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ABSTRACT

In order to obtain the detailed information necessary to develop design guide-
lines for the stormwater best management practices (BMPs) included in the Virginia
Department of Transportation’s Stormwater Management Manual, a field program
was initiated in 1991 for testing the pollutant removal efficiency of selected BMPs.
This report summarizes Phase II of this endeavor. A dry detention pond that
drained a small, highly impervious area and a vegetated swale that received runoff
from an urban highway were examined. Manual and automatic sampling tech-
niques were used to monitor stormwater flowing into and out of the two facilities.
Pollutant removal efficiencies were determined using a mass balance method. Pol-
lutants measured were total suspended solids, chemical oxygen demand, total phos-
phorus, and zinc. The results suggest that, if properly designed, these types of
facilities can be effective tools for removing stormwater pollution from highway run-
off.
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INTRODUCTION

The U.S. Environmental Protection Agency (EPA) issued federal storm-
water regulations in November 1990. Permits in accordance with the regula-
tions of the National Pollutant Discharge Elimination System (NPDES) are now
required for major municipal and industrial (including transportation) storm-
water discharge. Currently, the Virginia Department of Environmental Quality
(VDEQ) is working with the EPA to develop a “general permit” program that will
be available to the Virginia Department of Transportation (VDOT) for compli-
ance with the NPDES regulations.

In addition to the EPA stormwater regulations, VDOT must comply with
the Virginia Stormwater Management Regulations, the Chesapeake Bay Preser-
vation Act, and the Virginia Erosion and Sediment Control Regulations. In a
previous project entitled “Stormwater Management Regulations and VDOT,” a
manual of practice was developed that outlined specifications and practices that
VDOT will follow in order to satisfy all relevant state regulations.1 This docu-
ment, the Stormwater Management Manual, will be part of VDOT’s annual sub-
mission to the Virginia Department of Conservation and Recreation (VDCR) for a
“blanket” approval of all VDOT construction and maintenance projects in lieu of
an application for a permit for each project. Currently, VDOT is working with

VDEQ to allow the manual to be used in satisfying the EPA NPDES require-
ments.

In order to obtain the necessary detailed design guidelines for selected
stormwater best management practices (BMPs) included in the Stormwater



Management Manual, a field test program was initiated in 1991 for monitoring
the performance of such BMPs in controlling stormwater quantity and quality.
Two sites in Charlottesville, a dry detention pond and a highway median swale,
were selected for the study (see Figure 1). Field monitoring work was started in
March 1992 and continued through June 1992. A report summarizing the field
test results was published in June 1993.2

A Phase II study of the BMPs was needed for the purposes of (1) obtaining
adequate data for quantifying BMP pollutant removal efficiencies; (2) allowing
the detection of possible seasonal variations in BMP performance; (3) better
defining guidelines for BMP design; and (4) developing laboratory and field test
strategies for other BMPs not tested under the Phase I program.

PURPOSE AND SCOPE

The objectives of the Phase II study were as follows:

1. to continue performing field tests of stormwater management prac-
tices selected for the Phase I study, i.e., a modified dry detention pond
and an urban highway swale. Of particular interest were the pollut-
ant removal efficiencies under different storm conditions.

2. to develop design guidelines for the practices to be incorporated into
VDOT’s Stormwater Management Manualt

3. to continue updating and modifying VDOT’s Stormwater Management
Manual with respect to (a) new information on BMP design, (b) recom-
mendations made by VDOT, and (c) comments from other agencies
such as the Federal Highway Administration (FHWA), other state
departments of transportation (DOTs), etc.

MATERIALS AND METHODS

Site Description and Preparation
Pond

As shown in Figure 1, a dry detention pond near the intersection of
Massie Road and Emmett Street in Charlottesville, Virginia, was monitored after
a 7.6 cm (3 in) orifice outlet was installed in the Phase I study.? The basin is a
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Figure 2. Sketch of Massie Road parking lot and pond.

University of Virginia parking facility for daily commuter and athletic event traf-
fic. The total drainage area is about 3.2 ha (7.9 acres), with two subcatchments
draining into the pond. One is 1.7 ha (4.2 acres) with a 61 cm (24 in) concrete
storm sewer discharging into the pond; the other is 0.6 ha (1.5 acres) with a
concrete trapezoidal ditch. The remainder of the area, 0.9 ha (2.2 acres), sur-
rounds the pond. The effluent of the pond discharges through a 30 cm (12 in)
concrete pipe to a tributary of Meadow Creek (Figure 2). The pond was designed
to attenuate the postdevelopment peak of runoff to the predevelopment level for
2-year and 10-year storms, but not for water quality purposes.

The Phase I monitoring work was started in May 1991 and continued
through June 1992. The Phase [ study focused on the pond removal efficiency
of total suspended solids (TSS) and total phosphorus (TP). For the Phase II
study, chemical oxygen demand (COD) and zinc (Zn) were added to the list of
water quality parameters.

In order to reduce the need for chemical analysis, a rectangular weir was
installed below the confluence of inflow 1 (concrete pipe) and inflow 2 (concrete
channel) so that only one inflow point needed to be monitored (Figure 3).
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Swale

For the highway median swale site at the intersection of U.S. Route 29
and Hydraulic Road (Figure 1), wooden barriers were constructed to limit lateral
inflows into the swale so that the pollutant mass balance estimates could be
made more accurately. See Figure 4 for the modified swale layout.

