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PREFACE

This final report has been written to partiallyfilithe requirements of NCDOT
research contract 2014-17: “Water Quality Benefgsociated with Retrofitting Swales and
Roadside Ditches with Check Dams.” This report fetus on two different monitoring
efforts: (1) the implementation of rock check dama swale under the bridge deck of
Interstate-540 over Mango Creek near KnightdaletiiNGarolina, and (2) the
implementation of straw wattle and media bag clagoks in a swale along Interstate-40 near
Benson, North Carolina. These swales are reféorad “Mango Creek” and “I-40” herein.
The Benson site was previously monitored during diferent NCDOT research projects,
including 2011-35 (Predicting the Effectivenesd/efjetated Stormwater Control Measures
Based on Sediment Size Distribution) and 2007-Zsé@arch of Hydrologic and Water
Quality Performance of Two Linear Wetlands in Eastdorth Carolina and House Creek
Interchange Retrofits), where it was referred toBenson” and “Site A”, respectively. The
Mango Creek site was previously monitored under RCTDesearch project 2009-29
(Monitoring of Prospective Bridge Deck Runoff BMM&oretention and Bioswale). To
fully satisfy the requirements of 2014-17, a sefmafiaal report is forthcoming detailing the
results from the monitoring of a bioswale in BrumdwCounty, North Carolina. Peer
reviewed journal articles will be developed andmiited based on these final reports.

This project provides critical data to the engieg@icommunity on the hydrologic
and water quality performance of different typesloédck dams in swales. It could not have
been undertaken without funding provided by NCDOhe authors appreciate NCDOT'’s

support and aid throughout this effort.
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EXECUTIVE SUMMARY

Vegetated swales are the most common stormwatértomeasure (SCM) utilized
by Departments of Transportation (DOTSs) to dramds Typical swale design, however, is
determined using hydraulic equations, without adesng water quality improvement. By
using simple retrofits, such as check dams ancheeged media supplements, the
performance of these SCMs could potentially be owpd. Two swales (Mango Creek and
[-40) treating highway runoff were retrofitted wsimple check dams typically used for
construction site sediment and erosion controktemnine if these devices might improve
post-construction stormwater management. The M#&rgek swale was retrofitted with a
pair of standard rock check dams. The I-40 swale retrofitted with a system of excelsior
fiber wattle check dams and bags with proprietdmygphorus-adsorptive media
(ViroPhos™) to investigate if additional treatment for dissad phosphorus was provided.
Each swale was instrumented for approximately sxtims to collect data prior to the
installation of check dams (pre-retrofit period)March and April of 2014. Monitoring
continued for an additional twelve months posteafdtr Hydrologic data were collected at
Mango Creek to examine peak flow mitigation anduued reduction imparted by the check
dams due to additional storage and infiltratiotow~proportional water quality samples
were obtained to investigate removal of nitrogeth pimosphorus species and total suspended
solids (TSS) during the pre- and post-retrofit @sasf the research.

The inclusion of rock check dams in the Mango Cregéle did not significantly
improve the volume reduction or peak flow mitigatiof the SCM; however, these statistics

were probably impacted substantially by the smaghetrofit data set. Improvements were



observed for volume reduction, peak flow mitigatiand hydraulic retention time, especially
for small (<0.75 inch) and moderate (0.75-1.5 in@mfall events. Rock check dams did not
significantly improve the removal rates of nutrieotr TSS. However, these statistics were
again impacted by the small pre-retrofit data fegtexample, TSS load reduction was
-15% pre-retrofit and 74% after the rock check damaee installed. Total nitrogen (TN) and
total phosphorus (TP) concentrations from the heyhwere low compared to the literature,
limiting the potential for significant reductiorEven so, TN and TP concentrations exiting
the swale (0.81 mg/L and 0.13 mg/L, respectivedyhained low and generally met “good”
water quality conditions based on ambient streaaltine Rock check dams were effective in
the filtration of gross solids, which led to cloggiof the check dams and degradation (due to
extensive ponding) of the swale vegetation oveetim

Inclusion of excelsior fiber wattle check dams-d0Idid not significantly improve
any pollutant event mean concentrations (EMCs) @etgpto pre-retrofit conditions. The
ViroPhos™ media amendments did not significantly improvetteatment of O-P¢J in the
swale relative to pre-retrofit conditions. Dueheir high permeability, visual inspection
during rain events showed the wattle check damsatigppond water; therefore,
sedimentation was not improved. Overall, resutisnfthis study indicate rock check dams
are preferable to straw wattles because they deet@lpond stormwater, modestly improving

swale performance.



PART 1: EVALUATING THE HYDROLGIC EFFECTS OF RETROFITTING A
VEGETATED SWALE WITH ROCK CHECK DAMS

Literature Review

Storm sewer systems provide beneficial mitigatibnwosance flooding, but impact
receiving water bodies by efficiently transportstgrmwater (Hollis 1975). Because of
impervious surfaces associated with urban developnaeigmented volumes and rates of
stormwater cause bed and bank erosion, loss otfiadw#bitat, reduced baseflow, and
hydromodification, collectively referred to as theban stream syndrome” (Schueler et al.
2009; Hamel et al. 2015; Roy et al. 2016; VietaleR016). Grass swales are open drainage
features which may be a suitable Low Impact Develept (LID) alternative for hardened
infrastructure, such as curb and gutter, catcmbagipes, and culverts. They are often
preferable to curb and gutter systems becaus@d$)are cheaper to construct and maintain
vis-a-vis sewers (Barrett, Irish et al., 1998), &)vision greater ecosystem services
(Bouchard et al. 2013), (3) improve water qualityirfston et al. 2012), and (4) reduce
discharge rates through vegetation and soil-basstkepses (Yousef et al., 1987).

Swales are typically designed with triangular, ézmdal, or parabolic geometry and
to convey runoff from intense, infrequent rainfallents to prevent flooding (e.g., NCDEQ,
2009). They are the most common stormwater contealsure (SCM) for road networks
because they are simple to design and maintainile\ioding is of concern, the focus of
the LID design approach is to control a smallerevguality event (typically the first 19 or
25mm); so, additional studies are needed to determiechanisms for volume reduction

during these smaller events.



Swales design often neglects volume reduction @ad flow mitigation provided by
infiltration and evapotranspiration; if these betse¢ould be quantified, their performance
could be properly credited by regulatory agenctesveral factors, such as underlying soil
infiltration rate, the presence and density of vagien, the vegetation type and height, and
antecedent soil moisture conditions affect the blgdyic performance of this stormwater
control measure (SCM; Yousef et al. 1987; U.S. BRA2). Backstrom (2002) found that
swales constructed on more permeable soil infdtd&6% of inflow volume, while swales
constructed on less permeable soils performeddsaliell. Six swales monitored in
California reduced runoff volume by 47% on aver@@arrett 2005). Two swales studied in
Virginia infiltrated the first 0.2-0.28 inches dabsmwater runoff; whereas 0.03 inches of
rainfall generated runoff at the edge of pavemkaighn and Yu, 1996). Water quality-
centric swales should be constructed so that fleptldduring the design storm does not
exceed the grass height, which reduces flow vel@ntl augments sedimentation and
infiltration (U.S. EPA 2012; Backstrom 2003; Winstet al. in press). Dauvis et al. (2012)
studied two swales along highways in Maryland, ey eliminated outflow (through
infiltration and evapotranspiration) from one-hadfmonitored runoff-producing events and
significantly reduced runoff volume and peak floater during events less than 1.2 in. Above
this threshold, the swales simply conveyed flow had no discernable volume reduction.
Knight et al. (2013) measured a 23% runoff volueduction for a swale over one year of
monitoring, lower than adjacent vegetated filteipstbecause of the concentrated flow

prevalent in swales.



Because swales are so common, simple retrofitgistirey swales are desired to
further ameliorate urban hydrologic impacts. Chdakis (Figure 1-1) are often proposed in
stormwater design manuals as a method to improaéedwdrologic performance (ODNR
2006; NCDEQ 2009; MPCA 2016). Check dams are siras placed perpendicular to flow
to temporarily retain stormwater in the swale dgranrainfall event, increasing hydraulic
retention time, reducing flow velocity, and potaiiyi improving infiltration (Yu et al. 2001).
Dauvis et al. (2012) found that vegetated check daaisced the duration of outflow from
swales. While effects were not observed for sianadl large events, volume reduction and
flow rate attenuation was improved during modesaze-events (0.9-1.3 inch depth).
Perhaps the inclusion of a more robust check daitt,df wood, concrete, or metal, would
provide more consistent benefits than vegetated®r@ne potential drawback, however,
noted by Kaighn and Yu (1996) is that check damg mizrfere with highway maintenance

operations.
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Figure 1-1. Examples of check dams constructed ofetal (top left), wood (top ight), grass (bottom |é&,
Stagge et al. 2012), and concrete (bottom right).

By applying LID, engineers strive to mimic pre-diegment hydrology and mitigate
adverse downstream effects. There is a need ¢éondieie the potential added benefits to
runoff reduction and peak flow mitigation providieg simple retrofits to swales. This study
evaluated the effectiveness of retrofitting rockadhdams, typically used by Departments of
Transportation for sediment and erosion contrat@mstruction sites, into a grass swale for
post-construction stormwater management. The foeusin is on the hydrologic
performance of the swale with check dams, but waelity performance should also be
weighed to fully quantify the effect of check damswales on urban stormwater (see

Chapter 2).



Research Goals

This study examined the effectiveness of retrofiftiwo rock check dams in a swale
located in Knightdale, North Carolina, in an easetmder a major highway bridge deck
(Luell, 2011). Hydrologic data were collected four months (December 2013 — March
2014) prior to retrofitting the swale with checknalg with monitoring continuing for one
year post-retrofit (April 2014 — March 2015). Addnal volume reduction and peak flow
mitigation provided by the check dams were the $oithis study. Hypotheses of this
research were that (1) volume reduction would otarugh increased infiltration due to the
increased hydraulic retention time provided by &hgams and (2) peak flows would be
mitigated via flow velocity dissipation and tempratorage created by check dams. This
research will further establish whether rock chealns substantially enhance swale

hydrology.

Methods and Materials

Site Description

The vegetated swale (hereafter known as Mango Creak located in Knightdale,
North Carolina, partially underneath the southbolmdrstate 540 (1-540) bridge deck
(35°47°03”N, 78°30'50"W; Table 1-1; Figure 1-2). ¥-in diameter polyvinyl chloride
(PVC) pipe hung from the bridge deck delivered skoater runoff to the swale. The
watershed was 1.13 acres of 100% impervious cancoed with an average annual daily

traffic load of 17,000 vehicles per day (URS Cogtimn, 2012).



The swale was designed to convey the 10-year, 24-storm event (5.04 inches). A
Class A riprap-lined forebay provided pretreatnmgafore water entered the swale. The
swale had a 1.66% longitudinal slope, triangulassfsection with 8:1 side slopes and 21 ft
top width, and a total length of approximately ¥10The swale was built on compacted
clayey soils (Luell 2011). It was vegetated wah fescue grasg=€stuca arundinacgaand
remained dry between storm events. Outflow froendWale exited through an 18-in
diameter high-density polyethylene (HDPE) pipe.p@pdix A provides additional photos of

the Mango Creek swale site.

Table 1-1: Summary of Mango Creek site and swale @lnacteristics.

Characteristics Mango Creek Swale
Latitude and Longitude 35°47°02.5"N, 78°30'49.8"W
Ecoregion Piedmont
Swale Length (ft) 110
Longitudinal Slope (%) 1.66
Cross-section Triangular
Side Slopes (H:V) 8:1
Average Top Width (ft) 21
Underlying Soll Infiltration Rate (in/hr) 0.06
Designed Conveyance 10-year, 24-hour storm

Tall fescue sodHestuca

Swale Vegetation arundinaced

Swale Condition Between Storms Dry

Drainage Area (ac) 0.19

Drainage Area % Impervious 100
Average Daily Traffic 17,000 vehicles/day

Monitoring Periods and I nstallation of the Check Dams
The Mango Creek site was monitored for four moifbiegyinning December 2013)

during the pre-retrofit period. Nineteen dististdrm events were monitored during this



time. On March 28, 2014, the Mango Creek swale netasfitted with two rock check dams
(Figure 1-2 and Figure 1-3), concluding the preafégtmonitoring period (NCDOT, 2012).
These were constructed using Class B erosion dasttmoe fronted with No. 57 aggregate
(0.19-1.0 inch nominal diameter) as a filtratiopda(Appendix C). The check dams were 1-
ft tall at the thalweg, approximately 12 ft widedabuilt at a constant top elevation to
promote maximum ponding volume. They were spacet that the base of the upstream
check dam was at the same elevation as the tde aubsequent downstream check dam,
again maximizing ponding volume. It should be ddteat while installing the rock check
dams, NCDOT crews repaired some rutting in the e{sde new sod in Figure 1-2) caused
by equipment. Once the check dams were instaledswale was monitored for an
additional twelve months (April 2014 to March 2018)ring which sixty-two storm events

were observed.

Figure 1-2: View of th ManoCr swale pe-retrﬁt (left, looking upstream) and following check dan
installation (right, looking upstream).
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Figure 1-3: Mango Creek swale monitoring schematiwith noted check dam locations.

Monitoring Design, Data Collection, and Data Analysis

Weir boxes were installed to measure flow at thet o and outlet from the Mango
Creek swale (Figure 1-4). A baffle was installgsgtueam of each weir in an attempt to
eliminate turbulent flow over the weir. ISCO 73@bbler modules (Teledyne Technologies
Inc., Lincoln, USA) attached to ISCO 6712 samplgese used to measure stage over each
weir on 2-minute intervals. The sampler utilizedimequations for the particular weir
geometry at each monitoring location to relate messdepth to flow rate. In a catch basin
immediately upstream of the Mango Creek swale,mapound weir was installed and
consisted of an 11.4-in tall, 60° v-notch lowertmor and a 12.6-in tall, 13-in wide
contracted rectangular upper portion (Figure 1Mgasured flow depth was converted to
flow rate using a derived (based on the v-notchamdracted rectangular weir equations),
stepwise function given in equations 1-1 and 1-alRdwiak, 2013).

Q = 1.443 X H?5  whenH < 0.95 ft (1-1)



Q = 1.27 + 1838(0.335 — 0.2H)H'S  when H > 0.95 ft (1-2)
where Q is flow rate (cfs) and H is head on ther\{fe. Because of the unique design of the
compound weir used at the inlet, a stage versabalige table developed using equations 1-
1 and 1-2 was input into the ISCO 6712. The ouwtleit box was installed where an 18-in
diameter HDPE draining the effluent from the swadglighted into a nearby wooded area.

It housed a 24-in tall, 45° v-notch weir and floates were calculated using the standard
equation (1-3) for this geometry (Figure 1-4; Walkak, 2013).

Q =1.035 x H2%5 (1-3)
where Q and H have been previously defined. Flolwnaes on a storm event basis were
determined by integrating under the hydrographal8werformance was evaluated based on
peak flow rate mitigation and volume reduction gsam efficiency ratio, as calculated for

storm event (U.S. EPA, 2002):

Ef ficiency ratio; = {Mei=0utlet) o 109 (1-4)

Inlet;

The monitoring design and equipment were the samegipre- and post-retrofit
monitoring periods. Appendix B provides additiodatails regarding weir sizing and
stage/discharge calculations for each monitoricgtion.

Precipitation data were collected during both manmg periods with an ISCO 674
tipping bucket rain gauge and a manual rain gaddge rain gauges were mounted on 6-ft
tall wooden posts in an area clear of trees andheagl obstructions. Rainfall events were
separated by a minimum antecedent dry period disixs and had rainfall depths of at least
0.10 in. Rainfall depth, duration, antecedentpisiod, and peak 5-minute rainfall intensity

were determined for each monitored storm eventalTainfall depths and rainfall intensities



from the tipping bucket rain gauge were adjustetth @icorrection factor developed from the
difference in measured rainfall depth between iffparng bucket and manual rain gauge,
since tipping bucket rain gauges often under-ptedtel rainfall depth, especially during
intense periods of rainfall. The monitoring equgrnhused at Mango Creek is summarized

in Appendix C.

| £

Figure 1-4: Mango Creek inlet inlet (left) and outkt (right) weirs during a storm event.
On July 21, 2015, double ring infiltration testsreveonducted to determine the
ability of the soils to transmit water (ASTM 2009) hree infiltration tests were conducted in

the thalweg of the swale to capture the variabifitgoil conditions.

