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Abstract: Green infrastructure (GI) stormwater control measures (SCMs), such as permeable
pavement systems, are common practices used for controlling stormwater runoff. In this paper, two
permeable pavement strips were studied to quantify their water quality performance. The quality
monitoring was coupled with comprehensive rainfall analysis to investigate the effects of common
rainfall characteristics on the quality performance of the systems. The pavements utilized deep
aggregate layers to promote higher infiltration, and were installed in parking lanes of an urban
neighborhood. Water quality samples were collected from upgradient stormwater runoff and from
stormwater captured by the permeable pavements. In addition to total suspended solids (TSS),
nutrients, and dissolved metals, this research also investigated bacterial contamination (Escherichia
coli, E. coli). The results indicated that the two permeable pavement systems significantly reduced
concentrations of TSS, E. coli, total phosphorus, and ammonia. The average reductions of TSS and
E. coli between the two systems were 47% and 69%, respectively. It was also observed that pollutant
loadings in the stormwater runoff, as well as pollutant reductions, were affected by the intensity of
sampled rainfall events. Thus, it is suggested to consider the effects of rainfall characteristics when
reporting the water quality benefits of stormwater GIs.

Keywords: stormwater; runoff; water quality; permeable pavement; green infrastructure; TSS;
nutrient; E. coli

1. Introduction

The development of urban areas and the associated expansion of impermeable surfaces result in an
increase in runoff volumes and peak discharges, as well as pollutant loadings [1-7]. Stormwater runoff
can carry pollutants such as suspended solids, phosphorus, nitrogen, oils, heavy metals, and pathogens
into receiving surface waters and groundwater supplies [8-11]. These pollutants are expected to cause
water quality degradation in local rivers and streams, thereby impairing the quality of aquatic life,
as well as contaminating drinking water resources [12]. According to the United States Environmental
Protection Agency (USEPA), approximately 46% of identified cases of water quality impairment in the
United States were due to stormwater runoffs [13].

Green infrastructure (GI) stormwater control measures (SCMs), such as bioretention areas, dry and
wet ponds, and infiltration practices (infiltration trenches and permeable pavements), are frequently
used to remediate stormwater quantity concerns. These systems may also be a solution to the
quality issues caused by stormwater runoff [14]. GI systems are expected to reduce pollutant
loadings, including phosphorus, nitrogen, suspended solids, and pathogenic bacteria, from stormwater
runoff [15-19].
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A common GI SCM used within urban environments to help mitigate stormwater flow is a
permeable pavement. A permeable pavement system is defined as a paved surface that allows the
runoff to infiltrate into a reservoir structure constructed below the pavement surface, which ultimately
exfiltrates into the surrounding and underlying in situ soil layers [20]. These pavements are usually
installed in areas with low traffic loads, such as parking lots, walkways, and the parking lanes of streets.

Previous studies showed the effectiveness of permeable pavements in both improving stormwater
quality and reducing runoff volume [2,15,16]. The efficiency of pollutant removal for permeable
pavements and infiltration trenches, presented in the National Pollutant Removal Performance
Database (2006), indicated high removal rates for total suspended solids (TSS), total phosphorus
(TP), zinc (Zn), and copper (Cu). However, the removal of nitrogen oxides (NOx) was reported as
close to zero [14]. Similarly, Brattebo and Booth (2003) observed lower concentrations of dissolved
metals such as zinc and copper in exfiltrated samples when compared with those from the runoff [15].
Another study by Bean et al. (2007) reported significant removal rates of total Kjeldahl nitrogen
(TKN), ammonia, and total phosphorus for permeable pavements [2]. A recent study by USEPA,
published following the conclusion of this research, investigated the reductions of indicator organisms
for three types of permeable pavements (pervious concrete, porous asphalt, and permeable interlocking
concrete pavements (PICPs)) with shallow underlying reservoirs [21]. Escherichia coli (E. coli) reductions
greater than 90% were observed for porous asphalt and pervious concrete, but the PICPs only showed
a 39% reduction in E. coli.

While the previous studies indicated that permeable pavement systems may reduce the
concentrations of various pollutants, there is currently limited research available on the benefits of
bacterial contamination removal for these systems, or on the effect of rainfall characteristics (intensity,
antecedent conditions, etc.) on their water quality performances.