The longitudinal slope of the swale is approximately 5 percent, and the
drainage area is approximately 0.35 ha (0.88 acres). The only maintenance
occurring in the swale is the mowing of the grass approximately once every
2 weeks, yielding a grass height usually between 8 and 15 cm (3-6 in). The
average daily traffic (ADT) was estimated at approximately 50,000.

Sampling Methods

Pond

Data were collected for 11 storms during the Phase I and Phase Il sam-
pling periods. Of the 11, the first 3 were monitored to characterize the runoff,
with only the pollutant concentration determined. The flow monitoring equip-
ment was not yet in place for measuring the corresponding flow into and out of
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the pond. These storms occurred on 3/6, 3/10, and 3/18/92. The other 8
storms were monitored for both flow and concentration to allow the determina-
tion of pollutant mass fluxes. Of these 8 storms, the 4/30 and 5/5/92 storms
comprised a baseline study of the efficiency; no modification was in place to
increase the detention time of the pond. The 5/29 and 6/4/92 storms occurred
after a 7.6 cm (3 in) orifice was installed at the outlet of the pond.

Rainfall was measured using a Plexiglas wedge gage at the site. Informa-
tion was corroborated at a rainfall gaging station located at Birdwood Golf
Course, which is continuously monitored by the State Climatology Office. The
Birdwood gage is located approximately 2.5 km (1.6 mi) from the Massie Road
parking area. During Phase II, tipping bucket rain gages were also used.

Flow was measured at all inflow and outflow points. During Phase I, mea-
surements were made using 90-degree V-notch weirs with a continuous bubble-
type flow meter and a tube secured just below the notch of the weir. A portable
Plexiglas weir designed to fit into a circular pipe was installed at inflow location
1 (see Figure 3) and the outflow. A plywood 90-degree V-notch weir was used
for measuring flows in the concrete channel at inflow location 2. Beginning with
the Phase Il monitoring, for the 3/31/93 storm, samples were taken at only one



inflow point, which was located below the confluence of inflow 1 and inflow 2
(see Figure 3).

Water quality samples were taken at the inflow and outflow locations by
using both manual grab sampling and automatic samplers.

Swale

In the Phase I study, the entire length (128 m, or 420 ft) of the swale was
examined. However, Phase II focused on the lower 30 m (100 ft) of the swale.
The swale was modified, as shown in Figure 4, according to the recommenda-
tions of the Phase I report.? The modification included the installation of lateral
barriers to divert inflow from the sides of the swale away from the study area.
The swale site is pictured in Figure 5.

Data were collected at the swale for five storms (a sixth storm was also
monitored that generated no outflow) between November 5, 1992, and July 19,
1993. Flow into and out of the swale was measured using 90-degree V-notch
weirs, and rainfall was determined using a wedge gage and a tipping bucket
gage. Automatic samplers were used to take runoff samples at timed intervals;
these samples were then analyzed.

Figure 5. Swale site.



During the Phase I study, six storms were monitored, with only the last

four storms having both flow and water quality data.

Laboratory Analysis

A quality assurance/quality control program of chemical analyses imple-

mented in the study was conducted.

Quality Assurance

1.

Adequately trained and experienced personnel. Shih-Long Liao, a graduate
research assistant who was responsible for the chemical analyses of all
samples, had 18 months experience as a laboratory supervisor at Tulane
University of Louisiana.

Good physical facilities and equipment. A new COD reactor and a DR/2000
spectrophotometer from Hach were used. The oven, hot plates, and desicca-
tors functioned properly. Glassware was washed with acid or rinsed with
deionized water in accordance with standard methods for examination of
water and wastewater.3

Certified reagents and standards. All chemicals were specified by the grade
of chemical.

Frequent servicing and calibration of instrumentation. All instruments were
calibrated before each test.

Use of replicate a and known addition analysis. All chemical tests were done
by using replicates and known addition as a control (or blank).

Quality Control

1.

2.

Only methods that had been studied collaboratively and found to be accept-
able (such as EPA-approved reporting methods) were used.

A control sample was analyzed at least once each day on which samples
were being analyzed (internal quality control). The following control charts
were used: (a) vertical (or horizontal) plotting of the test charts results;

(b) the mean, limit, and standard deviation plot in control charts; and

(c) periodic recalculation of the control limit.

The ability of a laboratory to produce acceptable results was confirmed by
requiring analysis of a few reference samples once or twice a year (external
quality control). A check on whether the laboratory being tested had an
acceptable internal control program was performed by sending reference



samples to another laboratory (the Aqua Laboratory in Charlottesville, Vir-
ginia).

Calculation of Pollutant Removal Efficiency

Removal efficiencies were calculated using the change in mass of pollut-
ants flowing in and the mass of pollutants flowing out. The method is illus-
trated by Equation 1.

. in-M
Removal efficiency (%) = (Mass in .ass out) x 100 1
(Mass in) [1]

The mass of pollutants flowing through the system was determined by
multiplying the flow by the concentration at each time interval to yield a polluto-
graph. The mass of pollutants discharged into and out of the system was
obtained by computing the area beneath the pollutograph. Equation 1 was then
applied to determine the pollutant removal efficiency for each constituent mea-
sured.

