medians. According to Kendall’s tau-b correlation procedure, the inverse mean gray
level is significantly correlated with SIR305 (τb = 0.8, p = 0.05 for Equation (4)) but not for the inverse
median gray level median (τb = 0.6, p = 0.142 for Equation (5)).
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Figure 6. Images acquired with a cell phone camera of on the Porous Pave site at location 1 in (a),
location 2 in (b), location 3 in (c), location 4 in (d), and on location 5 in (e).
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Figure 7. Relationship between inverse of the histogram mean image intensity and the measured
surface infiltration rate for (a) locations 1 to 3, and (b) locations 2, 4 and 5 on the Porous Pave site as a
normalized pixel count for each gray level when the statistic is the mean or the median. The number
after the symbol PP in the legend corresponds to the location on the Porous Pave site.
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Figure 8. (a) Relationship between inverse of the histogram mean image intensity and the measured
surface infiltration rate on the Porous Pave surface when the statistic is the mean or the median for the
305 mm ring size using the ASTM standard test; and (b) for 203 mm, 305 mm and 406 mm ring sizes.

Equation (6) is the expression for the best-fit linear regression line in Figure 8b for the 203 mm
ring (using data from Table 2) and Equation 7 corresponds to the 406 mm ring. Equations (8) and (9)
are the nonparametric linear formulae.

SIR203 = 1, 735, 522x−1 − 13, 003 R2 = 0.94 (6)

SIR406 = 1, 047, 176x−1 − 7773 R2 = 0.92 (7)

SIR203 = 1, 651, 136x−1 − 12, 277 (8)

SIR406 = 1, 098, 203x−1 − 8171 (9)

The adjusted R2 for SIR203 in Equation (6) is 0.92 and the standard error of the estimate is
225 mm/min. The ANOVA analysis indicates the regression is significant (p = 0.007) as are the slope
(p = 0.007) and constant (p = 0.009). The adjusted R2 on SIR406 in Equation (7) is 0.90 and the standard
error of the estimate is 152 mm/min. This regression is also significant according to ANOVA with
p = 0.01 as are the slope and constant (p = 0.013 and p = 0.01, respectively). The standardized residual
statistics for Equations (6) and (7) are all within ±2 (results not shown here). Kendall’s tau-b correlation
procedure showed that the inverse mean gray level is significantly correlated with SIR203 and SIR406

(τb = 0.8, p = 0.05 for both Equations (8) and (9)).

4. Discussion

4.1. Application of ASTM C1701 on the Porous Asphalt and Porous Pave Surfaces

The use of three different ring sizes on the porous asphalt produced data sets that were not
significantly different for any of the three pair-wise comparisons using the Sample Sign test. The only
significant difference in pairwise comparison was for the Porous Pave with the smaller ring size
producing significantly different (generally higher SIR) values than the 305 mm or 406 mm ring sizes.
This is consistent with Li et al. [25] but they tested rings of 300 mm or smaller. Winston et al. [18]
demonstrated the benefits of covering a larger surface area in a test but that study was conducted with
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a falling head device on interlocking pavers. The result in this investigation suggest that for highly
infiltrating surfaces such Porous Pave, using a 300 mm ring may be sufficient but it is important to
note, that the 305 mm ring size produced higher ranges than those from the 406 mm ring data as seen
in Table 2. Greater precision and lower variability is a desirable characteristic in SIR measurements
particularly when dealing with such highly permeable surfaces such as provided by Porous Pave.
Thus, a larger ring size is recommended for surfaces with such high infiltration rates.

4.2. ASTM vs. the Falling Head Test on Porous Pavement

The falling head test is seen repeatedly in the literature as a preferred method for testing SIR in
permeable surfaces because the need to maintain a constant head can be difficult when infiltration rates
are so high. The simple falling head device employed here produced significantly higher infiltration
rates than the ASTM test, which is consistent with the literature [25,33]. The expected benefit of lower
variability however, was not realized as the falling head test produced ranges lower than those seen in
the ASTM test in only two cases in Table 3—Location 1 and the sample (and counter-intuitively, both
had very high infiltration rates). This suggests that the ASTM test using a constant head is sufficient
for a surface such as porous asphalt. Because the Porous Pave surface has even higher infiltration rates,
the results suggest that a falling head test would be not be appropriate on such a surface.

The ASTM C1701 test was developed as a simple-to-use tool to get a starting point for surface
infiltration in order to determine when maintenance would be required. Li et al. [25] notes that the
NCAT permeameter is based on well-established falling head theory derived from Darcy’s law, but
no specific theory or explanation is presented for the equation used in the ASTM C1701 method
(Equation (1)). Equation (1) is simply the mass of water converted to a depth divided by the time
it took for that water to infiltrate into the surface. Equation (1) is not intended to mimic Darcy’s
Law, so while some may consider I in Equation (1) to be akin to the surface’s hydraulic conductivity
measured under a constant head, the hydraulic gradient would have to be considered unity for the
two equations to be equivalent. In addition, if a falling head test based on Darcy’s Law is to be used,
then the appropriate equation should be used and laminar flow should be the predominant mode of
flow. This is not the case for permeable pavements [24] and the high heads produced in a falling head
test have the potential to lead to greater variability.