Statistical Analyses

Paired statistical analyses were utilized to deireeni influent and effluent volumes
and peak flow rates were different across the roong periods. Statistical tests were first
completed separately on the pre-retrofit and peistfit data. These data sets were tested for
normality using the Shapiro-Wilk and Kolmorogov-$naiv tests and visually using

histograms and normal quantile-quantile plotsiaW data were normally distributed or
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could be log-transformed to achieve normality, thgraired t-test determined significance.
Otherwise, a Wilcoxon signed-rank test was utilized

To determine the effects of check dam retrofitshenhydrologic performance of the
swale, statistical comparisons between the prepastiretrofit data sets were made using
Wilcoxon rank-sum tests. These tests comparedatrefit influent and effluent volumes
and peak flow rates with those post-retrofit. Datae analyzed for significance at the 95%
confidence levelo=0.05) unless otherwise noted. R 3.1.3 was useeérform all statistical

analyses (R Core Team, 2015).

Results and Discussion

Precipitation

Precipitation was monitored at the Mango Creek®ir the entire study (December
1, 2013, to March 6, 2015). During 2014, rainfalMango Creek totaled 56.7 inches. The
30-year average annual rainfall for Raleigh, NCated approximately 0.6 miles from the
Mango Creek site, is 46.5 inches (SCONC 2015).sThtecipitation was approximately
22% greater than the long-term average. Two ofdhemonths during pre-retrofit
monitoring had rainfall totals below their respeetlong-term monthly averages (SCONC
2015); during the post-retrofit period, only 2 & thonths were drier than normal.

During the pre-retrofit monitoring period nineteaydrologic events were recorded
ranging from 0.1 into 2.02 in (Table 1-2). Sittye hydrologic events ranging from 0.1 in
to 4.25 in occurred during the post-retrofit monitg period. Mean and median rainfall

depths and peak rainfall intensities were greateind the post-retrofit monitoring period,
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perhaps owing to the convective thunderstorms eopicial events that North Carolina

experiences during the summer months (Willey €1 288).

Table 1-2: Summary of recorded hydrologic events ahe Mango Creek swale.

Parameter Statistic Pre-Retrofit  Post-Retrofit
Rainfall
Events Number 19 62
Mean 0.58 0.82
Rainfall Depth  Median 0.34 0.54
(in) Minimum 0.10 0.10
Maximum 2.02 4.25
Total 10.95 51.14
5- Minute Mean 0.57 1.38
Peak Rainfall Median 0.39 0.96
Intensity Minimum 0.11 0.10
(in/hr) Maximum 1.76 5.30

Storms with rainfall depths of less than 0.10 tozén precipitation, and technical
difficulties with samplers resulted in some omitteta. Seventy-three percent and 90% of
the rainfall depth during the pre- and post-retnmibnitoring periods, respectively, were
monitored and reported on herein. The greatergstm of omitted data in the pre-retrofit
period is related to freezing temperatures causqgpment malfunction. During the pre-
retrofit period, 4 and 15 storms were recordedhenfall and winter seasons, respectively.
During the post-retrofit period, 10, 20, 18, andsi@rm events were observed in spring,

summer, fall, and winter, respectively.

Swale Hydrology

Volume and peak flow reduction within the swale &v#re two swale performance

metrics used both pre- and post-retrofit with rocbhkeck dams. Based on their physical
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characteristics, the check dams were expectedrd water and dissipate flow velocity,
thereby furthering infiltration. Figure 1-5 proesl a picture of the upslope check dam during
a storm event on April 15, 2014. Visual observadiduring this and other events showed
that a differential head existed across the ro@ckldams, confirming their ability to retard
flow. Observed differences in head from the uastréo downstream end of the rock check
dam ranged from 1 to 6 inches and were dependetiiteoifow rate through the swale.

Greater head differences existed at higher floesat

Fiur -5: s ohe upslope rock check damn the Mango reek swale during a storm event.
The pre-retrofit monitoring period was substanyigthorter than that of the post-
retrofit. Only 19 storm events were recorded teefit, during which a 20% overall
volume reduction and a 7% median volume reductierevmeasured (Table 1-3). This
volume reduction, was statistically significantyat thea=0.10 level, most likely due to the
relatively small sample size. The 20% runoff vodureduction in this grass swale was
similar to the 23% runoff reduction reported fd34ft long swale located in sandy clay loam
soils in Wilson, North Carolina (Petre et al. 20b8) lower than the 47% average volume

reduction reported for roadside swales in Califarf@arrett 2005). It was also similar to the
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33% volume reduction reported for four swales huorilt‘less permeable soils” in Luled,
Sweden (Backstrom 2003). However, volume redud®ceiined with increasing rainfall
depth, with the swale acting as conveyance-ordy, (no volume reduction) for events larger
than 1.5 inches. The swale reduced runoff volumnevents less than 0.75 inches and
between 0.75 and 1.5 inches, respectively, by arege of 28% and 13%. This illustrates
the inverse relationship between runoff volume otida and rainfall depth.

Substantial median (27%) and mean (48%) peak faderreductions were observed
in the Mango Creek swale pre-retrofit. These rédos in peak flow from the inlet to the
outlet were statistically significant (p-value £07), suggesting grass swales provide a
moderation of flow rates through increased roughvesa-vis storm sewers or concrete
conveyances (Davis et al. 2012). Davis et al. 2@dund that moderate-to-small storm
events (similar to the mean and median events suizedan Table 1-3) had substantially
lower peak flow rates after passing through grasdes. During the five largest storm
events of the pre-retrofit period, which had rdindgpths between 0.89 and 2.02 inches, the
average peak flow reduction was 14%, suggestirgotize (1) the grass height is
overtopped and (2) the soil infiltration capac#yexceeded, the swale’s ability to mitigate
flow rate will decline. Thus, similar to other LIBCMs such as bioretention and permeable
pavement, volume reduction and peak flow mitigatioawales is inversely related to
rainfall depth (Collins et al. 2008; Brown and H@@t11; Winston et al. 2016; Winston et al.

submitted).
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Table 1-3: Summary of Mango Creek swale effects aiwnoff volume and peak flow rate.

Monitoring Period Statistic Influent Effluent Redion (%)
Pre-Retrofit Median Volume 291 272 7
Post-Retrofit (t) 296 232 21
Pre-Retrofit Mean Volume 525 422 20"
Post-Retrofit (ft3) 615 511 17+
Pre-Retrofit Total Volume 9,984 8,027 20
Post-Retrofit (ft3) 38,142 31,662 17
Pre-Retrofit Median Peak 0.09 0.07 24
Post-Retrofit Flow (cfs) 0.18 0.04 75
Pre-Retrofit Mean Peak 0.21 0.11 48*
Post-Retrofit Flow (cfs) 0.32 0.18 44*

Asignificant ata=0.1
*significant ata=0.05

During the post-retrofit monitoring period, total7¢) and median (21%) volume
reductions were somewhat similar to those of tiegerptrofit period (20% and 7%,
respectively). Similar to the pre-retrofit perioJume reduction was statistically significant
during the post-retrofit period (p-value <0.000Mean post-retrofit peak flow reductions
were very similar to pre-retrofit (48% vs. 44%,pestively). Peak flow reduction was
significantly reduced (p-value <0.0001) from thieirio the outlet of the swale. However, it
should be noted that the post retrofit period hasbtantially more large events (defined as
greater than 1.5 inches), than the pre-retrofitoplefO versus 2; Table 1-2). These events
negatively skew the volume reduction and peak flate performance during the post-
retrofit period, especially when using the meathasmetric, since these large storms
overwhelm the finite ability of the compacted clgy®il to infiltrate stormwater.

To compare pre- and post-retrofit data sets, tHedXbn rank sum test was utilized

to assess statistical significance between inflgdtologic parameters and (if significant)
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subsequently effluent hydrologic parameters. Idaicant difference existed between pre-
and post-retrofit influent runoff volume or pea&vl rate, suggesting that the runoff
hydrology was similar prior to treatment by the ®vaFollow-up tests comparing effluent
runoff volume and peak flow rates showed no sigaiit differences from pre- to post-
retrofit (all p-values >0.40). These results siggge that the check dams did not
substantially or significantly affect swale hydrgyo However, this statistical result is
skewed by (1) the relatively limited data set (k8®s) during the pre-retrofit period, and (2)
the greater number of large storm events duringptse-retrofit period. On average, the
volume reduction provided by the swale improved{esofit for small and moderate storm
events (Table 1-4 and Figure 1-6), suggestingstaistical significance may have been
prevented by the small pre-retrofit data set. #Addally, the addition of check dams
increased the size of the largest storm that wasptiely captured (i.e., produced no
outflow) from 0.19 to 0.24 inches. Post-retrofitai flow reduction also appeared, on
average, to improve for small, moderate, and laxgants (Table 1-4). These results differ
slightly from those of Davis et al. (2012), who sawignificant improvement in swale
hydrology only for moderate-size storm events (D®1inch) after retrofitting with check

dams.
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Table 1-4: Swale hydrologic performance during preand post-retrofit periods by rainfall depth.
Volume Reduction (%)  Peak Flow Reduction (%)

Rainfall Depth Pre- Post- Pre- Post-
Retrofit Retrofit Retrofit Retrofit
Small (<0.75 in) 28.0 53.3 30.1 67.7
Moderate (0.75-1.5 in) 12.7 22.4 26.1 39.2
Large (>1.5in) 0.0 0.9 1.0 25.4
——Pre-Retrofit ——Post-Retrofit
1.4
1.2
1.0 |
0.8 g “
0.6 >
0.4
0.2
60 40 20 0 100 80 60 40 20
Exceedance Probability (%) Exceedance Probability (%)

Figure 1-6: Exceedance probability plots of runoffvolume ratio (Vratio) and peak flow rate ratio (Qo,ratio)
for the Mango Creek swale. Vatio and Qpratioc are defined as the ratio of inlet to outlet runoffvolume and
as the ratio of inlet to outlet peak flow rate, repectively.

The compacted clay soils within the swale limitkd potential for volume reduction.
Measured infiltration rates along the swale thalegged from 0.03 in/hr to 0.08 in/hr, with
a mean of 0.06 in/hr. An analysis of the swaletgypphy found that approximately 31% of
its surface area was exposed to ponding at th& bfiaverflow of the check dams (Figure
1-7). Assuming an average ponding depth of 3.@rimne-third of the height of the check
dams, and using the average measured infiltratitey the swale would take 2.6 days to
dewater (Appendix E). The total storage of theoféted swale was calculated to be
approximately 500 f This was similar to influent volumes for 0.6-G@-in rainfall events.

This maximum potential storage volume was notagdi for most storms, as the aggregate
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check dams only temporarily detained water, rathan forcing all detained water to
infiltrate.

When the check dams became clogged (subsequestlysdied in the “clogging of
the check dams” section), a greater fraction obfimolumes were captured upslope of the
check dams. Plus, because of greatly reduced aaokpermeability, additional time was
available for infiltration and evapotranspirationhe largest volume reduction (728) fivas
recorded during a 1.4-in storm event from Augu4dtl92014 (2.7 day duration), which

occurred after the check dam face had partiallydeld.

/ Drop Inlet Grate

Rock Check Dam #1 /) /é,// = i
e

Edge of Grass Height Rock Check Dam #2

Ponded Area from Check
Dam #2: 470 ft*

Outlet Pipe

Thalweg of Channel 18 inch Corrugated Plastic

Forebay

Inlet Pipe
18 inch Corrugated P\ostic\l/ Ponded Area from Check

K ,/" Dam #1: 350 ft?
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-/ Total Ponded Area:
820 ft*
2
2 Total Swale Area: Percentage of Swale
2685 ft* Footprint to Pond Water
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Figure 1-7: Overview of the Mango Creek Swale. Siace area with ponded water at the brink of
overflow of the check dams is shaded in blue.

Performance during Design Storm Events
Mitigation of peak flows for large, high-intensyorm events, such as the 2-year and

10-year storms, is a common goal in urban stormwatsmagement because flooding.
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Therefore, peak flow rate reduction was calculatedng events exceeding design rainfall
intensities. For this analysis, a rainfall durataf 10 minutes was utilized, as this was
similar to the time of concentration for the bridigck watershed (12 minutes; Luell 2011),
determined through U.S. EPA Stormwater ManagemesdeM(SWMM) simulations and
direct observation. The 1-, 2-, and 5-yr rainiiaiensities for Raleigh, NC were 3.86, 4.51,
and 5.20 in/hr, respectively (NOAA 2014). Durirng tpre-retrofit period, no storms
exceeded these thresholds (Table 1-2). Post-tettp?, and 5 storms, respectively,
exceeded the 5-, 2-, and 1-yr design rainfall isitieas (Table 1-5).

The retrofitted swale exhibited a wide range oéetiiveness in reducing peak flows
during these larger design events. Peak flow atiog appeared directly related to rainfall
intensity and inversely to antecedent dry perigdr the three events with short (<1 day)
antecedent dry periods, the swale with check damaded no meaningful peak flow
mitigation. With longer antecedent dry periodg $loil in the swale abstracted additional
water through infiltration. Additionally, the timg of the peak rainfall intensity is an
important contributor to peak flow mitigation (Wtog et al. 2016). The peak rainfall
intensity occurred approximately 10 minutes intthtibe May 18 and July 24 storms,
with these two storms having disparate effectseakgdlow rate. The critical factor
delineating the performance of the swale is thewarof rainfall that occurred before this
peak intensity was reached. Three-tenths of amafcainfall fell prior to the peak rainfall
intensity on May 1%, while on July 2%, one inch of rainfall occurred prior to this point
Because there was less runoff volume for the M&yeMents prior to the peak intensity,

there was still available storage behind the cluzgks to mitigate peak flow. This is
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contrasted with the event on August"l@here 1.7 inches of rainfall fell prior to thegse
intensity 30 minutes into the event. This storkelly filled the storage volume behind the
check dams before the peak intensity occurred.e@ms volume is filled, no peak flow
reduction would be expected. Thus, the shapeeoiyletograph impacts substantially the
peak flow mitigation potential of swales (similardther LID SCMs, such as bioretention
and permeable pavement; Muthanna et al. 2008; Fasamd Blackbourn 2010; Winston et
al. 2016). This suggests center-weighted desigtogyaphs may not be representative of

true conditions, and may result in over-design ©OWVs.

Table 1-5: Peak flow values for high-intensity stan events monitored at the Mango Creek swale.

Antecedent _ _. 5-min .
Storm Dry Period Ra_lnfall Peak Influent Peak Effluent Peak  Reduction
Date (in) Intensity Flow Rate (cfs) Flow Rate (cfs) (%)
(days) -
(in/hr)
4/30/2014 0.6 1.19 3.9 0.89 0.68 24
5/15/2014 15 4.25 4.0 0.98 0.54 45
7/15/2014 4.84 2.03 3.9 1.18 0.73 38
7/24/2014 0.4 1.57 4.3 1.29 1.11 14
8/12/2014 0.8 2.87 5.3 2.22 2.37 -7
Clogging of the Check Dams

The forebay of the Mango Creek swale was not sséaleis capturing large debris or
gross solids, because it did not have adequatagedFigure 1-8). Because of this, the first
check dam in the swale began filtering and coltecgross solids upon installation. The
mass of gross solids began to blind, or cover tiniase of, the first check dam within two
months of installation. The second check dam fanetd as designed due to the

“effectiveness” of the first check dam acting der@bay (Figure 1-9).
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Figure 1-8: The forebay failed to pond a substantiawater volume during storm ev
was overwhelmed by gross solids.