RESULTS

Pond
Precipitation

Data were collected for 7 storms during the Phase I study period of 1991-
1992 and 4 storms during the Phase II period of 1992-1993. The total data for
the 11 storms during the two monitoring periods are summarized in Table 1. All
of these storms were considered to be relatively small storms (less than 50 mm).
The 3/10/92 and 7/3/93 storms were considered to be high-intensity storms
(greater than 4 mm/hr).

Pollutant Parameters

The detailed results of the field measurements and the chemical analyses
for all 11 storms monitored are presented in Appendix A. Table A-1 lists pollut-
ant concentrations measured over runoff hydrographs at the inflow and outflow
locations. A typical inflow and outflow hydrograph is shown in Figure 6. The
high and low concentrations of pollutants measured for all storms are given in
Table 2.



Table 1
STORM CHARACTERISTICS AT POND

Storm Date Total Depth Total Duration Average Number of
No (mm,/dd /yr) (mm) (h) Intensity Previous Dry
’ (mm /hr) Days
1 03/06/92 28.0 15.0 1.90 —
2 03/10/92 9.1 2.0 4.60 —
3 03/18/92 10.4 7.0 1.50 —
4 04/30/92 3.6 2.0 1.80 —
5 05/05/92 2.0 1.5 1.30 —
6 05/29/92 26.7 41.0 0.70 6
7 06/04/92 50.8 27.0 1.90 1
8 03/31/93 4.8 9.5 0.51 2
9 04/09/93 36.8 13.5 2.73 2
10 04/26/93 6.4 3.0 2.12 4
11 07/03/93 17.6 2.0 8.82 4
0.16
0.14
0.12
0.1
-
§ o008
F3
(o]
i 0.06
0.04
0.02
0- ‘
14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time
wms |nflow - Outflow

Figure 6. Inflow and outflow hydrographs for pond, 7/3/93 storm.
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Table 2
POLLUTANT CONCENTRATIONS IN POND

Parameter N;;;b;ésf (gf/}i) (rI;lc;v/vl) Average (mg/])
TSS 134 450.0 N/D 27.20
COD 50 118.0 N/D 31.08
TP 135 3.1 N/D 0.52
Zn 60 3.5 N/D 0.38

TSS = Total Suspended Solids; N/D = Not Detected; COD = Chemical Oxygen Demand;
TP = Total Phosphorus; Zn = Zinc.

Figure 7 depicts the pollutographs for the 7/3/93 storm. In general, the
“first-flush” phenomenon is quite evident; pollutant concentration is high at the
beginning of the runoff and decreases rapidly as time progresses.

Inflow and outflow hydrographs and pollutographs for the remaining
storms are presented in Appendix B.

Pollutant Removal Efficiency

Equation 1 was used to compute the pond pollutant removal efficiency for
each pollutant for each storm. The results, together with pollutant mass fluxes
and estimated detention time and drawdown time, are given in Table 3. The
detention time was approximated by the lag time between the centroids of the
inflow and outflow hydrographs, whereas the drawdown time was taken as the
base time of the outflow hydrograph.

Table 4 shows the range of and average removal efficiencies for each pol-
lutant for all storms for which data were sufficient for computing the removal
rates.

Particle Size Distribution

In the Phase I study, a particle size distribution (PSD) analysis of the
inflow and outflow was calculated for two storms. In the present study, two
more storms, on 4/26/93 and 7/3/93, were analyzed for PSD. Results of inflow
PSD for all four storms were plotted against data presented by Pitt, which were
included in the Phase I report in Figure 8.2: 4 The results showed that a rela-
tively wide range of solids concentrations can be expected in stormwater runoff
from parking lots.

In comparing the inflow and outflow PSD results, a significant reduction
in composite solids concentration was obtained, as shown in Table 5.

11
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Table 3
POLLUTANT LOADINGS AND REMOVAL EFFICIENCY FOR POND

Pollutant Fluxes (g)

Storm Detention Removal
Date Time (hr) Efficiency (%)
In Out
TSS 411 146 64.4
4/30/92 1.50 TP 9.6 5.8 39.5
Zn * * *
TSS 512 51 89.9
5/05/92 0.02 TP 14.5 1.8 87.4
Zn * * *
TSS 18070 10666 41.0
5/29/92 0.91 TP 441 587 (33.1)
Zn * * *
TSS 16460 10144 38.4
6/04/92 0.99 TP 343 485 (41.4)
Zn 619 176 71.6
TSS 2236 1960 12.3
COD 2023 1000 50.6
3/31/93 0.34 TP 27.4 6.4 76.5
Zn 48.1 23.4 51.3
TSS 12522 7388 41.0
COD 14446 12934 10.5
4/09/93 1.55 TP 39.0 22.4 42.5
Zn 117.4 91.7 21.9
TSS 4698 879 81.3
COD 4650 2471 46.9
4/26/93 0.09 TP 42.6 19.9 53.3
Zn 315 25.4 19.4
TSS 18965 7517 60.4
COD 7715 4159 46.1
7/03/93 1.45 TP 61.7 24.8 59.8
Zn 15.6 11.9 23.7

TSS = Total Suspended Solids; TP = Total Phosphorus; Zn = Zinc;
COD = Chemical Oxygen Demand; * = Not Measured.
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Table 4
REMOVAL EFFICIENCIES BY POLLUTANT FOR POND

Number of Removal Efficiency
Pollutant
Storms High (%) Low (%) Average (%)

TSS 8 89.9 12.3 53.6
COD 4 87.4 (41.0) 35.6
TP 8 56.1 10.5 38.5
Zn 5 71.6 19.4 29.1

Average 41.0

TSS = Total Suspended Solids; COD = Chemical Oxygen Demand; TP = Total Phosphorus;
Zn = Zinc.