4.3. Use of Imagery to Estimate SIR in Porous Asphalt

When viewing the imagery for test locations 1–5 of the porous asphalt in Figure 3, one can clearly
see how location 4 is completely clogged (Figure 3d) and resulted in a zero measured infiltration rate
(in the test, no water was observed to leave the device). The control sample, (Figure 3f) gives the
highest SIR and is relatively dark all over and with the darkest pores. This is demonstrated in the
histograms in Figure 4, where Figure 4b for PA4 has the highest mean gray level of 133 in comparison
to the asphalt control sample that had one of the lowest mean gray levels of 113.7. The histogram for
PA3 shown in 4a has a very high average gray level and lowest SIR next to PA4.

Figure 5 was created using the inverse of the mean gray level and not the actual mean gray level.
The reason for this was because the SIR is inversely proportional to the number of seconds required to
drain the mass of water under a constant head. The drainage is produced by the voids, i.e., the surface
porosity, which are the darkest portions of the image. This drainage time is directly proportional to
the porosity and inversely proportional to the mean gray level, which becomes higher as porosity
decreases due to clogging [17]. The presumption here is that the image captures a representative
area, and that the sediment leading to clogging creates enough of a change in pore reflectance to
significantly change the histogram parameters. In this investigation, for the porous asphalt surface,
the pores are darker than the clean porous asphalt surface particles and also darker than the sediment
clogging the pores. If the sediment is actually darker than the surface material, this would likely lead
to a decrease in mean gray level, and thus, any implementation of such a method would need to
recognize the visual characteristics of the sediment locally and the change visually to a photograph
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that results from clogging by the sediment. Another issue to note is that the images seen in Figure 3
show silicone residue from previous testing that could not be removed. The net effect of this silicone
would be to increase the mean gray level, which would translate into a decrease in SIR. This is not
unreasonable as the silicone would in fact inhibit infiltration of water. However, the amount of silicone
in terms of number of pixels (over 6 million for each image) constitutes a small percentage of the image,
and consequently, the impact to the mean gray level would be insignificant.

Linear regressions were attempted using both the ASTM data and the falling head data (creating
Equations (2) and (3)). Both relationships produced the same coefficient of determination. This suggests
that while the falling head test and the ASTM test produced significantly different values, the change
in SIR measured within different locations was consistent within each method and this change,
is consistently captured by the image parameters. That is to say, that the sensitivity of this imaging
method, is comparable with the sensitivity in both the ASTM test method and the falling head method.
The fact that both tests produced excellent relationships with the same images seems to indicate that
this non-contact method can provide as reasonable an estimate of SIR as either contact method.

One might argue that the images, which are taken before the pre-wetting, should actually be
compared to the times recorded during the pre-wetting phase. When regression relationships were
developed for both the ASTM and the falling head test pre-wetting times, both produced poorer
coefficients of determination (results not shown) confirming Brown and Sparkman’s [23] assertion that
pre-wetting is essential to repeatability.

4.4. Use of Imagery from Porous Pave Surface as a Measure of SIR

The interesting part of this analysis is that the photographs of the Porous Pave locations were
taken one whole year after the ASTM tests were conducted (the results shown in Table 2 were used in
comparison to the images in Figure 6). Note that the images in Figure 6 are cropped quite close to the
center of the test location to exclude portions of silicone that remain on this surface, but some silicone
still remains from tests conducted for the 203 mm ring. The Porous Pave material must be installed in
dry weather. If at any point during the installation, rainfall or water contacts the surface before the
installation has completely cured (which is done in a very short amount of time), the binder reacts
with the water and immediately solidifies to a hard, yellow mass creating a near impenetrable surface.
This is evident in the image for location 3, which contains much more yellow than red as in the other
images. Porous Pave locations 1 and 3 are two of the yellowest locations and consequently have two of
the lowest infiltration rates.

Because of the lack of normality in the distribution of most of the Porous Pave SIR data,
nonparametric regression was created for the inverse median gray level (Equation (5)) and the inverse
of the mean gray level (Equation (4)) obtained using the 305 mm ring. The data are plotted in Figure 8a.
Even though the histograms in Figure 7 show heavy tails on the low side of the gray value, there is no
evidence to suggest that the median gray level instead of the mean will produce a better relationship.
The Kendall’s tau-b procedure showed that the correlation between the inverse mean gray level and
mean SIR is significant for the 305 mm ring size, but the relationship to the median was not significant.