Flgure-9: The first cecka in the Mo Creelswale blinded by debris and gross solids (left) and
the second check dam in the Mango Creek swale (righwith photographs taken in May 2014, two
months after check dam installation.

After approximately six months, the first check dauty clogged and the rate water
transmission was reduced to a very slow seep.s@&bend check dam began to show similar
signs of blinding towards the end of the twelve-thomonitoring period. Upon clogging,
flow passed around the edges or over the top aflibek dams rather than through the rocks.
Because the grassed area upslope of the checkwiasnsonsequently inundated for

extended periods of time, swale vegetation didr@otain healthy (Figure 1-10).
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Additionally, long-term ponding behind the checkrdareduces the available storage volume
for subsequent storms, limiting the ability of tfeeck dams to mitigate peak flow.

These observations suggest that maintenance of daews is a critical to their
ability to properly function over time. Cloggededk dams will negatively impact the health
of the vegetation in the swale, subsequently unaengnthe water quality performance of
the swale, specifically with respect to reducedmedtation and filtration of sediment-bound
pollutants (Barrett et al. 2004; Winston et al. 2D1Saturated soils upslope of clogged check
dams maintenance by mowers. Debris removal fromslcdams will thus be a critical factor
to ensure these systems augment the hydrologicwatet quality) performance of grass
swales. Appendix F provides further photographidence comparing vegetation health in

the swale before and after check dam clogging.

ire 1-10:Clogdfirst check am(eft) and vie of the swale upstream of the clogged ck dam
(right). Pictures taken in November 2014, approxirately seven months after check dam installation.
Note vegetation loss along thalweg of channel.

Hydraulic Retention Time
Swales are often designed based upon hydraulioti@tetime (HRT), or the amount

of time water is retained within the SCM (Barred08). The HRT, defined herein as the
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duration between peak inflow and outflow, was deteed for each rainfall event, with
storm events that did not produce outflow discaridech the analysis (Appendix G).

The check dams were expected to increase swalelyRdmporarily detaining water
and lowering flow velocity, which was generally popted by the data (Table 1-6). Median
HRT increased by 29% from 14.1 to 18 min when edirdfepth for small events (<0.75 in).
For events greater than 0.75 inches, HRT increagé&®% from 8 to 12 minutes. As
expected, median and mean HRT were lower for lasgem events because these events
quickly saturate the soil of the swale and fill thaailable storage volume behind the check
dams. Ferguson (1998) suggested a HRT of 9 mimute®re for substantial pollutant
removal to occur. While this threshold was mepeesgally post-retrofit, the improvement in
HRT due to the installation of the check dams aitlsignificantly improve the water quality

performance of the swale (See Chapter 2).

Table 1-6: Summary of hydraulic retention times athe Mango Creek swale.
<0.75 inch rainfall >0.75 inch rainfall

Statistic Pre- Post- Pre- Post-
Retrofit Retrofit Retrofit Retrofit

Median 14.1 18.0 8.0 12.0

Mean 17.1 19.7 10.0 12.5

Summary and Conclusions

This study examined the effectiveness of retrafitiiock check dams in a vegetated
swale to improve the swale’s hydrologic performanBeck check dams were installed at
the Mango Creek swale located in Knightdale, N@#nolina, in an easement under the I-

540 highway bridge deck. The following conclusievere drawn:
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1)

2)

The existing grass swale provided 20% volume redagsignificant at
a=0.10), while the grass swale with rock check desdsiced runoff volume
by 17% (significant att=0.05). Statistical tests showed retrofitted rolskck
dams did not significantly improve volume reductiddowever, further
analysis of the data demonstrated that statidesaing may be skewed by (1)
a small pre-retrofit data set and (2) the fact thitrge storm events (>1.5”
depth) occurred in the post-retrofit period, whuldy 2 such events occurred
pre-retrofit. Volume reduction during small (<0.iny and moderate (0.75-1.5
in) storms approximately doubled with the additafrcheck dams. This
suggests that for the water quality event, chechsdaay improve runoff
volume mitigation by grass swales. For the larggsnts (>1.5 in), runoff
reduction was not improved when adding check dantse swale. Post-
check dam retrofit, hydraulic retention time waewh to improve by 30% for
small storms (<0.75 inches) and by 50% for largenss (>0.75 inches).
Significant peak flow rate reductions were obserdedng both pre- (48%)
and post-retrofit (44%) periods. No significanfpimmvement was again
provided by the addition of the check dams. Howgetleese statistics were
compromised by the (1) larger and more intensetewuring the post-retrofit
period and (2) smaller data set of the pre-retpsitod. For example, for the
smallest events (those <0.75 in), the check dastaatially improved peak
flow mitigation. Peak flow mitigation also modegstmproved for moderate

(0.75-1.5 in) and large (>1.5 in) events.
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3)

4)

The swale with check dams provided modest peak &ttenuation (i.e., less
than 50%) for some storm events exceeding desigfaliantensities (e.g., 1-
and 5-yr ARI) for Raleigh, North Carolina. Longertecedent dry periods
and lower rainfall intensities positively impacteelak flow mitigation.
Additionally, the timing of the peak rainfall intgity was critical, since the
check dams provide no attenuation of peak flow dheestorage upslope of
them is filled. Thus, peak flows were attenuatmoevents with peak rainfall
intensities that occurred prior to the check damakimum ponding. For one
storm, 1.7 inches of rainfall occurred prior to geak rainfall intensity
occurring, leading to zero peak flow mitigation.

Debris, litter, and coarse sediment clogged thelcdams, with the first
check dam fully blinding in six months. Pondingedo clogging led to a loss
of swale vegetation upstream of the check damthétate of gross solids
accumulation for this highway watershed, mainteeastwuld be conducted
approximately every four months to remove captymedss solids and prevent

detrimental blinding.
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PART 2: ROCK AND STRAW WATTLE CHECK DAMS: DO THEY IMPROVE
GRASS SWALE WATER QUALITY PERFORMANCE?

Literature Review

Stormwater runoff is a significant source of patatto surface waters (U.S. EPA,
2007). The construction of impervious surfaces tbugrbanization cause imbalances in the
hydrologic cycle, allowing more stormwater runafflie carried to streams and rivers,
thereby increasing pollutant loading (Schuelen.e2@09; Vietz et al. 2014; Walsh et al.
2016). Highway stormwater runoff, which entraimdlygtants deposited through atmospheric
deposition, leaking of vehicular fluids, combustwfifuel, wear of vehicular parts, road
surface deterioration, and dustfall (Barrett, Irtlal. 1998; Kayhanian et al. 2003;
Kayhanian et al. 2007; Kayhanian et al., 20129ften disconnected from receiving waters
through the use of stormwater control measures (§G@GMch as vegetated filter strips (VFS)
and grass swales. Highway runoff research hasshioat swales and filter strips mute
pollutant loads prior to discharge from the riglwa@y (Barrett, Walsh et al. 1998; Deletic
and Fletcher 2006; Winston et al. 2012; Winstoalein press). Other SCMs, such as wet
ponds, bioretention cells, and permeable paverhent also been characterized for highway
stormwater treatment (Luell et al. 2011; Eck eR@ll2; Winston et al. 2013). However,
these treatment practices are often (1) costlyoar(@) require the purchase of additional
right-of-way.

Vegetated swales are the most common SCM utiligeddpartments of
Transportation to drain stormwater from roads. yléue typically designed to prevent

inundation of the road by conveying runoff fromgay intense design storms. Often water
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guality treatment is overlooked (Winston et alpress), but ancillary treatment of
stormwater runoff does occur. Backstrom (2002)\fildls et al. (2013) showed that TSS
removal within a swale was primarily due to seditaon and secondarily filtration.
Backstrom (2003) found that TSS removal efficieagiereased with influent concentration,
achieving removal rates above 50% when influent Wa&$s above 100 mg/L. A swale
studied by Knight et al. (2013) achieved greatantii5% TSS load reduction, partly owing
to 23% reduction in runoff volume. However, Bac&st (2003) and Allen et al. (2015)
observed that captured sediments may not be penthasequestered and may re-suspend
during subsequent runoff events.

The concentration of sediment in swales appeaeggonentially decay with swale
length (Deletic and Fletcher 2006). For instat@hchu Mohamed et al. (2014) showed
that 50-75% TSS removal occurred within the fif@tm of swale length; beyond this, only a
further 20% TSS reduction could be expected regasdbf the total swale length. In another
study, TSS removal did not increase beyond a sleatgh of 75 m (Yu et al. 2001).
Modeling results in Winston et al. (in press) sugigd that the majority of TSS removal
occurs within the first 15 meters of swale length.

Vegetation is critical to sediment reduction in f&ga Backstrom (2002) found that
well-vegetated swales had TSS removal rates griatrr90%, while 80% of TSS was
removed in poorly vegetated swales. Sparse vegetatswales can lead to channel erosion
and subsequent increases in sediment concentthtmngh a swale (Backstrom 2002;

Winston et al. 2012). Barrett et al. (2004) sugges minimum 80% vegetation coverage

31



for sediment trapping in grass filters. Deletid &ietcher (2006) showed that taller grass
heights within a swale produced lower effluent sezht concentrations.

Nutrient removal from dry grass swales in pastistutias been highly variable
(Winston et al. 2012; Kachchu Mohamed et al. 2014)cke et al. (2014) found that at
typical stormwater concentrations, sequestrationdfand TP was not expected. Willis et
al. (2013) found that swale effluent concentratioh$N and total Kjeldahl nitrogen (TKN)
were significantly and substantially (approximatébfs) lower than adjacent asphalt runoff.
Particulate pollutants were well mitigated, whilesdblved pollutants such as nitrate-nitrite
nitrogen (NQ-3) and orthophosphorus (O-FQ showed similar concentrations in the swale
outflow as untreated asphalt runoff. Pollutantliog of TN, TP, and TSS after treatment by
the swale was at minimum 67% less than untreateaffr(Willis et al. 2013). Knight et al.
(2013) observed that a swale was able to achigwvefisant reductions in TN concentrations,
although TN was found to be “irreducible” at corrations below 1 mg/L.

Various modifications to swales have been proposeachprove their water quality
performance: soil amendments to increase infiltra(Bean and Dukes 2015), installation of
soil media and a drain to create a bioswale (Kaztral. 2011; Ingvertsen, Cederkvist,
Régent, et al. 2012, Ingvertsen, Cederkvist, Jereteal. 2012), vegetation treatments (Mazer
et al. 2001), creation of wetland conditions (Warset al. 2012; Tang et al. 2016), and
installation of check dams (Stagge et al. 2012;i®awal. 2012). Winston et al. (2012)
found that wetland swales produced significantlg anbstantially (0.4 mg/L) lower effluent

TN concentrations than traditional dry swales. r&fés promoting infiltration are desired,
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since Béackstrom (2002) observed that swales stluatepermeable soil had improved
pollutant removal efficiencies.

Check dams are often proposed in stormwater desagmuals (e.g., ODNR 2006;
NCDEQ 2009a) as simple modifications which can mwprthe water quality performance of
a grass swale (Figure 1-1). They are installeggraticular to flow to reduce velocity and
temporarily detain runoff (NCDEQ, 2009a), therebgdretically improving sediment
trapping efficiency. Line and White (2001) and Mgeighlin et al (2009) have shown rock
and straw wattle check dams to be effective tutpicdeduction strategies for construction
sites. For a post-construction grass swale, Detvad. (2012) found that check dams
provided improved hydraulic retention time (or #raount of time water is retained within a
swale) for rainfall events of less than 1.2 inchKaighn and Yu (1996) found that two
nearby swales, one with and one without a check dgamoved 87% and 23% of TSS load,
respectively. Yu et al. (2001) showed 77% and 0capture for swales with and without
check dams. Stagge et al. (2012) concluded thgataeed check dams (pictured in Figure
1-1) had a negligible effect on overall water dyalieatment, improving only nitrate
treatment. The check dams in this study actuatyatted from TSS treatment. Mixed
results from previous studies show that furtheeaesh is needed on check dams so that
design guidance can be refined.

The abatement of dissolved phosphorus in stormvisgerticularly important since
it may lead to eutrophication and algal blooms (€bd998; Nogaro et al. 2016),
substantially impacting the intended uses of serfaaters (Brooks et al. 2015). Much

recent research has focused on the removal ofldessphosphorus from urban stormwater
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(Erickson et al. 2012; LeFevre et al. 2014; Winstbal. submitted), with research showing
water treatment residuals and other iron and alumiaxide-containing filter media can
provide significant O-Pg" removal. One such media, ViroPhos™, has beeriqusly
evaluated during an evaluation of vegetated féteps (VFS); VFS amended with
Virophos™ emitted lower effluent TP concentratiamsl reduced TP loads (Knight et al.
2013). This type of phosphorus-adsorptive mediddcbe incorporated into a check dam to

improve the water quality performance of existinges.

Research Goals

This study examined the effectiveness of two déffeitypes of check dams for
improvement of post-construction highway stormwapeality. Rock check dams were
retrofitted into a previously monitored swale draghrunoff from a bridge deck on
Interstate-540 (Luell, 2011; Winston et al. 201A)second swale was monitored along
Interstate-40, where straw wattles and polypromyleags filled with Virophos™ were used
as check dams. A pre/post monitoring design wed ts quantify the impact of check dams
on swale water quality performance (Spooner ané L®93). This research will inform
swale design guidance by quantifying the waterityubénefits of rock check dams,
excelsior fiber wattle check dams, and phosphodse4gtive check dams as swale

enhancement features.
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Methods and Materials

Site Descriptions

Two swales were monitored for the improvement ofratvater runoff quality before
and after retrofit with check dams (Table 2-1).eTinst swale (hereafter referred to as
Mango Creek) was located in Knightdale, North Gaeland treated the southbound
Interstate 540 (I-540) bridge deck runoff (35°47M0378°30’50"W), which has an annual
average daily traffic load of 17,000 vehicles pay QJRS Corporation, 2012). The swale
was installed beneath the bridge deck in 2009 (12¢41). Forty-three existing bridge
scupper drains were connected to a 12-in diametgvipyl chloride (PVC) pipe which
conveyed stormwater runoff to the inlet of the ®walt drained 1.13 acres of 100%
impervious surface and was designed to convey@hgear, 24-hour storm (5.04 inches;
Figure 2-1). A forebay lined with Class A ripragsipated velocity and removed large
debris as stormwater entered the swale. The dveale 1.66% longitudinal slope and a
length of 110 ft. It was triangular in cross-sentiwith 8:1 side slopes and an average top
width of 21 ft, was vegetated with tall fescue gr&estuca arundinacgaand remained dry
between storm events. Appendix A provides additiggmotos of the Mango Creek swale.

The second swale (hereafter referred to as I-48)leeated near Benson, North
Carolina, along the eastbound lanes of I-40 (322N, 78°29'36.0"W) at mile marker
330 (Table 2-1). This monitoring site was previgutescribed in Winston et al. (2012), Eck
et al. (2012), and Winston and Hunt (in press)e @hnual average daily traffic load was

20,000 vehicles per day (NCDOT, 2013). The I-4@lsvdrainage area included the road,
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adjacent wooded buffer and grassed backslope, aondian of the nearby agricultural land
beyond the wooded buffer (Appendix H). The catchimveas approximately 1.07 ha and
16% impervious.

The 1-40 swale had a 1% longitudinal slope anchgtle of 378 ft (Figure 2-1). It
was triangular in cross-section with 7:1 side skoped an average top width of 21 ft.
Volunteer warm-season grasses and weeds dominktesinained dry during inter-event
periods in warm-season months (May through Octolérie high water tables existed
during cold-season months (December through ApEliring these months, water was up to

6 inches deep during inter-event periods.

Table 2-1: Mango Creek and 1-40 catchment and swaleharacteristics.