This study investigates the pollutant removal performances of two permeable pavements applied
in an urban environment, while also considering the effect of rainfall characteristics. To achieve
the objectives of this study, samples from stormwater runoff and from the captured volume at the
bottom of the base-course layer of permeable pavements were collected during the first flush of 19
rainfall events. These samples were analyzed for (1) Escherichia coli (E. coli), a known indicator of fecal
contamination; (2) pollutants, such as TSS, nitrate, nitrite, and total phosphorus; and (3) dissolved
metals, including zinc, copper, and iron.

2. Materials and Methods

2.1. Project Background and Monitoring Site

Within Louisville, and many similar communities, combined sewer systems (CSS) are used
to convey sewage and stormwater runoff within one piping system. During heavy and intense
rainfall events, in which the stormwater runoff exceeds the capacity of the CSS, the excess volume is
released into surface waters. The Louisville and Jefferson County Metropolitan Sewer District (MSD)
is working to mitigate the volume and frequency of these combined sewer overflows (CSOs) in a
small (approximately 11 hectares) urban sewershed, by using GI systems. To achieve this objective,
the MSD installed a suite of GI SCMs in 2011 and 2013, including 14 permeable pavement systems,
four infiltration trenches, and 27 tree boxes. Two of the permeable pavement systems (identified as GIs
17G and 17H) were selected for the monitoring efforts of water quality performance.

The two monitored permeable pavement systems were installed along the parking lanes of
a two-lane street, upgradient of the existing sewer system’s catch basins (Figure 1). The specific
dimensions of both systems are presented in Figure 2 and Table 1. Each permeable pavement system
included the following:

- A layer of 14.35-cm articulating concrete blocks/mats (ACBM) on top, leveled with the existing
asphalt. The ACBMs, unlike permeable interlocking concrete pavements (PICPs), do not require
fine aggregates between their joints.
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- A 61-cm deep storage gallery, filled with 30.5 cm of American Association of State Highway and
Transportation (AASHTO) #3 stone on the bottom, and 30.5 cm of AASHTO #57 aggregate on top.
A geogrid was installed between the two aggregate layers.

- Either a series of drilled shafts (17H) or a trench (17G) was excavated underneath and along the
storage gallery as additional storage, as well as an access method to deeper permeable sandy
soils, which were backfilled with AASHTO #3 aggregate.

Figure 1. (a) Location of green infrastructures (GIs) 17G and 17H along parking lanes of Webster Street,
Louisville, KY, USA. (b) The articulating concrete blocks/mats (ACBM) application.
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Figure 2. Cross-sectional view of the permeable pavement systems 17G and 17H. AASHTO: American
Association of State Highway and Transportation.

Table 1. Design and drainage characteristics of monitored permeable pavement systems.

Green Trench .
Infrastructure  Length Width Method to Width (m) T(.)tal Percent Impe.rv rous [mpermeable
o Access Deep Drainage . 1 Drainage Area: Pavement
Identifier (m) (m) Soils or Number Area (ha) ! Imperviousness Area (ha) Surface Area
(GIID) of Shafts
17G 213 2.4 Trench 0.7 m 043 65% 0.28 53:1
17H 274 24 Shafts 10 0.36 65% 0.25 37:1

1 Drainage and impervious areas were estimated and provided by AECOM Corp. (Louisville, KY, USA), using 6-inch
LiDAR data. GI: green infrastructure.

The trench and the shafts were off-centered to avoid existing utility lines, and had varied depths.
The shaft casings in 17H were 46 cm in diameter, and ranged from 2 m to 4 m in depth. All shaft casings
had slotted sections on their sides to allow for additional lateral exfiltration as well as exfiltration
through the bottom area. The GI 17G had a 76-cm-wide trench excavated along its full length, with a
sloping depth of 4.6 m at the upgradient edge and 1 m at the downgradient edge (Table 1).
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2.2. Sampling and Testing Methods

The sampling from runoffs and captured stormwater volumes was conducted during the first
1.27 cm (0.5 inch) of precipitation, which was assumed to be representative of the “first flush”. The first
flush runoff might represent a small portion of a storm’s total discharge but it includes a large
percentage of the total contaminant loadings [22]. According to the National Stormwater Quality
Database, the first flush concentrations of TSS, copper, lead, zinc, and total Kjeldahl nitrogen (TKN)
are significantly higher than those in composite samples collected during the entire rain event [23].
Collecting samples during the first flush required extensive preparation prior to the onset of the storm
event, which made weather forecasting an important aspect of the sampling effort. The National
Weather Service (NWS) was used for long-term (five-day) forecasts when preparing the sampling
equipment. The sampling procedure was scheduled in cases that the NWS forecasted a possibility of
precipitation greater than 50%.