100 T———7n—— —
A ---- Low Solids Concentration
_g — Upper Mid-W Concentration
ﬂ 80 - — - Medium Solids Concentration
-‘—é — Al NURP Data
S : High Solids Concentration
c 60 - 0O 4/30/92 Inflow Data
§ +  5/5/92 Inflow Data
5 X 4/26/93 Inflow Data
§ 40 - A 7/3/93 Inflow Data
1]
o
o
]
T 201
o
4
2 o
1 10 100 1000

Particle Size (microns)

Figure 8. Particle size distribution for 4/30/92,5/5/92,4/26/93, and 7/3/93
storms, inflow to pond, and reference data from other studies.
Upper Mid-W = Upper Midwest; NURP = National Urban Runoff Pro-
gram.
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Table 5
COMPARISON OF INFLOW AND OUTFLOW PARTICLE SIZE DISTRIBUTION FOR POND

Composite TSS Concentration (mg/l)

Storm Percent Reduction
Inflow Outflow
04/30/93 43 19 56
05/05/92 64 15 77
04/26/93 87 52 40
07/03/93 245 148 40
Average 53.3

TSS = Total Suspended Solids.

Swale
Precipitation

A summary of the six storms monitored in this study and the five storms
monitored in the Phase I study is presented in Table 6.

Table 6
PRECIPITATION DATA FOR SWALE
Date Duration Average
Storm No. (mm/dd /yr) Depth (mm) (hr) Intensity
(mm /hr)
1 03/10/92 — — —
2 04/24/92 20.0 0.7 30.00
3 04/26/92 — — —
4 05/08/92 16.0 4.0 4.00
5 05/15/92 11.0 1.0 11.00
6 06/04/92 40.0 17.0 2.35
7 11/05/92 9.0 5.0 1.80
8 11/12/92 17.3 12.0 1.44
9 05/31/93 9.9 8.0 1.23
10 07/10/93 5.1 0.5 10.20
11 07/12/93 10.9 0.8 14.56
12 07/19/93 16.3 1.5 10.84

Pollutant Parameters

Typical results from a monitored storm are shown in Figures 9 and 10.
Figure 9 shows the flows into and out of the swale for the 7/19/93 storm. Fig-
ure 10 shows pollutant concentrations measured for the same storm. Data for
all the storms are given in Appendix C. Inflow and outflow hydrographs for the
other storms are presented in Appendix D.
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Figure 9. Flow into and out of swale, 7/19/93 storm.

Pollutant Removal Efficiency

Equation 1 was used to calculate the pollutant removal efficiency of the
swale. The results, together with those obtained in the Phase I study, are listed

in Table 7.

When examining the removal efficiencies in Table 7, one will notice the negative
removal rates for pollutants in Storms 7 and 8. This was caused by a higher
flow leaving the swale than entering the swale. These were the first two storms
monitored during this report, and thus the first two utilizing lateral inflow barri-
ers. In these two storms, the barrier failed to stop flow from entering the swale
laterally. Thus the mass flux into the swale did not include this extra inflow,
but the extra was included in the outflow. During the rest of the monitoring, a
plastic liner was placed along the lateral barrier to improve its performance.

The removal efficiency for Storms 9 through 12 was fairly high. In exam-
ining these storms, one will notice that the high removal rate was caused by a
significant loss of flow. In some cases, more than 70 percent of the flow was lost
between the two ends of the swale. Because the equation used to determine
removal efficiency is flow dependent, this yields higher removal efficiencies.

16
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Table 7
REMOVAL EFFICIENCY FOR SWALE

Storm No.2 Efficiency (%) Rainfall

TSS COD TP Zn Intensity
2 72 — 70 — High
4 95 - 85 - Low
5 21 — 32 — High
6 82 — 52 74 Low
7 (77) (128) (14) — Low
8 (44) (54) (32) (117) Low
9 89 88 92 88 Low
10 100 100 100 100 High
11 73 81 94 89 High
12 86 67 80 58 High

2Data insufficient for Storms 1 and 3. For Storms 1 through 6, no lateral inflow barriers
were in place.

TSS = Total Suspended Solids; COD = Chemical Oxygen Demand; TP = Total
Phosphorus; Zn = Zinc.

Another way to examine the data collected is to examine just the pollutant
concentrations. Average concentrations at the inflow and outflow points of the
swale are presented in Table 8, along with ranges and the percent change in
concentration between the two sampling points. It can be seen that there was a
significant reduction (47%) in TSS concentration between the inflow and out-
flow. This was most likely due to particle settling as runoff passed over the
swale and was temporarily detained by the downstream weir. For the other
three pollutants, the reduction was quite small. This might be due to the fact
that these pollutants exist in a dissolved form.