Characteristic Mango Creek [-40
. 35°47°02.5"N, 35°22'01.1"N,
Location 78°30'49.8"W 78°29'36.0"W
Ecoregion Piedmont Coastal
Swale Length (ft) 110 378
Longitudinal Slope (%) 1.66 1
Cross-section Triangular Triangular
Side Slopes (H:V) 8:1 7:1
Average Top Width (ft) 21 21
Underlying Soil Infiltration Rate (in/hr) 0.06 Not Measured
Designed Conveyance 10-year, 24-hour storm 10-gdahour storm

Tall fescue sodHestuca

Swale Vegetation arundinace

Warm season grasses

Swale Condition Between Storms Dry Seasonally Wet
Drainage Area (ac) 0.19 0.43
Drainage Area % Impervious 100 16
Annual Average Daily Traffic 17,000 vehicles/day ,@0 vehicles/day
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Figure 2-1: Prev‘retroflt photogrphs of the Mango Qeek swale (left) and the 1-40 swale (right).

Monitoring Periods and I nstallation of the Check Dams

Stormwater monitoring locations and the locatiohthe retrofitted check dams are
shown at Mango Creek and I-40 in Figure 2-2. Anita Creek, pre-retrofit monitoring
began in December 2013 to compare inlet and oplidtant concentrations and loads.
Four months of hydrologic data were collected ann storms were sampled prior to check
dam installation. On March 28, 2014, the Mangoekrewale was retrofitted with two
NCDOT standard 1633.01 temporary rock silt cheakgl@NCDOT, 2012). These were
constructed with Class B rip-rap fronted with #%jgegate (Figure 2-3). The check dams
were 1-ft tall at the channel thalweg, approximate ft wide, and built with a flat top for
increased storage (Figure 2-3). The check dame spmaced so that the upstream dam toe
was at the same elevation as the top of the prdgich@wnstream dam to ensure maximum
ponded volume within the swale (U.S. EPA 2006)stRetrofit swale monitoring continued
for an additional twelve months (April 2014 to Mar2015), during which twenty-three

storm events were sampled.
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Figure 2-2: Mango Creek (left) and 1-40 (right) montoring schematics with check dam locations.

At 1-40, the pre-retrofit monitoring began in Septeer 2013 and spanned seven
months during which twelve storm events were sadhfide water quality. On April 24,
2014, the 1-40 swale was retrofitted with three dexcelsior fiber (i.e., wattle) check dams
and two sets of polypropylene multifilament suppdeal bags installed at the two
downstream-most wattle check dams (Figure 2-3es&lbags were filled with VirophB4
a porous material designed to remove dissolvedpitaras. ViroPhod' is made from a
solid waste residue termed “red mud” and is compa@$0-30% hematite (F@s), 10-20%
hydrated alumina (ADs * H20), 10-20% sodalite (NAI:SizO12Cl), <10% quartz (Sig),
and other components (ViroTec, 2009). The checksdaere spaced to maximize ponding
using the same methods as at Mango Creek. WatHes held in place with 2 in x 2 in x 24
in wood grade stakes. The retrofitted 1-40 swale wmanitored for twelve months (April
2014 to March 2015) post-retrofit.

During the pre-retrofit monitoring period, samplipgints were located at the 1-40
swale inlet and outlet. Post-retrofit, the “Midd&ampling point was added to isolate the
effects of a single straw wattle check dam fronséhof the two sets of Virophos™ bags and

straw wattles (Figure 2-2). Eighteen storm evergse sampled post-retrofit. Further details
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and photos of monitoring challenges at Mango CesekI-40 are provided in Appendices C,

D, E, I, and J.

Figure 2-3. Rock check dam at Mango Creek (top)tandard excelsior fiber wattle check dam at 1-40
(bottom left), and an excelsior wattle with ViroPhe™ supplement bags check dam at 1-40 (bottom right)

Monitoring Scheme and Sampling Procedure

Automated samplers (ISCO 6712, Teledyne ISCO;dlm Nebraska, USA) were
used to monitor each swale and were powered bywlt 2leep cycle marine battery trickle
charged by a 5-watt solar panel. At Mango Cre8i,d 730 bubbler modules measured
water level and were relayes to the ISCO 6712wklepths were measured on a 2-minute
interval at inlet and outlet weir boxes (which indéd a baffle). In a catch basin just
upstream of the Mango Creek swale, a compoundwasrinstalled consisting of an 11.4-in

tall, 60° v-notch lower portion and a 12.6-in tal8-in wide contracted rectangular upper
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portion (Figure 2-4). Measured flow depth was @ted to flow rate using a derived (based
on the v-notch and contracted rectangular weir ggps), stepwise function (Walkowiak,
2013):

Q =1.443 x H?5 whenH < 0.95 ft (2-1)
Q = 1.27 + 1838(0.335 — 0.2H)H'S  when H > 0.95 ft (2-2)

where Q is flow rate (cfs) and H is head on ther\{fe. Because of the unique design of the
compound weir used at the inlet, a stage versabalige table developed and input into the
ISCO 6712. The outlet weir box was installed whamel 8-in diameter pipe draining swale
effluent daylighted into a nearby wooded aredolised a 24-in tall, 45° v-notch weir, with
flow rates calculated using the standard equabomhis geometry (Figure 2-4; Walkowiak,
2013):
Q = 1.035 x H%S (2-3)

where Q and H have been previously defined. TISampler used measured
flow depths and aforementioned weir equations entjty the hydrograph. The sampler
determined flow volume by integrating under therogptaph, thus allowing flow-
proportional, composite samples to be obtained frdet and outlet weir boxes during wet-
weather flow. Appendix B provides additional distaegarding weir sizing and

stage/discharge calculations for each monitoricgtion.
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The 1-40 swale did not have the slope necessanctoporate weirs without causing
substantial backwater conditions; therefore, ISC® pping bucket rain gauges were
utilized to trigger water quality samples duringrst events (Figure 2-2). At the inlet,
middle, and outlet sampling points, sample strainegre installed within shallow
depressions in the thalweg of the swale (Appendix &mple collection was enabled after
0.17 in of rainfall in three hours. Samplers altai a 200 mL aliquot after each subsequent
0.03 in of rainfall.

At both sites, sample aliquots were obtained thinstgainers with 3/8” diameter
apertures located in areas of well-mixed flow. Bk®represented at least 90% of the
hydrograph, providing representative data to dramctusions about swale performance
(U.S. EPA 2002). All samples were collected frdm samplers and distributed into
laboratory bottles within 24 hours of the cessatbrainfall. A 500-mL plastic bottle and a
125-mL pre-acidified plastic bottle were filled f66S and nutrient (except O-FQ
analysis, respectively. A syringe was used to renapproximately 20 mL from the TSS
bottle and then field-filter the sample through45Qum filter into a 60-mL amber glass

bottle for O-PG*analysis. After all samples were collected, theyeachilled to< 4°C for
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transport to the laboratory. All samples weredpanted to the North Carolina State
University Center for Applied Aquatic Ecology (CAAED in Raleigh, NC, for analysis.
Samples were analyzed for: TKN, N§total ammoniacal nitrogen (TAN), TP, O-FQ
and TSS. Organic nitrogen (ON) was calculatedheglifference between TKN and TAN,
particle bound phosphorus (PBP) as the differeetaden TP and O-R©, and TN as the
sum of TKN and N@s. Table 2-2 summarizes the laboratory analysihaus, sample

preservation methods, and laboratory reportingtéimi

Table 2-2: Laboratory testing methods and reportindimits for nutrients and sediment.

Constituent Preservation Laboratory Testing Method  Reportingit.i
TKN H2SQy (<2 pH), <4°C EPA Method 35E£2 0.28 mg/L
NO2.3 H.SQy (<2 pH), <4°C Std Method 4500 NOS F  0.0056 mg/L

TN N/A = TKN + NOy.3 N/A
TAN H.SQy (<2 pH), <4°C Std Method 4500 NH®G  0.007 mg/L
ON N/A = TKN — TAN N/A
TP HSQu (<2 pH), <4°C Std Method 4500 P F 0.01 mg/L
O-PO* <4°C Std Method 4500 P F 0.006 mg/L
PBP N/A =TP — O-PgY N/A
TSS <4°C Std Method 2540°D 1 mg/L

aJ.S. EPA 1983
PAPHA et al. 2012

Precipitation data were collected during pre- aostetrofit monitoring periods with
ISCO 674 tipping bucket and manual rain gaugegéakcat both the Mango Creek and 1-40
sites. The rain gauges were mounted on 6-ft taiden posts in an area free from overhead
obstructions and trees. Rainfall events were s¢pdby a minimum antecedent dry period
of six hours and had rainfall depths of at lea$00@n. Tables and photos summarizing

monitoring equipment used at each site are presemt&ppendix C.
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Data Analysis

Because tipping bucket rain gauges often underigiremtal rainfall depth during
intense rainfall (Winston et al. 2011), these detee adjusted based upon the manual rain
gauge data at each site. A correction factor veaeldped from the difference in rainfall
depth between the tipping bucket and manual railgga Rainfall duration, antecedent dry
period, peak 5-minute rainfall intensity, and ralhflepth were determined for each storm
event.

Since rainfall-paced or flow-paced samples werepmsited for each sampled
rainfall event, water quality data were represeveatdf event mean concentrations (EMCs).
Swale water quality performance was evaluated uswag(I-40) or three (Mango Creek)
metrics. First, the reduction in the EMC of eacliytant, also known as the efficiency ratio

(ER), was calculated (U.S. EPA, 2002):

(Median Inlet EMC—Median Outlet EMC)

Median ER = ,
Median Inlet EMC

(2-4)
where either the mean or median EMCs were usedltolate the respective median ER or
mean ER. The second method considered the contensrantering and emitted from the
swales pre- and post-retrofit. These concentratwere compared against established
targets for ambient water quality based on bentfacroinvertebrate health (McNett et al,
2010). If influent pollutant concentrations weheeady meeting concentrations associated
with healthy streams, then the swale may not beetep to provide additional treatment.
Finally, pollutant loads were determined for therida Creek swale on an event basis

as the product of EMC and flow volume at each nowimg location. Minimum, median,
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mean, and maximum pollutant loads were compareddast the inlet and outlet of the

swale. The ER for pollutant loads, fostorm events, was calculated as (U.S. EPA, 2002):

Y™ _(Inlet Loadj—Outlet Load;
1=1 1 1

n
i=, Inlet Load ;

Load ER= (2-5)

Statistical Analyses

Water quality data were statistically analyzeddmpare paired influent and effluent
concentration (both sites) and pollutant loadingfigo Creek) data. Statistical testing was
completed separately for the pre-retrofit and pes®Bfit data sets. Normality testing utilized
the Shapiro-Wilk and Kolmorogov-Smirnov methodswedl as visual inspection of
guantile—quantile plots. If raw data were normadlilstributed or could be log-transformed to
achieve normality, then a paired t-test was utlliz©therwise, a Wilcoxon signed-rank test
was utilized on the untransformed data.

To determine the effects of check dams on the watelity performance of the
swale, statistical comparisons between the prepastiretrofit data sets were made using
Welch’s two-sample t-test for normal and lognoraatia sets. For non-parametric data sets,
a Wilcoxon rank-sum test was performed. Seasgnadliis analyzed using the Kruskal-
Walllis K-Sample test with follow up paired compans with Dunn’s test with a Bonferroni
correction. Except where noted, data were analf@esignificance at the 95% confidence
level (@=0.05). The statistical software R (version 3.1va@} used to perform all statistical

analyses (R Core Team 2015).
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Results and Discussion

Precipitation

At Mango Creek, 7 rainfall events (ranging from®i@ to 1.26 in) and 23 rainfall

events (ranging from 0.47 in to 4.25 in) were sadpluring the pre- and post-retrofit

periods, respectively (Table 2-3). These represeB5% and 53% of the rainfall events

during the monitoring periods, respectively. KralWallis K-sample tests showed no

significant seasonality in rainfall depth, but falhintensity during the winter was

significantly less than during the fadl€0.05) and summer and spring=0.10). At I-40,

twelve rainfall events (ranging from 0.47 in to 2ifh) and eighteen rainfall events (ranging

from 0.28 in to 3.62 in) were sampled during the-@nd post-retrofit periods, respectively.

These were representative of 45% of the rainfahév during both periods. Samples at both

sites were well distributed among the four astroicahseasons (Table 2-4).

Table 2-3: Summary statistics for sampled rainfallevents at Mango Creek and 1-40.

Mango Creek [-40
Parameter Pre-  Post- . Post-
Retrofit Retrofit | & RO patrofit
Number of sampled events 7 23 12 18
Mean rainfall (in) 0.71 1.29 1.06 1.30
Median rainfall (in) 0.55 1.10 0.94 1.18
Minimum rainfall (in) 0.28 0.47 0.47 0.28
Maximum rainfall (in) 1.26 4.25 2.13 3.62
Total rainfall (in) 4.93 29.71 12.95 23.74
Mean 5-min peak intensity (in/hr) 0.63 2.32 1.38 442,
Median 5-min peak intensity (in/hr) 0.59 2.13 0.79 2.56
Minimum 5-min peak intensity (in/hr)  0.24 0.24 0.28 0.47
Maximum 5-min peak intensity (in/hr) 1.26 5.31 4.57 5.94
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Table 2-4: Seasonal distribution of sampled water wplity events at Mango Creek and I-40.

Monitoring Phase Site Spring  Summer Fall Winter
Pre-Retrofit (12/1/13 — 3/27/14) Mango 0 0 2 5
Post-Retrofit (3/28/14 — 3/6/15) Creek 6 8 4 5
Pre-Retrofit (9/16/13 — 4/23/14) 1-40 3 0 3 6
Post-Retrofit (4/24/14 — 3/6/15) 4 5 3 6

During 2014, rainfall totaled 1440 mm and 1456 mrivango Creek and 1-40,
respectively. The 30-year mean annual rainfalRakeigh, NC and Benson, NC (within 15
km of each site) was 1182 mm and 1161 mm, respdygti$tate Climate Office of North
Carolina, 2015). Thus, both sites experienced@pprately 25% greater rainfall than long-

term average conditions during the monitoring p#sio

Mango Creek Swale Pollutant Concentrations

Seven and 23 storm events were sampled for wasdityyjduring the pre- and post-
retrofit periods at Mango Creek (Table 2-5). Homast all nutrient forms and TSS (except
O-PQO), no significant difference existed between infiuand effluent concentrations
during the pre-retrofit period, suggesting the grssale provided little treatment (Figure
2-5). These results were similar to those fromewipus study on this swale (Luell 2011),
where the swale only significantly reduced TSS.aNMand median influent concentrations
during the pre-retrofit period were less than OgLMIN, 0.2 mg/L TP, and 60 mg/L TSS.
These concentrations are relatively low comparesther highway runoff studies (Thomson
et al. 1997; Kayhanian et al. 2007; Kayhanian e2@12; Winston et al. 2012), perhaps
hindering the ability of the swale to further reduwtrient and sediment concentrations

(Lucke et al. 2014). Median NQ@ concentrations increased through the swale, win@p
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be related to the aerobic conversion of TAN thronghfication (Chen et al. 2012).
Orthophosphate was the only pollutant that sigarfity increased through the swale;
influent orthophosphate concentrations were onaagee0.02 mg/L, well below effluent
concentrations from swales in past research (Kreght. 2013), perhaps indicating an
irreducible concentration.

The median TSS ER of 46% was lower than other ssuain grass swales, which
have shown 60-95% removal (Barrett et al. 1998g¥al. 2001; Backstrom 2003; Stagge et
al. 2012). Median and mean TP and PBP concemmainewreased through the swale. The
increases in PBP were related to the three laggebimost intense rainfall events, where
concurrent substantial increases in TSS were obdeprobably due to resuspension of
particulate matter. However, this could also Bkienced by the winter-dominated pre-
retrofit sampling period, when grass hardinesssifthess is reduced and senescence of
warm season grasses reduces vegetation coveraga 8bd Dabney 1996).