Because the mean data seen in Table 2 for the 406 and 203 mm ring sizes were shown to be
normally distributed, these data were plotted in Figure 8b and both parametric and nonparametric
linear regressions were computed. Equations (6) and (7) produced surprisingly high coefficients of
determination, suggesting that imagery may provide a useful surrogate for relative surface infiltration
in this type of surface. The nonparametric equations shown in Equations (8) and (9) were produced as
a contrast to Equations (6) and (7). The data set is very small but both the parametric linear regression
and the nonparametric linear regression produced similar values of slope and constant for each ring
size with the correlation for the nonparametric regression being significant.

The Porous Pave surface has a very specific, and somewhat unique appearance in comparison to
other conventional permeable surfaces, which tend to be white, gray or black in color. While the data
set is very small, the variation in SIR measured with the ASTM is comparable to the variation in the
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mean gray level as seen in the histograms of Figure 7. This suggests that for this surface color and
sediment color for the region, image analysis is sensitive enough to pick up changes in SIR in this type
of pavement.

4.5. Using the ASTM Test with Image Analysis

The results of this research seem to confirm the utility of the ASTM C1701 standard as an indication
of surface infiltration in porous asphalt, and innovative materials such as Porous Pave, in addition to
pervious concrete for which it was designed. Neither the falling head test, nor other ring sizes provide
any indication of being better alternatives for porous asphalt but a larger ring size may be a good
suggestion for Porous Pave and other high infiltration areas (as found in Winston et al. [18]).

The parameters determined in the image analysis, a very simple analysis of cellphone pictures,
seems to produce a reasonable agreement to the data collected using the ASTM method. To that end,
the image analysis when used in conjunction with ASTM C1701 would be a good method to provide
home owners a tool to determine the degradation in surface infiltration from an initial starting point.
The results of the image analysis though are limited by several factors. Each image should be taken
with the similar levels of lighting in order to provide the same contrast across the surface as in previous
images. Each image should be similar in size in order to avoid over- or under-sampling. Likely the
user can calibrate their initial image with a single ASTM C1701 test on various locations. This would
then be followed by images taken at the same locations and analyzed for their inverse mean values to
determine the relative rate of degradation. The equations produced would likely be pavement and
region specific but would likely hold over time once the initial image was calibrated. This would avoid
the need to bring water out to the site, use silicone or plasticine, and conduct a series of tests over dry
weather to be averaged.

5. Conclusions

This research investigated the impact of in situ, contact test methods for measuring SIR on two
highly permeable pavement surfaces—a fiber-reinforced porous asphalt and a highly permeable
surface material known as Porous Pave. The methods tested were the ASTM C1701 with a 305 mm
ring size, a 203 mm ring size and a 406 mm ring size. In addition, a simple falling head test device was
created but only tested on the porous asphalt. All the results indicate that the ASTM C1701 standard
test that was originally devised for porous concrete can produce reasonable estimates of SIR for both
these two types of surfaces, which corroborates with results from the literature [25].

The ASTM C1701 method is still a contact method that is cumbersome to use, and thus, acquiring
numerous estimates of SIR over large surface areas is often impractical. Because surface infiltration
is largely the result of surface clogging, visual inspection should be a suitable method for providing
information on the degree of clogging in certain contexts (pavement color and sediment color).
Cell-phone photographs were taken of both surfaces investigated in this work and the inverse of
the mean gray level was shown to be highly correlated with mean SIR determined using the ASTM
method and the falling head test in the porous asphalt surface. The falling head test and the ASTM
method proved to be significantly different but the fact that both methods produced very good linear
relationships with image parameters over a number of locations on the surface, indicates that a
visual, non-contact method can reproduce the sensitivity of both methods. In both linear regressions,
the coefficient of determination was quite high thus suggesting that the mean gray level is a suitable
image analysis parameter to indicate level of surface clogging. However, it should be recognized that
the inverse of the mean was used because SIR was calculated. An easier approach would be to simply
correlate the mean itself with the time in seconds to drain, which in turn is directly proportional to
porosity (if this measure can be obtained in the field). This would avoid the large regression coefficients
that result when using the inverse of a mean of the distribution with so many pixels and the mean SIR
in mm/minute.
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The ASTM C1701 test method was used on the Porous Pave material, which is a different type
of material with one of the highest infiltration rates available for permeable pavements. The image
analysis using photos taken a year after the tests were conducted, also produced a high coefficient
of determination of 0.95 when using a ring size of 406 mm. This could lead to the development of
a cellphone application by which a homeowner interested in implementing permeable pavements
in their homestead can simply use their cellphone camera to monitor the degradation in surface
infiltration over time. This can potentially lead to a simple cell phone application that allows any user
to determine the maintenance requirements of their low impact development.

The limitations of the investigation arise from the low numbers of data collected and the fact
that testing was conducting on only one surface in the field of each type. Therefore, it is highly
recommended that future work collect further image analysis data in conjunction with in situ SIR
measurements with the ASTMC1701 method over numerous locations, a variety of pavement surfaces
and over long periods of time in order to monitor the impact on degradation of SIR and change
in image parameters. Other image analysis parameters should be investigated to determine if a
more sensitive parameter is more appropriate depending on the surface type, color and clogging
sediment characteristics.
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