Three individual grab samples of equal volume (250 mL) were collected at equal time increments
(10 min) during the first flush of each storm event. The individual samples were then mixed to form a
single time-weighted composite sample for laboratory and on-site analyses. Since the runoff flowing
into both systems was observed to be concentrated along the curbside, the samples were collected
at the upgradient curbside location of the permeable pavements. The sampling procedure included
the collection of duplicate samples in the field, and the analysis of replicate samples in the laboratory.
Duplicate samples were taken for every 10 samples collected on the field. The replicate samples,
which referred to samples that were split into subsamples, were created at the laboratory, and were
tested for TSS, E. coli, and nutrients. The pollutant concentrations in the duplicate and replicate
samples were compared with those of the original samples, in an effort to evaluate the relative percent
difference (RDP). A threshold of 20% was used for the RDP values between the original samples and
the duplicate and replicate samples.

To assess the pollutant removal performances of the Gls, samples were also collected from the
bottom of the storage layers of 17G and 17H. Similar to the runoff sampling, time-weighted composite
samples were collected from the bottom of the trench (17G) and shaft (17H) through pre-installed
monitoring wells, using a mechanical bladder pump (model MB470, Geoprobe Systems, Salina, KS,
USA) during the first flush. The sampling pump was specifically designed for the collection of
high-quality and low-turbidity samples from groundwater monitoring wells.

The 2.5-cm-diameter monitoring wells had a 1.5-m slotted screen at the bottom, which was
covered with a groundwater polyester filter sock (pore size of 250 microns). The monitoring pipes were
installed at 7.9 m and 9.1 m from the upgradient edges of GIs 17H and 17G, respectively (Figure 3).
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Figure 3. The monitoring pipes installed in (a) the shaft of 17H; and (b) the trench of 17G.
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2.3. Field and Laboratory Analysis

Some of the quality parameters, including water temperature, specific conductivity, and pH,
were measured in the field and immediately after sample collections, using a YSI Professional
Plus portable temperature/conductivity/pH meter (YSI Inc., Yellow Springs, OH, USA). For pH
measurements, the electrode was calibrated before each sampling event by using buffer solutions
(Fondriest Environmental Inc., Beavercreek, OH, USA) of pH 4, 7, and 10. The conductivity electrode
was calibrated with a 1413-uS/cm-conductivity standard solution (Fondriest Environmental Inc.,
Beavercreek, OH, USA).

The laboratory samples were collected in high-density polyethylene (HDPE) bottles, and were
placed in a cooler partially filled with ice to keep the temperature below 4 °C. The samples were
delivered to the laboratory within six hours for bacterial analysis. The nutrients were tested within
a 24-h period after sampling, except for those that followed special sample-preservation protocols
recommended by the Center for Watershed Protection (CWP) [24]. The standard methods used in
this study, and their minimum detection levels (MDLs) are summarized in Table 2. In samples
with concentrations below the MDL, the concentrations were assumed as half of the MDL for
statistical purposes.

Table 2. Standard test methods and minimum detection levels (MDLs).

Parameter Standard Method MDL
Total suspended solids (TSS) Standard Methods procedure 2540D 1.0 mg/L
Escherichia coli (E. coli) EPA Method 1604 1 CFU/100 mL
Total phosphorus (TP) Hach TNT843, Equivalent to EPA 365.1 0.05mg/L
Nitrate (NO3) Hach, TNT835 Approved by EPA 0.23mg/L
Nitrite (NO5) Hach TNT839, Equivalent to EPA 353.2 0.015mg/L
Ammonia (NHj3) Hach TNT831, Equivalent to EPA 353.2 0.015mg/L
Copper dissolved (Cu) ICP-OES Spectrometer EPA Method 200.7 5.4 ug/L
Iron dissolved (Fe) ICP-OES Spectrometer EPA Method 200.7 6.2 ug/L
Zinc dissolved (Zn) ICP-OES Spectrometer EPA Method 200.7 1.8 ug/L

EPA: Environmental Protection Agency; ICP-OES: Inductively coupled plasma-optical emission spectrometry.