In contrast to the pre-retrofit period, significalitferences between influent and
effluent EMCs were observed for all analytes exé@jdtand PBP following the installation
of the check dams (Figure 2-5 and Table 2-5). ¢@®entrations significantly decreased
through the swale by 70% following the installatmfithe check dams; however this was in
the range of TSS removal for past swale studielsouitcheck dams (Barrett et al. 1998; Yu
et al. 2001; Backstrom 2003; Stagge et al. 20T8S concentrations were reduced through
the post-retrofit swale during all 23 sampled pestofit storm events, including during the
winter months. However, statistical testing shdwe significant improvement when

comparing pre- and post-retrofit effluent TSS conitions. These results are supported by
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Stagge et al. (2012), who found that the inclusiba pre-treatment vegetated filter strip
provided statistically improved TSS removal, whaleeck dams actually slightly increased
TSS concentrations.

Nutrient removal performance suffered following thstallation of the check dams,
with TKN, NOz.3, TN, TAN, TP, and O-P&J significantly increasing post-retrofit. ON
concentrations were not significantly affected g swale, while TSS concentrations
decreased, suggesting sedimentation of silicateonganic particles. While no significant
seasonality in effluent TSS concentrations was rvlesk the significant export of nutrient
species intensified during spring and summer mofifthble 2-6); swale nutrient ERs toward
the end of the monitoring period (fall and wintesgre often significantlyo( values shown in
Table 2-6) better than those during spring and semriithe observed 70% TSS removal and
the lack of ON export suggested that particle nesnsion was not the culprit. Additionally,
NCDOT does not fertilize its grass swales as patsstandard maintenance procedures
(NCDOT 2010). However, due to equipment passinguth the swale, wheel ruts were
observed in February 2014. On March 28, 2016,f808f the swale, 18.6% of its surface
area, was regraded and re-sodded to repair theguttconjunction with the installation of
the check dams. The first post-retrofit water uaamples were obtained 2 weeks after the
installation of the sod. The growing medium of sloel was probably the source of nutrients
released during the spring and summer months,reiitiibe form of slow-release fertilizer or
compost. As the source of nutrients in the sod degeted, nutrient sequestration (except

for NO».3) within the swale improved with time. This higjtlts the important temporal
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impacts that maintenance or lack of maintenanceheaa on SCM performance (Winston et
al. 2012; Brown and Hunt 2012; Blecken et al. 204/nston et al. 2016).

Even with the significant export of some nutriemtniis during the post-retrofit
period, comparisons between pre- and post-regtifiient nutrient concentrations showed
no significant differences at the Mango Creek swdlkis suggested that the installation of
the two rock check dams did not impact water qualdrformance. However, based on the
standard deviation, the check dams reduced thabibty of swale effluent concentrations
for TKN, TAN, ON, TP, PBP, and TSS by 50-67% prersus post-retrofit. So, the check
dams produced more consistent effluent concentistiperhaps furthering the ability of
swales to attenuate the peaks in pollutant loads,described by Backstrom et al. (2006).
The lack of statistical significance could certgibé related to the small (n=7) pre-retrofit

data set.
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Figure 2-5: Pre- and post-retrofit nutrient and sedment concentrations at Mango Creek. Asterisks (*Jocated between data sets indicate
singificant differences between them at the=0.05 level, with red asterisks indicating signifiant increases in pollutant EMC.
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Table 2-5: Statistics for pollutant EMCs and loadsat the Mango Creek swale.

Monitoring Concentrations (mg/L) Loads (Ib/ac/in)
Pollutant Period and
Location Range X X 5 ERnedian ER Range X X S ERovads
Pre-In 0.35-2.19 0.8 0.47 0.65 24 10 0.09-0.50 0.24 0.15 0.18 0.23
Pre-Out 0.34-1.58 0.72 0.58 0.44 0.05-0.50 0.18 40.1 0.15 ’
TKN Post-In 0.1.0.9 0.38 044021 e 0.01.0.3 012010 007 o
Post-Out 0.3-1.23 0.47 0.55 0.23 0.02-0.29 0.11 90.0 0.07 ’
Pre-In 0.14-0.98 0.33 0.17 0.30 49 1 0.04-0.21 0.090 0.069 0.064 0.16
NOys Pre-Out 0.2-0.75 0.33 0.25 0.20 0.03-0.15 0.076 60.0 0.038
Post-In 0.07-0.54 0.16 0.19 0.11 90 76+ 0.01-0.11 0.05 0.04 0.03 026
Post-Out 0.13-0.77 0.31 0.34 0.15 0.02-0.11 0.06 060. 0.03 ’
Pre-In 0.5-3.17 1.13 0.83 0.93 3 7 0.12-0.68 0.33 0.21 0.22 0.21
™ Pre-Out 0.54-1.8 1.05 0.81 0.52 0.08-0.57 0.26 0.200.16 )
Post-In 0.2-1.35 0.57 0.63 0.26 47 40 0.03-0.33 0.17 0.15 0.08 0.02
Post-Out 0.47-2 0.84 0.88 0.36 0.04-0.37 0.17 0.140.09 )
Pre-In 0.08-0.66 0.23 0.15 0.20 16 30 0.03-0.14 0.059 0.044 0.038 0.36*
TAN Pre-Out 0.05-0.42 0.16 0.13 0.12 0.01-0.08 0.038 03®. 0.023
Post-In 0.01-0.15 0.03 0.06 0.05 152 43 0-0.05 0.016 0.008 0.013 012
Post-Out 0.02-0.24 0.08 0.08 0.06 0-0.06 0.018 3.010.015 ’
Pre-In 0.2-1.53 0.57 0.33 0.50 34 2 0.04-0.46 0.18 0.11 0.16 0.19
ON Pre-Out 0.29-1.45 0.56 0.44 0.41 0.04-0.46 0.15 10.1 0.14 ’
Post-In 0.09-0.79 0.34 0.38 0.20 17 21 0.01-0.26 0.10 0.09 0.06 0.11
Post-Out 0.18-1.15 0.4 0.46 0.21 0.02-0.25 0.09 6 0.0 0.06 )
Pre-In 0.06-0.39 0.16 0.1 0.12 85 55 0.015-0.114 0.05 0.03 0.04 030
TP Pre-Out 0.09-0.53 0.25 0.19 0.16 0.019-0.168 0.07 .050 0.06 )
Post-In 0.02-0.24 0.1 0.1 0.06 26 35+ 0.004-0.074 0.028 0.025 0.018 0.04
Post-Out 0.07-0.28 0.13 0.14 0.05 0.005-0.089 0.029.018 0.021 )
Pre-In 0-0.05 0.02 0.02 0.02 118 93+ 0.0013-0.0179 0.008 0.005 0.006 045
0-PQF Pre-Out 0.04-0.06 0.05 0.05 0.01 0.0077-0.0168 10.010.011 0.003
Post-In 0.001-0.029 0.01 0.01 0.008 476 309* 0-0.009 0.003 0.002 0.003 1.87%
Post-Out 0.022-0.073 0.04 0.04 0.014 0.003-0.018 008®. 0.007 0.004 ’
Pre-In 0.05-0.34 0.14 0.1 0.10 35 48 0.012-0.096 0.042 0.033 0.033 0.28
PBP Pre-Out 0.05-0.49 0.2 0.13 0.16 0.011-0.156 0.054.03D 0.054
Post-In 0.02-0.23 0.09 0.09 0.05 4 4 0.003-0.071 0.025 0.020 0.017 0.16
Post-Out 0.04-0.24 0.08 0.1 0.05 0.002-0.078 0.02D.013 0.019 )
Pre-In 19-119 57.4 46.9 35.0 46 34 4.62-56.8 18.9 16.0 17.6 015
Tss Pre-Out 6-258 77.0 25.5 94.8 1.37-82.3 21.9 6.8 1 30.
Post-In 7.8-510.6 52.2 91.1 110.7 71 70% 1.75-166.9 25.5 12.2 35.5 0.74*
Post-Out 5-121 15.3 27.0 28.8 0.3-38.8 6.6 25 95 ™

*Significant at the 95% confidence level.
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Table 2-6. Statistical testing for seasonality afutrient effluent concentrations.

Kruskal
Pollutant Wallis p- Spring ER Summer ER Fall ER Winter ER
value Better than...  Better than... Betterthan... Betterthan...
TKN <0.05 - - - Sp?, F®, SuP
NO2-3 <0.1 FP FP - FP
TN <0.1 - - - Sp?
TAN <0.05 - - - Sp?
ON <0.1 - . Spb -
TP <0.05 ; - - Su?, Sp®
O-PQO* <0.01 _ i SuP Su?
PBP <0.05 - - - Su®, Sp®
TSS NSD - - - -

absjgnificant ati=0.05 anck=0.10 levels, respectively.

Statistical tests of pre- versus post-retrofiteffit concentrations were impacted by
the small (n=7) pre-retrofit data set. To incretgestatistical power, the post-retrofit data
set was also compared against data collected bl (204.1) in 2009-2010 at the Mango
Creek swale, during which 31 storm events were & able 2-7). During Luell's study,
influent nutrient concentrations were not signifittg different from the pre-retrofit influent
data herein except for TAN. Luell's effluent qtnalilata (2011) were compared to the post-
retrofit effluent concentrations, with no signifitadifferences observed. These statistical
comparisons further demonstrate that the rock chaahks did not improve pollutant

retention within the swale.
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Table 2-7: Comparison of Luell (2011) and post-refit median pollutant EMCs and efficiency ratios fa
the Mango Creek swale.

Luell (2011) Post-Retrofit
Constituent Inlet Outlet Reduction Inlet Outlet Reduction
(mg/L) (mg/L) (%) (mg/L)  (mg/L) (%)
TKN 0.60 0.54 10 0.38 0.47 -24
NO23 0.28 0.24 14 0.16 0.31 -90
TN 0.89 0.83 7 0.57 0.84 -47
TAN 0.05 0.05 0 0.03 0.08 -152
TP 0.11 0.13 -18 0.10 0.13 -26
TSS 55 30 45 52 15 71

After approximately six months, the first check dahMango Creek fully clogged
with debris, reducing its hydraulic conductivitybstantially. Similarly, the second check
dam clogged toward the end of the twelve-month-petsbfit monitoring period. However,
no significant temporal trend was observed for evgidraulic retention time (see Chapter
1). Check dam clogging caused the loss of swaletation due to extended inundation,
although no resultant significant seasonal treneffiment TSS concentration was observed
(Table 2-6). Healthy vegetation is desired to pstemutrient uptake, filtration, and channel
stability. Channel erosion caused a net expofiS$ in one swale (Winston et al. 2012)
where sediment deposited in the swale and expasgdnaterial are easily suspended. To
reduce maintenance needs, check dams could beedllmclog, allowing for hydrophytic
vegetation and wetland hydrology to establish, Winas been shown to improve swale
water quality performance, particularly for TN (Wion et al. 2012); in this case,
maintenance may still needed to reduce the potdatianosquito-borne disease (Hunt et al.
2006). Otherwise, maintenance (in this case attlean 6 month intervals) to remove debris

and rubbish will be required to prevent loss ofgrass or other upland vegetation.
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Mango Creek Pollutant Loads

The distribution of rainfall depths and intensitéeging the two monitoring periods
was substantially different (Table 2-3). For exéanmean rainfall depth was 0.71 and 1.3
inches during the pre- and post-retrofit periodspectively. Additionally, total rainfall
during the pre-retrofit period was one-sixth thithe post-retrofit period. Resulting
pollutant loads during these periods would notd@mgarable, since rainfall depth is directly
related to runoff volume. Therefore, all pollutéoids were normalized by watershed area
and rainfall depth (e.qg., Ib/ac/in) to accountddferences in rainfall distribution. This
method has three distinct advantages: (1) pollltaats can be estimated for any rainfall
event, (2) pollutant loads during the monitoringipes can be determined using the total
rainfall in Table 2-3 and (2) long-term averagelytaint loading can be estimated given a
historical rainfall data set.

Pre- and post-retrofit pollutant loading data toe Mango Creek swale are shown in
Table 2-5 and Figure 2-6. These were positivelyaated by 20% and 17% runoff volume
reductions, respectively, observed during the anel post-retrofit monitoring periods (see
Chapter 1). During the pre-retrofit monitoring jpel;, only TAN loads significantly
decreased through the swale. Similarly, Luell @0did not observe significant load
reduction for N or P during monitoring of the ManGoeek swale in 2009-2010. A roadside
swale studied by Stagge et al. (2012) significaretjuced the load of nitrite, while TKN,
NO.3, TN, TP, and TSS loads were not significantly itlfrom those in road runoff. A
grass swale in the Coastal Plain of North Caralaa only able to significantly reduce PBP

and TSS loads (Knight et al. 2013). Thus, longatpollutant load reduction for grass
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swales appears inconsistent, furthering the neecefmfits to improve their performance.
Load ERs for the pre-retrofit Mango Creek swalertitl exceed 40% for N species. Other
than TAN, very little change in nitrogen specieadmg occurred through the swale, but the
variability in event loads often declined (FiguréR For both P species and TSS, load ERs
for the pre-retrofit swale were negative; in fak§S loading increased in 2 of 7 sampled
events. This was unusual, since TSS load reduttigrass swales is often greater than 50%
(Barrett et al. 1998; Yu et al. 2001; BackstronaleR003; Luell 2011; Knight et al. 2013).

During the post-retrofit period, O-R®loads significantly increased through the
swale (Figure 2-6 and Table 2-5). This is probablgted to the concurrent installation of
the sod and check dams, with the sod contributiigents during spring and summer.
However, effluent loads of O-R®during the post-retrofit period were still sigodintly
lower than those of the pre-retrofit period.

Load ERs supported the statistical findings thatatidition of the check dams did not
improve nitrogen load reduction (apart from TAN)AN effluent loads were significantly
lower during the post-retrofit period. Howevere iR for TAN loads was negative during
the post-retrofit period (Table 2-5). At the 90&tmfidence level, PBP and TP post-retrofit
effluent loads were also significantly lower thae-petrofit, although load ERs for TP were
still near zero.

While TSS effluent loads were not statisticallyfelient between the two monitoring
periods (probably due to small pre-retrofit sangie), significant load reduction did occur
during the post-retrofit period (74% ER), while danresults did not occur pre-retrofit (-

15% ER). TSS load reduction for the swale withkrolseck dams was similar to the 83%
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and 68% TSS removal observed for two swales in Madywith vegetated check dams
(Stagge et al. 2012) and the 75% removal for aeswéh a check dam in Taiwan (Yu et al.
2001). These results suggest additional sedimentatay be occurring during the post-
retrofit period, but that the small pre-retrofingale size may have confounded statistical

significance.
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Figure 2-6: Pre- and post-retrofit nutrient and sedment loads at Mango Creek. Asterisks (*) located étween data sets indicate singificant
differences between them at the=0.05 level. The pound sign (#) indicates signifioadifference between effluent load pre- and postatrofit.
Red sybmols indicate significant increases in poltant load.
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I-40 Swale Pollutant Concentrations

The 1-40 swale was located adjacent to and draameidterstate highway, and was
described in Winston et al. (2012) as “site A.”blEa2-8 and Figure 2-7 display statistics for
and distributions of EMCs in stormwater runoffla inlet, middle (post-retrofit only), and
outlet of the 1-40 swale. The pre-retrofit monitgy period consisted of twelve sampled
storm events, during which significant differengesre observed between all paired influent
and effluent EMCs except TN and TAN (Figure 2-R)O2.3 concentrations significantly
increased through the swale, while TKN, ON, TP, @ PBP, and TSS concentrations
significantly decreased. The combination of sigaifiit and substantial ON, PBP, and TSS
reduction within the swale suggested it was sudekgsrapping sediment, as observed in
other swale research (Backstrom 2002; Barrett 2008an ERs for these parameters were
63%, 77%, and 86%, respectively, meeting the 85% fE®noval required for post-
construction stormwater management in North CaadifMfCDEQ 2009b) and far exceeding
the 35% TSS removal credit that swales receive (§Q2009a). While ON and TKN
decreased, probably due to settling of organidqadates, aqueous phase nitrogen was
generally not well mitigated, similar to past grassle research (Knight et al. 2013). It
appears that aerobic transformation of TAN to.NQccurred through microbially-mediated
nitrification, as mean N&x concentrations nearly tripled after passing thiotige swale; this
type of NQ-3 export has not been observed in other studiesasbgwales (Winston et al.