Table 8
CONCENTRATIONS OF POLLUTANTS FLOWING
INTO AND OUT OF SWALE

Inflow Outflow % Decrease in Average
Pollutant Concentration from
Range Average Range Average Inflow Pollutograph
TSS 12-332 38.7 6.3-65 19.9 49
COD 16-143 61.1 23-128 59.3 3
TP 0-3.77 1.08 0-1.82 0.72 33
Zn 0-0.44 0.15 0-0.41 0.13 13

TSS = Total Suspended Solids; COD = Chemical Oxygen Demand; TP = Total
Phosphorus; Zn = Zinc.
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Table 9
CHANGE IN PARTICLE SIZE DISTRIBUTION FOR 7/19/93 STORM AT SWALE

Percent Particles

Particle Size Change
Inflow Outflow

>25 u 61.7 36.4 (25.3)

>8u 72.0 58.0 (14.0)

>3u 76.0 73.4 (2.6)

lu= 10°® meter.

For the final storm on July 19, PSD analysis was done. The results are
shown in Table 9. Composite samples were made for the inflow and outflow
points. The change in PSD suggests the manner in which pollutants are being
removed. The larger particles (25 p), which settle faster, show a significant
reduction, whereas the smaller particles (3 u) show a minimal reduction. Thus,
sedimentation would seem to be a significant factor in the removal of suspended
particles in the swale.

DISCUSSION

Pollutant Concentrations in Highway Runoff

As reported in the Phase I report, the quality of stormwater runoff that
immediately exits the highway pavement was determined at the intersection of
U.S. Route 29 and Hydraulic Road.! The results of the edge-of-pavement analy-
sis showed that pollutant concentrations were generally lower than those
reported in the literature, except for TP and Zn.

A comparison was also made of the pollutant concentrations at the pond
site (representing a parking lot) and at the swale (representing a highway of
medium traffic volume) and values reported in the literature. Table 10 is a
summary of the ranges and averages of pollutant concentrations at the two sites
together with the values reported by the FHWA® from sampling at major high-
way sites. The results suggest that highways with a medium traffic volume and
parking lots may yield smaller amounts of suspended solids when compared
with major highways. On the other hand, for pollutants such as organics,
nutrients, and metals, similar concentrations might be obtained for major and
minor highways and parking lots.
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Table 10
COMPARISON OF POLLUTANT CONCENTRATIONS AT POND AND SWALE

Pollutant Pollutant Pollutant
Concentration Concentration Concentration
Pollutant From FHWAS From Pond Site From Swale Site
Parameter (mg/1) (mg/1) (mg/1)
Average Range Average Range Average Range
TSS 261 4-1656 27.2 0450 112.9 21-410
COD 147 4-1058 14.7 0-118 2954 86458
TP 0.79 0.0-3.555 0.52 0-3.1 3.71 0.91-6.51
n 0.41 0.01-3.4 0.38 0-3.5 0.65 0.25-1.60

TSS = Total Suspended Solids; COD = Chemical Oxygen Demand; TP = Total Phosphorus;
Zn = Zinc.

Pond
Comparative Pollutant Removal

The literature suggests that dry detention ponds are only moderately
effective in removing pollutants in stormwater runoff. For example, the Phase I
report presented a summary of removal efficiencies for a number of BMPs. For
dry detention ponds, a TSS removal of between 30 to 70 percent can be
achieved for a detention time of 4 to 12 hours. The corresponding removal rates
are 10 to 50 percent for TP and 20 to 60 percent for Zn.

In this study, the average removal rates as listed in Table 4 were 12 to 90
percent for TSS, O to 88 percent for COD, 10 to 56 percent for TP, and 20 to 70
percent for Zn. The efficiencies are comparable to values in the literature, yet
the detention time computed in this study ranged from only less than 10 min-
utes to close to 2 hours. In order to allow further examination of the possible
effect of various factors on the removal efficiency, the removal rates together
with the detention time, drawdown time (total time base of the outflow
hydrograph), average rainfall intensity, and antecedent dry days are listed in
Table 11.

Although the data in Table 11 are not sufficient for definitive conclusions
to be drawn, some observations can be made:

1. Detention time is usually used as an important design parameter, yet
it appears that it is not the only determinant of pond efficiency.

2. Rainfall intensity and prior dry days appear to have some effect on
pollutant removal, especially for TSS. Longer dry days and higher
rainfall intensity both tend to yield higher solids concentration in the
runoff. Since particle settling is the primary mechanism for removal,

20



Table 11
REMOVAL EFFICIENCIES WITH PERTINENT PARAMETERS FOR POND

Pollutant Total Average

Storm Rain Rainfetll Dry D?I'Ei?lzsn Drawdown
TSS COD TP Zn Volume InFens1ty Days (hr) Time (hr)
(mm) (in/hr)
5/05/92 90 — 87 — 2.0 1.30 6 — 2.5
3/31/93 12 50 77 51 4.8 0.51 2 0.34 8.0
4/9/93 41 10 43 22 36.8 2.73 2 1.55 15.0
4/26/93 81 47 53 19 6.4 2.12 4 0.09 4.0
7/3/93 60 46 60 24 17.6 8.82 4 1.45 5.0

TSS = Total Suspended Solids; COD = Chemical Oxygen Demand; TP = Total Phosphorus;
Zn = Zinc.

the efficiency would be higher for larger particles and higher concen-
trations.