2.4. Statistical Analysis

The collected data were statistically analyzed to compare the pollutant concentrations between
runoff and captured volume samples. Paired Student’s t-tests with a criterion of 95% confidence
(p < 0.05) were used to determine the statistical significance of changes in pollutant concentrations
after passing through the permeable pavement layers. All paired data were tested for the assumption
of normality prior to using the t-tests. If the assumption was found to be invalid, the data were
logarithmically transformed, and tested again.

Correlation analyses were used to evaluate the strength of the relationships between various
pollutant concentrations and rainfall characteristics. The Pearson’s correlation coefficient (PCC) was
calculated to determine the strength of the correlations, if any, and p-values were subsequently
calculated to investigate the significance of the relationships between the parameters. Higher values of
PCC indicate stronger correlations between the tested parameters.

3. Results and Discussion

The water quality data collected during the one-year monitoring period (May 2014-May 2015),
including 15 and 13 sampling events for 17G and17H, respectively, were analyzed to determine the
performances of the GI systems. Along with this data, the rainfall characteristics of each sampled
event, as provided by the radar data, were also determined. The following sections present and discuss
the results from the conducted analyses.
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3.1. Rainfall Characterstics

The continuous rainfall data was delineated into separate rainfall events by using a minimum
6-h antecedent dry period. During the course of this study, a total of 19 rainfall events were sampled
(runoff and captured volume) and tested for a variety of pollutants. Table 3 includes the rainfall
characteristics for these events, as well as the antecedent rainfall depth values, which indicate the
rainfall depth prior to the start of each rainfall for a 7-day period. The sampled storms included a
variety of events, ranging from 5.6 mm to 110.8 mm, with an average of 21.7 mm.

Table 3. Rainfall characteristics of storm events sampled for water quality analysis.

Sampled Maximum A d 7-Day
Event Date Total Rainfall Total Rainfall _ Rainfall Intensity (mm/h) ! DnteIc,eerieoI:; Antecedent
Number Duration (h) Depth (mm) 5-min 15-min r{Da ) Rainfall
Duration Duration N Depth (mm)
1 9 May 2014 12.00 20.8 46.7 21.3 9.68 1.9
2 10 May 2014 3.00 21.8 56.9 27.7 0.25 22.8
3 7 July 2014 0.67 124 39.6 35.3 5.09 8.1
4 14 July 2014 1.58 9.1 20.3 124 0.38 40.0
5 16 August 2014 29.25 18.0 122 8.1 497 25.0
6 22 August 2014 3.33 6.6 33.5 155 4.80 18.8
7 6 October 2014 6.58 6.4 234 119 240 6.4
8 7 October 2014 2.50 5.6 122 9.4 0.86 133
9 13 October 2014 13.42 229 17.3 109 0.59 46.7
10 16 November 2014 14.00 8.8 5.1 43 11.65 1.6
11 23 November 2014 14.42 189 142 104 6.04 9.6
12 5 December 2014 34.42 384 122 3.0 0.26 31.1
13 23 December 2014 3.92 25 6.1 7.5 0.48 5.6
14 1 February 2015 8.92 10.2 5.1 5.1 6.43 5.1
15 3 March 2015 50.58 439 41 9.8 9.73 2.6
16 13 March 2015 28.17 45.1 7.1 3.4 2.61 28.0
17 2 April 2015 33.42 110.8 40.6 6.4 6.63 41
18 13 April 2015 22.50 10.1 4.1 19.0 3.56 37.8
19 16 May 2015 14.17 11.0 18.3 3.0 15.55 29

I Maximum rainfall intensity values were calculated for the sampling period during the first flush, and do not
represent the entire rainfall event.

3.2. In Situ Measurements

The field measurements were conducted to determine pH, temperature, and specific conductivity
(SC) values of composite samples during rainfall events 2-19 (15 for 17G, and 13 for 17H), as shown in
Table 4. The results from both systems showed that measured temperatures of the captured stormwater
in the reservoir structure of the pavements were slightly lower when compared with those of the runoff
during warm months, and slightly higher during cold weather. No significant differences between
the temperatures of runoff and captured stormwater samples were observed in either GI practice.
The average pH values from the captured volume samples were slightly higher when compared
with those from the runoff samples in both systems. The pH differences between the runoff and
captured volume samples were found to be statistically significant (p-value < 0.05). Although the
SC measurements in the captured volume were higher than those in the runoff, the differences were
not determined as significant. The higher values of SC in the effluent samples were also reported in
previous studies [15,19,25].