2012; Stagge et al. 2012; Knight et al. 2013).
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Table 2-8: Summary statistics for pollutant EMCs atthe 1-40 swale.

Monitoring Period Concentrations (mg/L)
Pollutant . = =
and Location Range x X S ERnedian ER
Pre-In 0.62-9.09 2.46 1.28 2.49 14 61
Pre-Out 0.24-1.54 0.97 1.10 0.40
TKN Post-In 0.4-4.97 1.38 1.08 1.06 -44@ -31*
Post-Mid 0.7-5.22 1.81 1.55 1.17 18 -3
Post-Out 0.37-6.88 1.87 1.27 1.71 -17P -35
Pre-In 0.07-1.04 0.42 0.39 0.26
Pre-Out 0.19-2.75 1.18 0.89 0.94 127 183
NO,.3 Post-In 0.05-1.04 0.29 0.20 0.25 -16 8
Post-Mid 0.08-0.64 0.26 0.23 0.16 -235 -223*
Post-Out 0.03-2.89 0.85 0.77 0.77 -290 -196*
Pre-In 0.99-9.64 2.87 1.69 2.55 22 25
Pre-Out 0.79-3.88 2.15 2.06 0.97
TN Post-In 0.53-5.02 1.67 1.29 1.12 -37 -24
Post-Mid 0.86-5.46 2.07 1.76 1.22 -29 -31
Post-Out 0.81-8.08 2.72 2.26 1.76 -76 -63*
Pre-In 0.03-0.29 0.12 0.10 0.08 29 16
Pre-Out 0.03-0.3 0.10 0.07 0.08
TAN Post-In 0.01-0.28 0.07 0.06 0.06 -24 -25*
Post-Mid 0.03-0.24 0.09 0.07 0.06 -18 -321
Post-Out 0.03-2.17 0.39 0.09 0.60 -46 -426*
Pre-In 0.57-8.8 2.34 1.14 2.43 15 63*
Pre-Out 0.15-1.32 0.87 0.96 0.37
ON Post-In 0.39-4.9 131 1.02 1.04 -45 -31
Post-Mid 0.65-5.03 1.72 1.48 1.15 26 14
Post-Out 0.28-4.72 1.48 1.09 1.24 -7 -13
Pre-In 0.11-1.37 0.49 0.21 0.48
55 76*
Pre-Out 0.03-0.34 0.12 0.09 0.08
TP Post-In 0.054-0.787 0.26 0.21 0.21 -42 -25*
Post-Mid 0.097-0.981 0.33 0.29 0.21 52 36*
Post-Out 0.042-0.697 0.21 0.14 0.18 31 20
Pre-In 0.008-0.074 0.04 0.04 0.02
58 61*
Pre-Out 0.001-0.03 0.015 0.02 0.01
O-PO* Post-In 0.02-0.28 0.051 0.076 0.07 39 32*
Post-Mid 0.01-0.2 0.031 0.052 0.05 57 59*
Post-Out 0-0.13 0.014 0.021 0.03 73 72*
Pre-In 0.04-1.36 0.45 0.16 0.49 48 77
Pre-Out 0.03-0.32 0.10 0.08 0.08
PBP Post-In 0.04-0.74 0.13 0.19 0.20 -61 -47*
Post-Mid 0.08-0.95 0.20 0.28 0.22 38 32
Post-Out 0.04-0.69 0.13 0.19 0.17 0 -1
Pre-In 4.4-848.4 238.4 93.3 281.8 76 86+
Pre-Out 4.1-182 32.6 22.1 48.2
TSS Post-In 6.5-691.4 84.7 25.7 175.8 -278 -97*
Post-Mid 8.1-827.6 166.5 97.2 210.7 83 65*
Post-Out 3.3-413.3 58.8 16.6 104.2 35 31

*Significant at the 95% confidence level.

@ER compares in vs. middle monitoring locations
"ER compares middle vs. out monitoring locations
$ER compares in vs. out monitoring location
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Figure 2-7: Pre- and post-retrofit nutrient and sedment concentrations at 1-40. Asterisks (*) locate between data sets indicate significant
differences between them at the=0.05 level, with red asterisks indicating signifiant increases in pollutant EMC. Pound signs (#) tlicate
significant differences over the length of the swal(i.e., from inlet to outlet) during the post-retiofit period.
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Following the installation of the check dams, adiidnal monitoring station (i.e.,
middle) was established after the first straw wattieck dam and upslope of the first straw
wattle/media bag check dam (Figure 2-2). Thisaieml the performance of the single straw
wattle check dam from the P-adsorptive media b&jatistical analysis for the post-retrofit
monitoring period was broken into three separateparisons: inlet vs. middle (testing the
effects of the single straw wattle check dam), neida. outlet (testing the effects of the
straw wattle/media bag check dams), and inlet wdeb(testing the effects of all check
dams). Eighteen storm events were sampled pasffitet

The straw wattle check dam had little impact onlewarformance; only O-P®
concentrations were significantly reduced (Figuwg @d Table 2-8), perhaps related to
sorption of dissolved P to sediment suspendederstbrmwater. Concentrations of TKN,
TAN, PBP, TP, and TSS significantly increased. &keelsior fiber wattle check dams were
30 Ibs dry weight (Figure 2-8). While they wereperly installed, the wattle check dams’
light weight caused them to float slightly off tgeound during wet weather, providing
negligible impedance to flow. Observations dugsthg'm events indicated no differential
head across the straw wattles (Figure 2-9). Tihaeswattle check dams did not substantially
extend the detention time within the swale, expiagrihe lack of significant treatment
benefits. This is in contrast to results presgiyg Kang et al. (2013) for construction sites,
who found that excelsior wattles provided greatsrding than rock check dams, perhaps

because the wattles clog and restrict flow moreldyiin this higher turbidity environment.
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- e b oo s 5
Figure 2-8: Close up view of an excelsior fiber wée (left) and an excelsior fiber wattle installedn the
[-40 swale with wood grade stakes.

X AN 4
A e : o TN -
Figure 2-9: Close up view of an excelsior wattle ding a storm event (9/8/14). Note that water levelare
the same on both sides of the check dam, indicatimginimal flow impedance.

While TKN, TAN, PBP, TP, and TSS significantly ieased through the section of
swale with the straw wattle, the check dam wagmpollutant source; rather, this segment
of the swale experienced channel erosion duringptse-retrofit period (Figure 2-10), first

observed after a 3.6-in rainfall event on May 165142 The check dam was not a contributor
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to channel degradation as the lack of ponding misné was no impact on vegetation
health. Maintaining healthy and vigorous vegetatioswales is perhaps the most critical
factor to prevent suspension of soil particles asebciated pollutants (Barrett et al. 2004,

Winston et al. 2012).

P ihto s SERYES \ A
5, IS ORI N
Figure 2-10: Channel degradation between the inleind first check dam of the 1-40 swale.

The straw wattle/media bag check dams significameitiiced concentrations of O-
PQ, TP, and TSS when compared to those observed imtagddownslope of the first
straw wattle check dam. TP and TSS reductions ywerieably related to settling and/or
trapping of the re-suspended sediment in the uppeion of the swale (Figure 2-7).
However, significant and nearly three-fold incresaseNG-3 concentrations in this portion of

the swale were similar to those observed pre-iietperhaps the adjacent agricultural field
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was contributing N@3 along this portion of the swale. Similarly elea@iNG 3
concentrations were not observed in previous mangof this swale (Winston et al. 2012).
When considering the combined effects of all chéaks, the retrofitted swale

significantly increased N£3, TN, and TAN concentrations, while no significaifference
was observed from the inlet to the outlet of thalsvior TKN and ON. Taken together, the
check dams had no positive impact on nitrogen tetem this swale, similar to results in
Yu et al. (2001). These results modestly diverigech those in Stagge et al. (2012), who
observed significant improvement of Ngxreatment when check dams were installed in a
swale, but no improvement in TKN. PBP, TP, and T8&centrations were not significantly
different through the post-retrofit 1-40 swale. rthermore, significant differences were not
observed between pre- and post-retrofit swale &ffliconcentrations for any of the
pollutants monitored. This suggested that in tesimsater quality discharged to nearby
receiving streams, the straw wattle and media bagkcdams provided no benefit.

The ViroPhos™ supplements incorporated in the medgacheck dams were
designed to remove O-RQ Post-retrofit, a significant reduction (73%)PQ;*
concentration was observed between the swaleantbutlet. The median inlet EMC of
0.051 mg/L was reduced to 0.031 mg/L at the middlmpling point (prior to ViroPhos™
treatment) and to 0.014 mg/L at the swale oufléte pre-retrofit swale significantly reduced
(by 61%) O-P@" concentration, with a median effluent concentrat®0.015 mg/L at the
swale outlet. When comparing pre- and post-rétssiale performance, O-RDeffluent
concentrations were not significantly differenthus, ViroPhos™ did not improve O-FO

removal within the swale; similar results were atied for vegetated filter strips in Knight et
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al. (2013). This may be related to irreducibléugfit O-PQ® concentrations in the pre-
retrofit period (Figure 2-7 and Table 2-8; Lentamt Hunt, 2011). The contact time
between the media and the stormwater could have tbeeshort since the straw wattles did
not pond water over the media bags.

Research by Stagge et al. (2012) also showed teakalams had a negligible effect
on the overall ability of swales to sequester tieowise reduce pollutant concentrations. In
their study, vegetated check dams only improved-N®moval, while slightly increasing
TSS concentrations. Kaighn and Yu (1996) obsethatla roadside swale with a check dam
had nearly twice the TSS removal efficiency of @nout a check dam. However, this
check dam ponded stormwater, while wattles at-#h@ s$ite failed to do so. Based on results
herein, in Stagge et al. (2012) and Kaighn and ¥96), check dam installations should
ensure detention of stormwater during wet weathgryelease water within 24 hours of the

cessation of rainfall to prevent turfgrass moryalBeard and Martin 1970).

Comparison of Pollutant Concentrations with Ambient Stream Health

Although SCM pollutant treatment efficiency is oftevaluated based on reductions
in EMCs and pollutant loads, these metrics do nosler the limited potential to achieve
pollutant reduction when influent concentrations already low (Strecker et al., 2001).
Under these circumstances, unit processes witkiisS@®M may not be able to provide
substantial improvement to “irreducible” concenitras; however, discharged water may be

of high enough quality to have no negative impacteceiving waters. Nonetheless, this
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analysis considers only the impact of pollutantaemtrations; one must also consider the
impact of stormwater volume and flow rate on strggomorphology (Walsh et al. 2016).

Due to the range of benthos sensitivity to pollatibenthic macroinvertebrates may
be used as indicators to assess water quality ssigralevels of impairment in streams and
rivers (Barbour et al., 1999). McNett et al. (2P&Orrelated ambient nutrient and sediment
concentrations in streams across North Carolirtbdsensitivity of their benthic
macroinvertebrate populations. These metrics bae® employed as baselines for SCM
performance (e.g., Lenhart and Hunt, 2011; Winstoa., 2011; Knight et al., 2013).

The Mango Creek and 1-40 swales were located ifPtbémont and Coastal Plain
ecoregions of North Carolina. For streams in tletiNCarolina Piedmont, McNett et al.
(2010) established “good” water quality threshdlwsTN and TP at 0.99 mg/L and 0.11
mg/L, respectively. For streams in the CoastahPigood” water quality thresholds were
0.73 mg/L and 0.09 mg/L, respectively (McNett et 2010). “Good” water quality is
associated with sensitive benthos populationsudioy mayflies and caddisflies (Barbour et
al., 1999). Atarget TSS effluent concentrationS3&€Ms of 25-30 mg/L is often used (e.qg.,
Barrett et al. 2004; Stagge et al. 2012). Theggetaoncentrations provide benchmarks for
comparison against SCM influent and effluent gyalit

Influent concentrations at Mango Creek were belosvrespective TN and TP “good”
water quality thresholds, suggesting runoff from 540 bridge deck was relatively clean.
After passing through the swale, median pre- arsf-peirofit TN concentrations (between
0.8-0.85 mg/L) were still below this threshold. dien TP effluent concentrations for the

pre- and post-retrofit periods (0.19 mg/L and hvi@L, respectively) increased through the
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swale to concentrations associated with “fair” égpolod/fair” water quality, respectively
(McNett et al., 2010). Median influent TSS concatibns (pre- and post-retrofit of 47 mg/L
and 52 mg/L, respectively) were reduced to nea-(ptrofit) or below (post-retrofit) the 25
mg/L target concentration. The inability of the \@ Creek swale to provide significant
treatment of nutrients may have been a resultredlucible concentrations entering the SCM
(Lenhart and Hunt, 2011).

To illustrate the relative frequency that target@entrations were met, cumulative
probability plots were generated by ranking stouanté mean concentrations for each
monitoring period and plotting each against itatieé probability of exceedance (Figure
2-11). Pre-retrofit influent TN, TP, and TSS EMd@st their respective “good” water quality
targets 57%, 57%, and 14% of the time. Compargtipee-retrofit effluent met water
quality goals 14%, 0%, and 29% more often, respelgti suggesting improved TN and TSS
effluent quality. Post-retrofit influent met thgdod” target for TN, TP, and TSS,
respectively for 96%, 65%, and 22% of events. JPetsofit effluent EMCs met their water
guality targets during 0%, 0%, and 48% more oftemtpre-retrofit, respectively. For
nutrients, this suggested unreliable treatment. TS5, treatment was observed across the
range of influent concentrations (Figure 2-11).

Stormwater entering the 1-40 swale contained eéx/autrient concentrations when
compared to target water quality conditions of talasreams. Median TN influent (1 mg/L)
and effluent (2 mg/L) concentrations were aboveltii@ mg/L target “good” concentration.
The median influent TP concentration improved fi@21 mg/L to 0.09 mg/L (pre-retrofit)

and 0.14 mg/L (post-retrofit) as water passed tiphahe swale, with effluent meeting the
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“good” water quality threshold pre-retrofit. Mediafluent TSS concentrations were above
the target threshold pre- and post-retrofit (93Lrayid 26 mg/L, respectively), while the
swale effectively trapped sediment during thes@pdsr(22 mg/L and 17 mg/L, respectively)
periods, reducing concentrations below the tatgesshold. Reliable sediment removal was
observed both before and after check dams retrofit.

Pre-retrofit influent TN, TP, and TSS EMCs met “gbevater quality thresholds
during 0%, 0%, and 8% of events. Pre-retrofitugffit EMCs met their water quality targets
0%, 50%, and 50% more often, respectively. Fot-petsofit influent concentrations, 17%,
11%, and 50% of events met the “good” targets,eetsgely. Post-retrofit effluent EMCs
met their water quality targets 0%, 17%, and 17%enficequently than pre-retrofit,
respectively. Collectively, these results suggkthes swale was effective (both pre- and
post-retrofit) at sequestering TP and TSS but mat The swale offered no treatment of TN
with or without the inclusion of check dams. If T®Nof concern, other retrofits to swales,
such as those promoting denitrification, filtrati@m plant uptake, should be the focus of
management plans (Winston et al. 2012; IngvertSederkvist, Régent, et al. 2012;
Ingvertsen, Cederkvist, Jensen, et al. 2012).