3. Drawdown time appears to be an important factor. A longer draw-
down time should promote particle settling and other processes of
removal such as decay and plant uptake. However, the present
results are not sufficient for drawing such a conclusion.

On the whole, the pond performed fairly well when compared with
removal rates reported in the literature. One reason could be the “enhanced”
removal by the riprap channels transporting inflows into the pond (Figure 11).
The riprap could cause a slowdown of inflow runoff and thereby promote set-
tling of solids and could also provide some “filtration” effect through which pol-
lutants are removed due to adsorption and sedimentation.

Design Guidelines

Design guidelines derived from the literature were included in VDOT’s
Stormwater Management Manual.! Because detention ponds are most widely
used as a stormwater BMP, more information about designing ponds has
become available in recent years. Examples are found in Schueler,® ASCE and
WPCF,” and Urbonas and Stahre.8

Table 12 is a summary of design guidelines for extended dry detention
ponds compﬂed from the literature.® This table is an updated version of
Table 10 in VDOT’s Stormwater Management Manual.l
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Figure 11. Riprap channels of pond.

Table 12

DESIGN GUIDELINES FOR EXTENDED DRY DETENTION PONDS

Characteristic

Suggested Design Guidelines

Storage volume and outlet design

Basin geometry

Forebay and channel

Basin side slopes

Two-stage design

Vegetation

Should capture the first 0.5 inch of runoff and sat-
isfy the maximum discharge requirement; deten-
tion time greater than 6 hours; drawdown time
greater than 24 hours

Length-to-width ratio greater than 2; expands grad-
ually from the inlet and contracts gradually
toward the outlet

Provide a shallow forebay near the inlet to allow
easy sediment removal; a low flow channel is
desirable

Should be a minimum of 3:1 to ensure stability and
for maintenance access

Upper stage, or top pool, is to remain dry normally
and a bottom stage is regularly inundated with its
volume set to store about 0.5 inch of runoff

Marshes may be established at the bottom stage to
increase pollutant uptake
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Modeling Approaches

Computer models, when properly calibrated and verified, can be used to
simulate the behavior of a system such as a detention pond under a variety of
given environmental conditions. The results are useful for determining design
guidelines.

In this study, a stormwater management model called VAST, or VirginiA
STorm Model, was used for simulating the dry detention pond system. Details
of the VAST model are described in Tisdale and Yu® and summarized in the
Stormwater Management Manual.l VAST computes rainfall abstractions, gener-
ates overland flow hydrographs, routes outflow from upstream sub-basins to
downstream sub-basins or detention ponds, and computes non—point source
pollution washoff from sub-basins.

VAST was tested using data collected in 1992. The results in general were
satisfactory. However, some stability problems were encountered in using the
numerical schemes installed in the model. These problems are being resolved,
and when they are corrected, the model will be tested with the 1993 data.
Results will be incorporated into future revisions of the Stormwater Manage-
ment Manual.®

Highway Applications

Even though wet detention ponds are known to be more effective in pol-
lutant removal and flood control, dry detention ponds are still the primary type
used by VDOT and other highway agencies. This is because most VDOT
projects are for small drainage areas and without regional cooperation. VDOT
can seldom serve a watershed large enough to support a wet pond.

On the other hand, dry detention ponds serving small areas are prone to
clogging problems because of the small-sized outflow orifices required to
increase detention times. Many dry ponds lose their design functions quickly if
their outflow orifices are clogged. Another drawback of constructing numerous
small, on-site dry ponds concerns aesthetics. It is not aesthetically appealing to
have many small ponds, or “depressions,” scattered along highways.

Regional cooperation should be promoted that can lead to the construc-
tion of larger and fewer, but more efficient, facilities such as wet detention
ponds. This would be preferable not only because of economic considerations,
but also because of maintenance, safety, and liability concerns.
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Swale
Comparative Pollutant Removal

Relatively little information is available regarding swale pollutant removal
performance and design guidelines. A review of swale performance and design
suggestions was presented in the Phase I report.? In general, swales that are
situated on low slopes, are densely vegetated, are long in total length, and have
checki (giams for ponding runoff can be expected to have the following removal
rates™:

TSS: 70%
TP: 30%

Metals: 50%-90%
Wanielista and Yousef!! reported results obtained through monitoring
highway swales in central Florida. As a comFarison, the results reported by
Schueler et al.10 and Wanielista and Yousef,!! together with those obtained in
this study, are listed in Table 13.

The longitudinal slope for the U.S. Route 29 swale is considered large
(5%). However, the relatively high removal rate, especially for TP, may be due to
the fact that the weir, installed at the downstream end of the swale for flow mea-
surement, also served as a check dam in backing up water. Another factor in
assessing swale performance is the infiltration rate. If all the runoff is infil-
trated, as was the case for the 7/10/93 storm, there would be no runoff out of
the swale, and thus the removal rate would be 100 percent.

Even without check dams and other modifications, conventionally
designed swales should provide some benefits in terms of reducing the quantity
and quality impact of small storms. It was observed in this study that rainfalls
with a volume of less than 5 mm (0.2 in) did not produce any runoff in the
swale.