3.3. Pollutant Concentrations

Mean pollutant concentrations in the samples collected from runoff and captured stormwater
volume, observed reduction percentages, and determined p-values at 95% confidence levels (p-value
< 0.05) are presented for both systems in Tables 5 and 6. The results indicated reductions in several
pollutant concentrations in both permeable pavements, as discussed below.
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Table 4. In situ water quality measurements.

P 17G (Trench) 17H (Shaft)
arameter
Runoff Captured  p-Value Runoff Captured  p-Value
Average Temperature (°C) (nlf'f 5) (an'f 5) 0.315 (nlj?g) (nlf'f 3) 0.270
7.3 7.4 7.0 7.1
Average pH (n = 15) (n = 15) 0.001 (n=13) (n=13) 0.001
Average Specific 120 185 114 120
Conductivity (uS/cm) (n=15) (n = 15) 0.196 (n=13)  (n=13) 0.509

Nutrient reductions were not significant except for nitrite (NO;) in 17G, ammonia (NH3) in 17H,
and total phosphorous (TP) in both GI practices. Changes in nitrate (NO3) concentration were not
found to be significant in either of the GlIs. Nitrate concentrations in the captured samples were
higher than those in the runoff for eight of the 15 monitored events for 17G, and seven of the 13
monitored events for 17H. Low, and sometimes negative, reduction percentages of nitrate and nitrite
were reported in similar previous studies [2,26], and were expected since nitrate removal typically takes
place with vegetated filtration and biofilters [25]. All samples from the captured stormwater showed
lower concentrations of ammonia when compared with the runoff samples in both GIs, except for three
events in 17G, for which the captured samples had slightly higher concentrations of NHj3. Due to the
nitrification process, a portion of the ammonia filtered by the aggregate media could be transformed to
nitrite and nitrate under aerobic conditions. This process explains the higher concentrations of nitrite
and nitrate in the captured volume samples when compared with the runoff samples.

The dissolved metal measurements during the first four events showed high mean reduction
percentages (81% for Cu, 90% for Zn, and 60% for Fe) between runoff and captured volume samples;
however, their differences were not determined as statistically significant. This could be a result of
the small sample size (four) of dissolved metal measurements, which may have weakened the power
of the parametric test [27]. These results for heavy metals were in agreement with previous similar
studies, which found permeable pavements to effectively reduce Cu and Zn concentrations [2,28].

The samples from the captured stormwater volume showed significantly lower concentrations of
E. coli and TSS when compared with the runoff in both systems. The mean reductions in TSS were
43% and 51% for 17G and 17H, respectively. The E. coli mean reduction percentages were 60% for
17G, and 78% for 17H. The measured concentrations of these two parameters are presented in Figure 4
as box plots for better comparison between the runoff and captured volume samples. The observed
E. coli reductions were considerably greater than those seen in the PICP application studied by the
USEPA [21] (60% and 78% versus 39%). The difference between both studies could be attributed to
varying depths of underlying aggregate layers. The depth from the PICP surface to the sampling point
was 40 cm [21], while in this study, the sampling depths were 254 cm and 273 cm for 17H and 17G,
respectively (Figure 3).
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Table 5. Measured pollutant concentrations and observed mean reductions, GI 17G (trench system).

Mean Concentration Values Median Concentration Values
Pollutant Number of Rainfall Events Sampled Events Sampled Mean Reduction % p-Value !
Runoff Captured Runoff Captured
E. coli (CFU/100 mL) 15 2-12,14,15,18,19 2719 1095 1740 740 59.7 <0.001 2
TSS (mg/L) 15 2-12,14, 15,18, 19 242.1 139.4 242.1 100.3 426 <0.001 2
Nitrate (mg/L) 15 2-12,14,15,18,19 0.667 0.671 0.606 0.499 —0.6 0.965
Nitrite (mg/L) 15 2-12,14,15,18,19 0.073 0.043 0.043 0.031 41.1 0.046 2
Ammonia (mg/L) 15 2-12,14,15,18,19 0.229 0.124 0.153 0.112 459 N/AS
TP (mg/L) 15 2-12,14,15,18,19 0.293 0.164 0.258 0.091 44.0 0.002
Cu gissolved (Hg/L) 4 14 5.80 1.06 2.96 0.92 81.7 N/A*%
Zn gissolved (1g/L) 4 1-4 51.40 4.76 32.61 2.94 90.7 N/A*%
Fe gissolved (1g/L) 4 14 23.01 9.16 16.92 9.02 60.2 N/A*

1 p-values indicating a significant decrease of pollutant concentrations are highlighted in black. 2 Since the concentrations were not normally distributed, log-transformed data were used
in the paired f-test. > Differences between the runoff and captured volume concentrations were not normally or lognormally distributed. # Results from paired t-tests are not presented due
to the small sample sizes.