When comparing effluent quality, the check damMlango Creek improved the
percentage of storm events meeting target watditygjaanditions for TN, TP, and TSS by
7%, 25%, and 27%, respectively. The check damg@tdid not improve the percentage of
events meeting the target conditions for TN andaife, only improved those for TSS by 9%.
Perhaps these contrasting results are relatec tgréater impedance to flow produced by the

rock check dams vis-a-vis the straw wattles. Egfigdn light of the fact that potentially
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irreducible influent concentrations were observeiflango Creek, this supports the notion
that check dams should be designed as hardenetusasithat maximize hydraulic retention

time without jeopardizing motorist safety or incsg® maintenance burden.
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Figure 2-11: Cumulative probability plots for TN, TP, and TSS for Mango Creek and 1-40. “Good” water
guality thresholds (based on McNett et al. 2010) arshown as dashed horizontal lines.
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Summary and Conclusions

This study examined the effectiveness of retrafiftvarious types of check dams,

including rock, straw wattle, and phosphorus-adsggpnedia bags, in vegetated swales to

augment nutrient and sediment retention. Thevaflg conclusions were drawn:

1)

2)

The pre-retrofit grass swale at Mango creek waslerta significantly reduce
nutrient concentrations or TSS ER concentratiofi$er installing the rock
check dams, total suspended solids EMCs were ggntfy reduced by 71%;
however, effluent concentrations during the prel post-retrofit periods were
not significantly different. Because the pre-rétrdata set was small, data
(31 sampled storm events) from Luell (2011) wese alompared to the post-
retrofit data. Statistical analysis showed no ifiggnt improvement in
nutrient or TSS removal by the swale with check slatdowever, post-
retrofit effluent TSS concentrations (15 mg/L) rtiet ambient water quality
target of 25 mg/L, while pre-retrofit EMCs did @6 mg/L). Nutrient
concentrations often increased in the post-retsufiile due to the impact of
newly installed sod and nutrients associated watigiowing media.

Pollutant load reduction at the Mango Creek swads aided by the 20% and
17% volume reductions observed during the pre-parst-retrofit periods.
Even so, the pre-retrofit swale was only able gmisicantly reduce TAN
loads. Post-retrofit, TSS loads were reduced Bg,Adhile TSS loads
increased by 15% pre-retrofit. However, only TAM&-PQ* loads were

significantly lower post-retrofit. The post-retitawale was, however, able to
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3)

4)

5)

mitigate the variability in effluent pollutant loed, providing more consistent
effluent water quality.

Influent runoff at Mango Creek contained low nuttieoncentrations when
compared to target water quality conditions devedbfor local streams. Both
pre- and post-retrofit median TN and TP inflow cemttations were below
“good” water quality thresholds. Therefore, theal@is inability to treat
nutrients may have been a result of “irreduciblefi@entrations entering the
SCM (Lenhart and Hunt, 2011). Pollutant conceitratexiting the swale
were found to generally meet “good” water quality.

Debris, litter, and sediment caused clogging ofrtek check dams at Mango
Creek. Clogged check dams contributed to thedbkealthy swale
vegetation from extended periods of inundationeckdams should be
designed of hardened materials to detain stormveateng a rainfall event,
but should drain to prevent turfgrass mortality &mel potential for suspension
of bed material.

In contrast to the Mango Creek swale, the infliemtcentrations to the 1-40
swale were substantially higher, and the pre-rietrafO swale significantly
reduced concentrations of all pollutants studieceek TAN, NQ-3, and TN.
This suggests that swales provide mitigation ofaled pollutant
concentrations (especially P and TSS), but perbtapggle to reduce more
typical urban stormwater pollutant concentratiomfie post-retrofit swale

provided significant reduction for only O-20from the inlet to outlet.
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However, effluent concentrations of O-FQre- (0.014 mg/L) and post-
retrofit (0.015 mg/L) were not significantly difient. Furthermore, when
comparing pre- and post-retrofit data sets, thatiatidof the excelsior fiber
wattle check dams and ViroPhos supplement badsefeseparately or as a
group) did not significantly improve TSS or nutti@ncentrations, because
the wattle check dams failed to impound water duviet weather due to their

high permeability and low weight.
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PART 3: SUMMARY AND RECOMMENDATIONS

Summary of Studies

Two swales (Mango Creek and 1-40) draining highwayoff in North Carolina were
retrofitted with simple check dams to determinthése devices might improve hydrologic
and/or water quality performance of swales. Comuetwatk dam designs were evaluated for
improvement of pollutant removal and infiltratioropided by the swale. The Mango Creek
swale was retrofitted with a pair of standard robkck dams, while the 1-40 swale was
retrofitted with a system of standard excelsioeffilvattle check dams. Furthermore,
proprietary phosphorus-adsorptive aggregate (ViosPH) media bags were incorporated to
supplement the check dams at 1-40. Each swaleweastored for approximately six months
to collect “pre-retrofit” data prior to the instatlon of check dams in March-April of 2014.
Monitoring of the “post-retrofit” swales followeai twelve months. Hydrologic data were
collected from the Mango Creek site to examine glak mitigation and volume reduction
caused by storage and infiltration due to the amdif check dams. Inflow and outflow
flow-proportional (Mango Creek) and rainfall-proional (I-40) water quality samples were
obtained from both swales to investigate removaliwbgen and phosphorus species and
total suspended solids (TSS) during the pre- asthrofit phases of the research.

The inclusion of rock check dams in the Mango Cregéle did not significantly
improve the hydrologic performance of the SCM; Imeitvolumes nor peak flows mitigation
was furthered by the check dams. However, thissuéstantially impacted by the small
pre-retrofit data set. Greater than 50% and 20fnve reduction was observed during small

(<0.75inch) and moderate (0.75-1.5 inch) rainfaér@s post-retrofit, nearly double the
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runoff volume reduction for these events beforeitiseallation of the rock check dams.
Similar improvements in peak flow mitigation wergserved. No improvement in volume
reduction for large events (>1.5 inch) was obserwddle modest peak flow mitigation was
observed post-retrofit due to the inclusion of¢theck dams. Rock check dams did not
significantly improve the removal rates of sedimbatund pollutants or agueous nutrients.
Again, this may be related to the small pre-retrddita set, as pre-retrofit reduction in TSS
concentration was -34%, while post-retrofit it iraped to 74%. Additionally, TSS loads
were significantly reduced post-retrofit, while significant difference was observed pre-
retrofit. Compared to concentrations found in tileaPiedmont streams, nutrient
concentrations were generally low entering the swahiting the potential for significant
reduction. Total nitrogen and TP effluent concatiins were found to generally meet
“good” water quality conditions based on ambien¢@mn health. The rock check dams
increased hydraulic retention time by 29-50% dependn rainfall depth. Rock check dams
were effective in the filtration of gross solidshish led to clogging of the check dams and
loss of swale vegetation over time (due to lengtbigding). Check dams should be designed
for ease of maintenance and to dewater betweersdggirevent vegetation loss.

Inclusion of excelsior fiber wattle check damshe t-40 swale did not significantly
improve pollutant EMCs compared to pre-retrofit dibions. While dramatically improving
‘in swale’ orthophosphate (O-R®) concentrations, ViroPhd% supplements did not
significantly improve the treatment of O-FOn the swale relative to pre-treatment
concentrations, as both pre- and post-retrofit eatrations (<0.02 mg/L) were low, possibly

approaching “irreducible” concentrations. Duelteit high permeability, the wattle check
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dams did not pond water; therefore, sedimentatias mot improved. Overall, results from
this study indicate that rock check dams are paéferto straw wattles because they ponded

stormwater and provided modest benefits.

Design Considerations

Both check dams types studied herein offered onerrbanefit: the filtration of
coarse sediments, gross solids, and debris. Tdkecteeck dams, in particular, were so
effective at collecting gross solids that they gled within six months. Rock check dams
could be utilized as “portable forebays” in swaleseiving excessive gross solids and debiris.
The wattle check dams also captured gross solids)di to the same extent as the rock
dams. The weaker structure and lighter weight nib&m less desirable in capturing gross
solids.

Some design guidance for check dams can be gldeoradhe this work. First, the
shape of the check dam should be parabolic adettiaiNCDOT standard 1633.01 to
encourage bypass over the weir and not aroundngekaam (Figure 3-1). The check dams
herein were flat across the top to promote moraipgnthan the NCDOT standard detail, but
this design caused erosion around the edges chdek dam from during high flow rates.
Second, to maintain the health of typical swalegrgegetation, check dams must be easily
maintained to remove detritus and debris. It@®nemended that rock check dams be
regularly inspected (e.g., once every four monktispny sediment/gross solids/debris
removal. This preventative maintenance is padidylimportant for check dams used for

gross solids capture. Alternatively, check damddbe allowed to clog (by design) under
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appropriate conditions. Prepping soils to be Iqoather than compacted) and planting
hydrophytic wetland vegetation in the swale (vertypgcal warm season grasses) would
enhance infiltration and sedimentation providecchgck dams, while maintaining healthy
swale vegetation. With water-tolerant plants i $ivale, extended periods of ponded water
would not cause plant mortality, increasing charstatbility. Allowing check dams to clog

by design would also reduce the amount of maintemaequired for these retrofits.
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Figure 3-1: NCDOT standard 1633.01 temporary rock itt check dam design drawing (NCDOT, 2012).

There were several notable improvements that dogilchade to the design of the
wattles for enhanced functionality as check dansost-construction grass swales. First, the
excelsior fiber was too light in weight, allowinigd to easily travel underneath the check

dam and float the wattle. Because of high excefsier permeability, flows passed through

84



the wattles with negligible flow impedance. A vattvith a heavier and less porous filling
material might substantially improve the abilitytbé check dam to filter stormwater and
impound flow. The wooden stakes used to hold tatles in place were inefficient and
allowed the wattles to float in place, rather thalding them on the ground. Using
landscape staples to staple wattles on the grdunddh their netting might provide a more
effective method for installation. Finally, for thocheck dam types including a designation
(such as flagging or bollards) on each end of tirexk dams is critical to ensure they are
made visible to mowers. Patrticularly in swaleshwill vegetation, mowing personnel may
not be able to see check dams and this could dathageower and the check dam.

The ViroPhos bags utilized at the 1-40 swale praeede durable throughout the
twelve-month post-retrofit monitoring period. Timedia bags were heavy enough that they
were not moved during heavy flows. It makes seasecorporate the ViroPhos bags
upstream of check dams to increase contact tinte witoff; however, the system of
ViroPhos bags used at each check dam in this stagdytoo complicated for real-world
application. A more reasonable approach wouldbbedorporate only the “thalweg” media
bag(s) upstream of each check dam. This way, utldvioe easier to replace the bag(s) when
necessary and less complicated to maintain and anound the check dam.

Of the two check dams studied, the rock check daredommended as an effective
swale retrofit for the filtration of gross solidscadebris, hydrologic and water quality
improvement. While the rock check dams showedntiatieto enhance stormwater treatment
in swales, the low number of pre-retrofit stormfestted herein limited the chance to prove

significance when comparing to post-retrofit.
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Research Recommendations

Additional research is needed on different typeshaick dams. This study provided
design guidance regarding rock and excelsior fitle check dams; however, there are
other materials (wood railroad ties, filter sodfligferent types of wattles) that can be used to
build check dams that have not been evaluated ale setrofits. Stagge et al. (2012)
evaluated swales with vegetated berm check damshése seem difficult or impractical to
distinguish from other vegetation in a swale.

The effectiveness of rock check dams that are muzed (as they were not in this
study) and under higher influent nutrient concemrs is unknown. Additionally, research
on other P-sorbtive media for targeted phosphao®owal in swales is needed. Research
should be conducted to test the incorporation odPhos within a check dam that effective
ponds stormwater to increase contact time. Finahgck dams designed to clog should be
implemented with hydrophytic vegetation to evaluatdogged check dams might offer

improved treatment of stormwater.
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Appendix A: Mango Creek Site Photos

Figuféﬁ-l: -540 bri ge deck PVC runoff conveyancegipe downspout (left) and view of pipe extending
towards Mango Creek (right).

Figure 4-2: Upstream view of the Mango Creeksalﬁ)rbay.
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Appendix B: Mango Creek Weir Stage/Discharge Calculations
The inlet weir box housed a compound weir congistiha 29.0-cm, 60° V-notch
weir and a 32.0-cm high, 33.5-cm wide contractetaregular weir. Flow depths in the inlet
weir box were converted to flow rates using a datifbased on the V-notch and contracted
rectangular weir equations), stepwise function giveEqgs. (B-1) and (B-2) (Walkowiak,
2013).
Q =796.7 x H*5 whenH <0.29m (B-1)

Q =35.9+ 1838(0.335— 0.2H)H'> whenH > 0.29m (B-2)

Where,
Q = flow rate (L/s)
H = head on the weir (m)

The stepwise function calculated flow through tbé @-notch [Eq. (B-1)] and then
over the contracted rectangular weir [Eq. (B-Bpcause of the unique design of the
compound weir used at the inlet, stage/dischartge ptzints developed using Eqgs. (B-1) and
(B-2) were entered into the ISCO 6712 automatecpamo determine flow rates based on

flow depths in the weir box (Table 4-1).

Table 4-1: Programmed stage/discharge relationshipsed for the Mango Creek swale inlet weir.
Point Head (ft) Q (cfs) Head (m) Q (L/s)

1 0.000 0.000 0.000 0.000
2 0.040 0.000 0.012 0.013
3 0.080 0.003 0.024 0.074
4 0.120 0.007 0.037 0.204
5 0.160 0.015 0.049 0.418
6 0.200 0.026 0.061 0.731
7 0.240 0.041 0.073 1.153
8 0.280 0.060 0.085 1.695
9 0.320 0.084 0.098 2.367
10 0.360 0.112 0.110 3.177
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.400
0.440
0.480
0.520
0.560
0.600
0.640
0.680
0.720
0.760
0.800
0.840
0.880
0.920
0.950
1.000
1.040
1.080
1.120
1.160
1.200
1.240
1.280
1.320
1.360
1.400
1.440
1.480
1.520
1.560
1.600
1.640
1.680
1.720
1.760
1.800
1.840
1.880
1.920
2.000

0.146
0.185
0.230
0.281
0.339
0.402
0.473
0.550
0.635
0.727
0.826
0.933
1.048
1.171
1.269
1.310
1.367
1.437
1.518
1.608
1.706
1.811
1.922
2.038
2.159
2.285
2.414
2.546
2.682
2.821
2.962
3.105
3.251
3.398
3.546
3.696
3.847
3.999
4.152
4.458

0.122
0.134
0.146
0.158
0.171
0.183
0.195
0.207
0.219
0.232
0.244
0.256
0.268
0.280
0.290
0.305
0.317
0.329
0.341
0.354
0.366
0.378
0.390
0.402
0.415
0.427
0.439
0.451
0.463
0.475
0.488
0.500
0.512
0.524
0.536
0.549
0.561
0.573
0.585
0.610

4.135
5.247
6.523
7.967
9.589
11.394
13.389
15.581
17.974
20.575
23.390
26.425
29.684
33.173
35.943
37.092
38.697
40.689
42.988
45.543
48.319
51.287
54.426
57.717
61.143
64.692
68.350
72.108
75.953
79.879
83.875
87.935
92.050
96.215
100.422
104.665
108.940
113.239
117.559
126.237
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The outlet weir box housed a 61.0-cm, 45° V-notelirwFlow rates at the outlet
weir box were calculated using a standard 45° \Gimeteir equation [Eq. (B-3)]
(Walkowiak, 2013).
Q =571.4 x H%S (B-3)
Where,

Q = flow rate (L/s)
H = head on the weir (m)
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Appendix C: Summary and Photos of Monitoring Equipment Utilizedat the Mango
Creek and I-40 Sites

Mango Creek Site

Table 4-2: Summary of Mango Creek monitoring equipnent.