Table 13
COMPARISON OF SWALE REMOVAL RATES

Average Removal Rates (%)

Pollutant
Schueler et al.1®  Wanielista and Yousef!! This Study
TSS 70 — 50
TP 30 52 56
Zn 70 80 49

TSS = Total Suspended Solids; TP = Total Phosphorus; Zn = Zinc.
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Design Guidelines

Currently, most of the design suggestions in the literature are based on a
procedure presented by Chow and adopted by the FHWA in its Hydraulic Engi-
neering Circular No. 15.12 The design includes vegetated channels for channel
stability and hydraulic capacity. Modifications of Chow’s procedure have been
proposed in recent years for the purpose of improving a swale’s pollutant
removal efficiency. Examples of these improved design guidelines can be found
in Horr7ler,13 Hampton Roads Planning District Commission,!* and ASCE and
WPCF.

Table 14 is a list of design guidelines compiled from information in several
recently published references.

Highway Applications

Recent reports published by the FHWA and Transportation Research
Board!® suggested that vegetative controls, such as swales, be considered as
the primary measure for controlling the quality of highway runoff. Swales are of
particular interest because of their widespread use and relatively low cost of
construction and maintenance. The results obtained in this study also show
that swales can provide significant water quality benefits.

Table 14
DESIGN GUIDELINES FOR SWALE
Characteristic Suggested Design Guidelines
Longitudinal slope 5% maximum; 3% more realistic
Needs to be as flat as possible to increase residence time in
swale
Length of swale 30 m to 60 m (100 ft to 200 ft)
Side slope 3:1 (h:v) maximum, the flatter the better to increase contact
area
Bottom width 0.6 m (2 ft) minimum
Infiltration rate The higher the better; 0.5 inch per hour or more may

significantly improve removal efficiency

Vegetation type Dense, deep rooted, and flood tolerant; reed canary grass,
fescues, and bermuda grass are examples

Check dams Used to increase residence time in swale, thus promoting
removal processes; they should not be used where they might
constitute a traffic hazard

Pollutant characteristics Suspended pollutants are removed more easily than dissolved
pollutants; infiltration is main removal process for dissolved
pollutants

Source: Compiled from References 10, 11, 13, and 14.
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One of the concerns of VDOT’s maintenance crews regarding check dams
or “ditch checks” is that they hinder grass mowing operations. It may be desir-
able therefore to consider using longer swales and a milder longitudinal slope in
designing highway swales for stormwater management.

UPDATE OF VDOT’S STORMWATER MANAGEMENT MANUAL

The following materials were added to the Stormwater Management Man-
ual:

1. a glossary of terms
2. a checklist for maintenance
3. a stormwater survey of state DOTs.

A survey of stormwater management issues was sent to all state DOTs
(including Washington, D.C., and Puerto Rico) and appears in Appendix E. Of
the 52 surveys sent, 33 were returned.

The main purpose of the survey was to see what other DOTs were doing
with regard to stormwater management and if any innovative techniques were
being tried that could be used by VDOT. It was found that most DOTSs are in the
same situation as VDOT, just starting to look at stormwater management and
hoping that innovative techniques can be developed to deal with new regula-
tions in their state.

With regard to NPDES permits, the majority of states obtain general per-
mits; the few exceptions depend on the site requiring a permit. Through tele-
phone conversations with different state officials, it was determined that NPDES
permits required in metropolitan areas are coordinated with each city that must
obtain the permit. Table 15 is a representative list of the states’ responses, with
two states provided from each federal highway region.

All of the states surveyed have some form of erosion and sediment control
guidelines they follow during and after construction. This study, however, was
aimed at postconstruction water quality BMPs. Many states are now faced with
stormwater management regulations that require treatment; detention is the
most commonly used method to treat a volume of stormwater. Detention times
are usually between 24 and 36 hours. (See Table 16.)

The majority of states use detention ponds and swales for controlling
highway drainage. For the most part though, they will try anything and are
always looking for new BMP designs that look promising.
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CONCLUSIONS

Dry detention ponds, when modified hydraulically by using small outlet ori-
fices, could provide pollutant removal rates ranging from 30 percent for zinc
to about 55 percent for total suspended solids. The overall average removal
for all pollutants tested was about 40 percent.

Detention pond storage volume, outlet structure, and basin geometry are
important design parameters. Riprap low flow channels and vegetation at
the pond bottom help increase the removal efficiency.

Highway swales, when properly designed and maintained, can be cost-
effective in removing pollutants in highway runoff, especially for smaller and
low-intensity, long-duration storms.

Swale length, longitudinal slope, and vegetation type are important consid-
erations in swale design. The use of swale blocks, or ditch checks, should
improve swale pollutant removal efficiency, though they may cause mainte-
nance problems.

Very small, on-site dry detention ponds are not usually desirable because of
maintenance and aesthetic problems.

RECOMMENDATIONS

For extended dry detention ponds, it is recommended that the design guide-
lines compiled in Table 12 be considered in conjunction with guidelines pre-
sented previously in the Stormwater Management Manual.!

In designing highway swales for water quality benefits, it is recommended
that the guidelines presented in Table 14 be considered. Longitudinal slope
and length should be manipulated first to achieve the desirable removal rate
before swale blocks are considered.

If resources are available, BMPs such as detention ponds, swales, and wet-
lands should be monitored on a long-term (multiyear) basis. Long-term
observations are needed to allow an accurate evaluation of the overall per-
formance, longevity, and maintenance needs of these practices.