Table 6. Measured pollutant concentrations and observed mean reductions, GI 17H (shaft system).

Mean Concentration Values Median Concentration Values

Pollutant Number of Rainfall Events Sampled Events Sampled Mean Reduction % p-Value !
Runoff Captured Runoff Captured
E. coli (CFU/100 mL) 13 2,4,5,9-14,15-17,19 3810 845 2300 1400 77.8 0.002
TSS (mg/L) 13 2,4,5,9-14,15-17,19 184.8 89.9 147.2 98.1 51.4 <0.0012
Nitrate (mg/L) 13 2,4,5,9-14,15-17,19 0.723 0.685 0.550 0.521 53 0.586
Nitrite (mg/L) 13 2,4,5,9-14,15-17,19 0.040 0.027 0.036 0.025 32.5 N/AS
Ammonia (mg/L) 13 2,4,5,9-14,15-17,19 0.168 0.139 0.077 0.045 17.3 <0.001
TP (mg/L) 13 2,4,5,9-14,15-17,19 0.420 0.297 0.414 0.175 29.3 0.005

! p-values indicating a significant decrease of pollutant concentrations are highlighted in black. ? Since the concentrations were not normally distributed, log-transformed data were used
in the paired t-test. > Differences between the runoff and captured volume concentrations were not normally or lognormally distributed.
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Figure 4. The total suspended solids (TSS) and Escherichia coli (E. coli) concentrations for runoff and
captured volume samples between the trench (17G) and shaft (17H) systems. Each box illustrates the
25th percentile, the median, and the 75th percentile. The highest and lowest values are represented by
the top and bottom whiskers.

Positive relationships were observed between E. coli counts and TSS concentrations in the runoff
samples, and also between their reduction percentages in both permeable pavement systems (Figure 5).
This suggested that the removal processes of these two pollutants are affected by the same mechanism.
Similar correlations were also reported, explaining that E. coli cells in streams are commonly associated
with particulate materials and suspended solids [29-31]. The correlations between E. coli and TSS were
stronger in 17H when compared with 17G (PCCy71y > PCCy7), and even significant for the E. coli and
TSS mean reductions (p-value = 0.025). Weak to moderate positive correlations were observed between
TP and TSS concentrations, and between their reductions for 17G. However, similar trends were not
observed for 17H (Figure 6).
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Figure 5. Correlations between E. coli and TSS concentrations, and their reduction percentages.
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Figure 6. Correlations between total phosphorus (TP) and TSS concentrations, and their

reduction percentages.

3.4. Effect of Rainfall Characteristics

The relationships of E. coli and TSS concentrations in the runoff, and their reduction
percentages, with rainfall characteristics (intensity and antecedent conditions), were also investigated.
The concentrations of TSS, E. coli, and TP in runoff samples flowing into 17G and 17H were plotted
against the maximum 5- and 15-min intensities (Figures 7 and 8). The results showed that runoff
concentrations of these pollutants increased during higher rainfall intensities. The direct relationship
between pollutant concentrations in stormwater runoff and rainfall intensities was also reported in
literature, and may be explained by the higher mobility of pollutants associated with solids during
more intense rainfall events [32-34].

The reduction percentages of E. coli decreased with an increase in maximum intensity rates
in both GI systems (Figure 9). This behavior of E. coli cells with flow velocity was reported in
previous studies, and is known to be a result of the increased movement of water through macropores.
The increased movement of water results in greater distances between the bacterial cells and the filter
media, and therefore a shorter contact time, which decreases the chance of bacterial adsorption into the
aggregate layers [35,36]. No meaningful correlations between TSS reductions and maximum intensity
values were observed.

High concentrations of pollutants were expected in runoff samples with extended antecedent
dry periods. However, such a relationship was not observed in any of the runoff sampling series.
Additionally, it was hypothesized that an increase in rainfall depth prior to the onset of a storm event
would reduce the pollutant concentrations in the runoff, but data analysis showed weak relationships
between pollutant concentrations and the 7-day antecedent rainfall depths. These weak correlations
could be the result of other contributing factors, such as road construction activities in the area, wind,
and traffic, which may have affected the accumulation of pollutants during dry periods [10,37,38].
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Figure 7. TSS, E. coli, and TP concentrations in the runoff versus maximum 5-min and 15-min intensity
values in GI 17G.

As an example, E. coli and TSS concentrations in the runoff samples of GI 17G were plotted against
the antecedent dry period and the 7-day antecedent rainfall depth values (Figure 10). Contrary to the
original hypothesis, the E. coli and TSS concentrations showed an increasing trend for higher 7-day
antecedent rainfall depth values, and a decreasing trend for longer dry periods.
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Figure 10. Runoff concentrations of E. coli and TSS versus antecedent rainfall conditions in GI 17G.

3.5. Limitations of This Study

Although the observed TSS reductions (42-50%) were found to be statistically significant,
these rates were lower than the median TSS removals for porous pavement systems reported in the
USEPA’s National Pollutant Removal Performance Database, and in the Stormwater Best Management
Practices Design Guide [14,39]. Both documents indicated more than 90% reductions in TSS for
permeable pavement systems. The observed difference between the estimated reductions in this
research and the values from literature was attributed to a few limitations of the conducted study,
which are discussed below.

The physical structure and design of the installed GI systems and the natural variability of the
sampled storm events created challenges for the sampling efforts. In rigorous stormwater sampling,
the preferred method for acquiring samples is the redirection of the captured stormwater into an
outflow box, equipped with a weir and automatic samplers to determine the event mean concentrations
(EMCs) of pollutants. Due to the mentioned constraints, samples were collected manually through the
pre-installed monitoring wells during the first flush of rainfall events. Thus, the presented pollutant
concentrations were not fully representative of true concentrations throughout the storm events.

Additionally, the inclusion of filter socks at the bottom of the perforated monitoring pipes may
have resulted in an overestimation of pollutant concentrations, especially TSS. The openings of the
filter socks (250 microns) were designed to allow the passing of particulate pollutants into the pipe.
However, during the exfiltration of captured stormwater into the surrounding and underlying soil
layers, the pressure loss across the filter sock may have prevented the complete flushing of these fine
sediments. An incomplete flushing could have resulted in an accumulation of TSS at the bottom of the
sampling pipes.

The authors would like to mention that, despite the mentioned limitations, the results from this
study are considered beneficial for the determination of the stormwater quality benefits of permeable
pavement systems.

4. Conclusions

Although the two monitored GI systems used different designs (shaft and trench) to access deeper
underlying soil layers, they both had similar water quality performances. Unlike most similar previous
studies, this study investigated the bacteria removal performance of the systems by measuring the
E. coli concentrations. The E. coli reductions were found to be significant in both GI practices, but were
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slightly greater in GI 17H with the shaft system. The reductions in E. coli were greater than those
in TSS; thus, in addition to the straining and physical removal of the bacterial cells attached to the
suspended solids, the adsorption process was determined as another mechanism responsible for the
E. coli removal. The positive relationship observed between E. coli and TSS reductions supports the
idea that suspended solids serve as a transport method for bacterial cells in stormwater runoff.

The results indicated that TSS and TP reductions observed following the passing through the
aggregate layers were statistically significant, and showed minor differences between the trench and
shaft systems. Similar to previous studies, negative and almost zero reduction rates were observed for
nitrate concentrations in both systems, and they were attributed to the nitrification process resulting in
nitrate leaching, and the transformation of the filtered ammonia to nitrate.

The effect of rainfall characteristics on the pollutant concentrations and reduction percentages
were also investigated in this study. The results indicated positive relationships between maximum
rainfall intensities and the concentrations of E. coli, TSS, and TP in the runoff. Higher intensity rainfall
events generally resulted in lower reduction percentages of E. coli contents. These findings indicate
that the rainfall characteristics not only affect the pollutant concentrations in stormwater runoff, but
may also have an impact on water quality performances of permeable pavement systems. Thus, it is
suggested to consider local rainfall characteristics during the performance assessment of GI practices.
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