VDOT should seek regional cooperation in dealing with stormwater manage-
ment issues. Regional facilities are usually more cost-effective and aestheti-
cally appealing than small, on-site facilities.
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Table A-2

PARTICLE SIZE DISTRIBUTION

Inflow 1 Inflow 2 Outflow
Particle Size Cumulative Cumulative Cumulative
Storm Date () Fraction of Fraction of Fraction of
H Particle Size Particle Size Particle Size
Less than (%) Less than (%) Less than (%)
30 April 1992 3 37 43 37
25 89 80 87
43 95 91 100
5 May 1992 3 20 43 37
25 57 80 87
43 80 91 100
26 April 1993 3 07 02
8 16 07
25 35 11
03 July 1993 3 01 02
8 04 05
25 09 17

Sample Information:

30 April 1992

Rain depth: 5.2 mm

Average rain intensity: 1.8 mm/hr

Mean TSS concentration (Inflow 1/Inflow 2/Outflow): 44/41/19 mg/1
Collected 20 min after storm began

5 May 1992

Rain depth: 2.0 mm

Average rain intensity: 1.3 mm/hr

Mean TSS concentration {Inflow 1/Inflow 2/Outflow): 73/56/15 mg/1
Collected 25 min after storm began

26 April 1993

Rain depth: 6.4 mm

Average rain intensity: 2.1 mm/hr

Mean TSS concentration (Inflow/outflow): 87/52 mg/1
Composite sample over 3-hr rain

Sampling interval: 30 min

3 July 1993

Rain depth: 17.6 mm

Average rain intensity: 8.82 mm/hr

Mean TSS concentration (Inflow/outflow): 245/148 mg/1
Composite sample over 2-hr rain

Sampling interval: 10 min
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APPENDIX B

Hydrographs and Pollutographs for Pond
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APPENDIX C

Field Data for Swale
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APPENDIX D

Hydrographs and Pollutographs for Swale
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APPENDIX E

Stormwater Survey Sent to State DOTs



National Survey of State Departments of Transportation
Regarding
Stormwater Management Issues
by the
Virginia Transportation Research Council

Contact person for stormwater management at your Department of Trans-
portation (DOT):

Name:

Department:

Address:

Phone: ) Fax: (_ )

Stormwater management facilities commonly used by your DOT:
Facility No
dry detention ponds
extended dry ponds
wet detention ponds
infiltration trenches
infiltration basins
dry wells
porous pavement
vegetated buffer strips
vegetated swales
natural wetlands
constructed wetlands
other:

D[:JDDDDDDI:]IIIDS,'ﬁ
oooo0000000o

Design guidelines for stormwater management facilities:

Has your DOT developed their own set of design guidelines for stormwater
management facilities?

1 Yes J No

If no, what agency dictates the design criteria to be used:
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Design frequency for stormwater management facilities:

Water quality control (check all applicable):

Q year hour event

d first __ inch of runoff

a runoff from first __ inch of rainfall
Q other:

Water quantity control (check all applicable):

Q designed for the year hour event
U checked for the year hour event
Q other:

Has your DOT conducted any studies or reports on the design or effi-
ciency of stormwater management facilities? QO Yes QO No

Maintenance of stormwater management facilities:

How often are facilities inspected? per

Department responsible for inspection:

On the average, how often are facilities mowed? per
On the average, how often are ponds dredged? per

Is any special disposal of dredged material required?
Q Yes U No

Does your DOT track maintenance costs for stormwater facilities?
Q Yes U No

If yes, please provide contact:
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Has your DOT conducted any studies or reports on maintenance aspects
of stormwater management facilities? Q Yes QO No

Safety of stormwater management facilities:

Do you fence all detention ponds? O Yes O No

Maximum side slopes used in ponds: : ____ (horizontal:vertical)
Maximum water depth for ponds: ft

Other safety features or criteria:

Has your DOT conducted any studies or reports of safety with respect to
stormwater management facilities? U Yes O No

Stormwater management strategy:
EPA NPDES Stormwater Regulations:
Permitting strategy for your DOT General a
Group d
Individual Q

Does your state have general permitting authority for NPDES
stormwater permits?

Qd Yes 4d No

If yes, what agency (address, if possible) in your state administers
these permits:

State stormwater management regulations:

Is there a state stormwater management regulation in effect in your
state that affects DOT projects? W Yes U No
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Miscellaneous:

Has your DOT produced any videos or short courses on design, mainte-
nance, or operation of stormwater management facilities? (1 Yes O No

Are there any other issues or comments you would like to include? If so,
please include them below.

Please complete and send to:

Virginia Transportation Research Council
P.O. Box 3817 University Station
Charlottesville, Virginia 22903

Attn: Dr. Shaw L. Yu, c/o Robert J. Kaighn

If you have any questions or wish to discuss any of the issues we are concerned
with, please feel free to call between 8 am-5 pm (EST)

Dr. Shaw L. Yu (804) 924-6377 fax: (804) 982-2951
Stewart L. Barnes (804) 293-1979  fax: (804) 293-1990
Robert J. Kaighn (804) 293-1979  fax: (804) 293-1990

A copy of the survey report will be forwarded to all those participating in
the survey.

Thank you very much for your cooperation.
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