Equipment Mango Creek Inlet Mango Creek Outlet
Sambler Device ISCO 6712 automated ISCO 6712 automated
P sampler sampler
29 cm - 60° V-notch to 33.5 o :
Weir Box Structure cm wide rectangular weir, 61 cm - 45% V-notch weir

32 cm high (baffle included) (baffle included)

Flow Monitoring Device ISCO 730 Bubbler Module ISGB0 Bubbler Module
12-volt deep cycle marine  12-volt deep cycle marine

Power Source battery charged by 20-watt battery charged by 20-watt
solar panel solar panel
Rainfall Monitoring ISCO 674 Tipping Bucket  ISCO 674 Tipping Bucket
Device and Manual Rain Gauge and Manual Rain Gauge

Figure 4-5: ISCO 6712 automated sampler and a 12-ka@leep cycle battery in housing (left) and a
mounted 20-watt solar panel (right).
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Figure 4-7: Clockwise from top left: Mango Creek ifet monitoring point éhwing ISCO sampler housing
and catch basin, weir box with baffle placed withirthe catch basin, and the mounted sampler head with
bubbler attachment for measuring flow rates.
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Figure 4-8: Clockwise from top left: Mango Creek otlet monitoring point showing ISCO sampler
housing and weir box, weir box from above with bafe placed inside, and the outlet weir during a stan

event.
[-40 Site
Table 4-3: Summary of 1-40 monitoring equipment.

Equipment [-40 Inlet* [-40 Middle I-40 Outlet I-4Road

ISCO 6712 ISCO 6712 ISCO 6712 ISCO 6712
sampler w/ 0.95 sampler w/ 0.95 sampler w/ 0.95 sampler w/ 0.95

Sampler Device cm strainer cm strainer cm strainer cm strainer
intake sampler intake sampler intake sampler intake sampler

head head head head

Weir Box 30 cm — 30° V-

Structure N/A N/A N/A notc_h weir
(baffle included)

Sample Pacing  ISCO 674 ISCO 674 ISCO 674 ISCO 730
Device Tipping Bucket Tipping Bucket Tipping Bucket Bubbler Module
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12-volt deep 12-volt deep  12-volt deep 12-volt deep

cycle marine  cycle marine  cycle marine cycle marine
Power Source battery charged battery charged battery charged battery charged
by 20-watt by 20-watt by 20-watt by 20-watt solar

solar panel solar panel solar panel panel
Rainfall ISCO 674
Monitorin ISCO 674 ISCO 674 Tipping Bucket N/A
Devi 9 Tipping Bucket Tipping Bucket and Manual
evice :
Rain Gauge

*Monitoring Locations shown on Figure 2-2.

Figure 4-10: I 74 rain gauges and na ainayige t the 1-40 site.
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Figure 4-11: Mango Creek inlet monitoring point shaving ISCO sampler housing and catch basin (top
left), weir box with baffle placed within the catchbasin (top right), and the mounted sampler intakewith
a bubbler attachment for detecting flow rates.
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Figure 4-13: A sampler intake strainer set up for nonitoring at the 1-40 swale inlet (left) and a viewof the
sampler intake during a storm event (right).
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Figure 4-14: Slot drains installed alongside the ghway (left) and the weir box used to collect highay
runoff water quality samples (right).
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Appendix D: Mango Creek Monitoring Challenges

Several challenges were encountered throughounhtimtoring phases at the Mango
Creek swale. There were several occasions tlegraine or both of the monitoring stations
experienced power failure. This issue was pawdityicommon during the winter months of
the year, when cold temperatures inhibited thegoerénce of the 12-volt batteries.
Furthermore, the positioning of the 20-watt solangls, which were used to maintain the
charge of the batteries, did not provide the opt@maount of direct sunlight throughout the
day. The solar panels were installed next to Wedesin between the northbound and
southbound highway bridge decks, limiting the expego direct sunlight. During cloudy
days, the solar panels received very little sunlayid were not able to provide additional
charge of the batteries for the ISCO 6712 sampl&he overlapping of cold temperatures in
the winter with cloudy days on which storm evegfsadally occurred, presented a difficult
challenge for maintaining power at both monitorgtgtions. Due to such circumstances,
hydrologic data for some storm events were losttdymwer failures throughout the
monitoring process.

Freezing temperatures and snow presented additbaienges during the winter
months. When subjected to freezing temperatunesyater in the weir boxes would freeze,
leading to inaccurate water level readings withidhbbler module. Because of this, there
was no way to properly determine the volumes am fiates of runoff through the system
and such snow events were not included in the aisaty hydrologic data. Additionally,
snowmelt would often times continue for severalgdafger a snow event had concluded,

occasionally overlapping with new rainfall eveésding to inaccurate runoff volumes for
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that storm event. These factors were accountedten analyzing hydrologic data for
winter storms.

Gross solids occasionally lodged in the inlet wWEigure 4-15), leading to inaccurate
flow measurement. A grabber tool was used to renadMarger debris from the weir box
during each site visit. Debris and litter congisteostly of plastic bottles, Styrofoam cups,
plastic bags, mulch, pine straw, cigarettes, amasional large pieces of wood. The
instances when the weir became clogged were obunie recorded hydrology data and
typically occurred during the tail of the hydroghaior larger storm events. A correction was
applied to the hydrology data for storm events émabuntered this issue in order to cut off

the false portion of the hydrograph due to weigging.

Figure 4-15: The inlet weir box clogged with debrignd litter (left) and a pile of the debris and liter
removed from the weir box (right).

During the pre-retrofit monitoring period of thisidy, two separate disconnections of

the PVC pipes used for routing runoff from the gly bridge deck to the swale were
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observed. The first disconnection was observe@awober 22, 2013. On December 3,
2013, a second disconnection was observed. NCD&W mended all pipe disconnections
on January 14, 2014 (Figure 4-16). While the pipere disconnected, the swale received
runoff volumes similar to those of rainfall evebtsfore and after the disconnections were
observed, indicating that only a small portiontd tunoff volume was leaking from the

pipes. Data collected while the pipes were diseated were included in analyses.

o s
=l I

,I.;"l‘ " JF pa 7
Figure 4-16: The first observed disconnected PVC @inage pipes leaking on 10/22/13 (left) and the sam

PVC pipes mended on 1/14/14 (right).

On February 4, 2014, during a site visit, it waseylbied that a vehicle had driven
through the swale, leaving two rutted tracks anafging the established grass. On March
28, 2014, NCDOT crew dug out the ruts and laid doew turfgrass sod. Figure 4-17
displays the observed damage to the swale alorigtiet repair of the swale by NCDOT
crew. This damage may have contributed slightineoeased ponding of water within the
rutted tracks as well as increased suspended sedaoecentrations during the short period

before repair occurred.
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Figur 4-17: Rutted track dae case a Igeehi driving aoss t Ie n 2/4/14 (lefthd
the repair of this damage by NCDOT on 3/28/14 (righ.

The final challenge faced during the monitoringho$ site involved the functionality
of the ISCO 674 rain gauge. The bucket would cblérd feces, sometimes causing it to
clog (Figure 4-18). The addition of a wire extemsaround the edge of the bucket provided
an alternative place for birds to sit, appreciahbltigating this problem. Additionally, the
rain gauge did also experience technical issudsdata not properly logging into the data
logger on a few occasions for unknown reasons gdossible that this had something to do
with a bad battery or the magnetic connection eftiibping bucket. This issue was

inconsistent throughout the study.
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Figure 4-18: ISCO 674 rain gauge bucket clogged due bird feces.
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Appendix E: Mango Creek Swale Check Dam Installation

Installation of the rock check dams at the MangeeRrswale occurred on March 28,
2014. North Carolina Department of Transportafid@DOT) worked in conjunction with
North Carolina State University to complete the lswatrofit. Figure 4-19 depicts the

procedure used to install the check dams.

Figure 4-19: Installation of a rock check dam at tie Mango Creek swale (proceeds clockwise from top
left).
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Appendix F: Mango Creek Swale Storage and Infiltration Calculaions

Step 1: AutoCAD Civil 3D was used to determine the areasf the swale that ponded water due to the
rock check dams.

Drop Inlet Grate

Rock Check Dam #1 /) S
-

Edge of Grass Height Rock Check Dam #2

Ponded Area from Check
Dam #2: 470 ft*

Outlet Pipe
Thalweg of Channel 18 inch Corrugated Plastic
Forebay '/
Inlet Pipe p. ¢ W
18 inch Corrugated Plastic = / Bondsd: ATes: fromm CihEEk
R 7 /] Dam #1: 350 ft
o /
/o 7
7 Ao Total Ponded Area:
820 ft*
/N
A Total Swale Area: Percentage of Swale
2685 ft* Footprint to Pond Water

from Check Dams = 31%

Figure 1-7 displays the footprint of the swale ttatild pond water from the check
dams. This analysis found that approximately #6an31%, of the swale surface area was
exposed to ponding water when the check dams wiee to the brink. Below are the areas

from AutoCAD used to make these calculations:

Total Swale Surface Area = 249.5 m?
Check Dam 1 Ponded Area = 32.7 m?
Check Dam 2 Ponded Area = 43.4 m?
Total Ponded Area Footprint = 76.1 nv

Percentage of Swale Footprint Ponded = 31 %
Step 2: The maximum potential storage volume of the swads calculated. Check
dams were designed to be 0.28 m (11.0 in) in heigbtcalculate an approximation of the

maximum volume that could be ponded in the swaleg\eerage height of 2/3 the height of

107



the check dams was used (due to the triangularesbigthe ponded water when viewing the
profile of the swale). This height (0.19 m) wasltiplied by the ponded area created by
each check dam to determine individual storagemek: Finally, these two volumes were
added together to provide an estimate of the sotale storage volume. The values used in

this calculation are shown below:

Average Water Height for Max Volume = 0.1¢n
Check Dam 1 Ponded Volume = 6.0n°
Check Dam 2 Ponded Volume = 8.in°
Total Ponded Volume = 14,178

Step 3: Finally, the maximum drawdown time of clogged, yydblonded check dams
was estimated. A ponding depth of 93 mm (3.7an)1/3 the height of the check dams, was
used as an estimate of the average water leveltbegyeriod of time while the full ponding
depth was infiltrated. The average ponding deh then divided by the average,
minimum, and maximum infiltration rates (determinegng the ASTM D3385-09 Double-
Ring Infiltrometer Standard Test Method) to provaleange of potential drawdown times
that could be experienced in the swale (when cldecks are clogged). The infiltration rates

and calculated drawdown times are provided below:

Average Infiltration Rate = 1.51mm/hr
Minimum Infiltration Rate = 0.75 mm/hr
Maximum Infiltration Rate = 2.06 mm/hr
Average Drawdown Time = 2.6hrs
Maximum Drawdown Time = 5.2hrs
Minimum Drawdown Time = 1.9hrs
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Appendix G: Photos of Mango Creek Swale Vegetation Health

Degradation of swale vegetation was observed #dfterock check dams fully
clogged (due to extensive ponding). Figure 4-2pldys swale vegetation upstream of the
first check dam in the summer after check dams wstalled. Photos were taken over four
months after the check dams were installed on M28¢t2014. Prior to the clogging of the

check dam, swale vegetation remained generallytheal

P "
Vs

Figure 4-20: Mango Creek swale veetation upstreawf the first check dam p'rior to clogig (phots
taken August 12, 2014). Photos are in order movindownstream (clockwise from top left).

The first check dam was observed to fully clog agpnately six months after
installation. The effects of the clogged check danswale vegetation health over time are

shown in Figure 4-21. Photos were taken the fallgveummer (at the end of the study),
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nearly ten months after the first check dam wagesl to fully clog. Healthy swale
vegetation was not sustained with the absenceraigie check dam maintenance to remove

clogged sediment and debris.

Figure 4-21: Mango Creek swale vegetation upstreawf the first check dam after clogging had been
present for approximately ten months (photos takeduly 21, 2015). Photos are in order moving
downstream (clockwise from top left).
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Appendix H: Mango Creek Swale Hydraulic Retention Time Calculabns

Hydraulic retention time (HRT) was measured adehgth of time from when peak
flow occurred at the inlet of the swale until pdiakv occurred at the outlet for each rainfall
event. Only storm events large enough to produti#oav from the swale were considered
for the analysis. Storm events with rainfall despoii 5.0 mm (0.2 in) or greater met this

constraint. Table 4-4 and Table 4-5 display calad estimates of hydraulic retention times

for each rainfall event pre- and post-retrofit pasively.

Table 4-4: Pre-Retrofit calculated hydraulic retenion times for the Mango Creek swale.

Storm Rainfall  5-min Peak Int. Time of Peak Disdwr HRT
Number (mm) (mm/hr) Inflow Outflow (min)
3 23 17 12/10/13 3:16 12/10/13 3:24 8
4 25 19 12/14/13 17:22 12/14/13 17:38 16
5 40 45 12/23/13 9:14 12/23/139:20 6
7 32 32 1/10/14 22:34 1/10/14 22:38 4
8 6 22 1/11/14 14:14 1/11/14 14:22 8
9 9 7 1/14/14 11:52 1/14/14 12:16 24
11 5 7 2/3/14 10:42 2/3/14 10:50 8
12 14 11 2/4/14 17:56 2/4/14 18:06 10
13 13 11 2/19/14 6:00 2/19/14 6:18 18
14 15 44 2/21/14 12:36 2/21/14 12:48 12
15 11 15 3/3/14 10:40 3/3/14 11:02 22
16 51 7 3/7/14 3:22 3/7/14 3:38 16
17 7 6 3/16/14 22:54 3/16/14 23:32 38
18 7 3 3/17/14 22:48 3/17/14 23:.02 14
Table 4-5: Post-Retrofit calculated hydraulic retetion times for the Mango Creek swale.
Storm Rainfall ~ 5-min Peak Int. Time of Peak Disdwr HRT
Number (mm) (mm/hr) Inflow Outflow (min)
1 36 40 4/15/14 17:20 4/15/14 17:32 12
2 15 6 4/19/14 6:54 4/19/14 7:08 14
3 6 31 4/29/14 20:06 4/29/14 20:22 16
4 30 99 4/30/14 12:28 4/30/14 12:40 12
5 108 101 5/15/14 13:02 5/15/14 13:14 12
7 19 96 6/9/14 22:26 6/9/14 22:38 12
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16
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33
34
35
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40
42
43
44
47
48
49
50
51
53
54
55
56
57
60
61
62

22
12
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52
18
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16
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73
13
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15
13

11
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19
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10/15/14 8:08
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11/6/14 20:32
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11/26/14 5:44
12/9/14 19:32
12/16/14 12:04
12/22/14 5:22
12/24/14 9:44
12/29/14 7:46
1/12/15 8:16
1/18/15 6:32
1/24/15 7:56
2/2/15 5:14
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2/26/15 5:04
2/27/15 11:58
3/5/15 13:50
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Appendix I

[-40 Watershed Delineation

Orthoimagery and contour data for the project\sitee retrieved from Johnston

County, NC Geographic Information Systems webditb(e 4-6). Orthoimagery of the 1-40

swale and surrounding area is displayed in Fige22.4The contour lines overlaid the

orthoimagery for use in delineation of the wateds(fégure 4-23).

Table 4-6: Data retrieved for the 1-40 study siten Benson, NC.

Digital
Orthoimagery
2013

Information Systems

http://www.johnstonnc.
com/gis2/content.cfm?f
D=data

System 1983

Dataset Name Source Projection Datum Resolution Notes
Johnston Count | Johnston County, Nort Lambert NAD83 2 fee The original
Contours — 2 ft | Carolina Geographic Conformal source for this

Information Systems Conic data was the
NCDOT.
http://www.johnstonnc.
com/gis2/content.cfm?f
D=data
Johnston County| Johnston County, Nori| State Plat NAD83 6 inck Orthos were
North Carolina | Carolina Geographic Coordinate flown early

(January - April)
in 2013.
Mapsheet 1558
01 was used for
the intended
study area.
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Figure 4-22: The 1-40 study site with the swale olihed with the/yellow box.

= : ’\

Figure 4-23: Two-foot contour li

_.“ "‘ 4

es overlaying th-40 study site.
The contributing watershed draining to the swals delineated using AutoCAD

Civil 3D. A combination of utilizing the AutoCADVater Dropfunction to determine flow
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paths based on contour data and good judgment basé@ site’s orthoimagery were used
in the process. It was determined that the wagersinea for the swale was approximately
1.07 ha, of which 0.17 ha (16%) was imperviouse irhpervious roads contributing to the
watershed included the southbound lanes of I-4@raon of the bridge overpass road
(Stricklands Crossroads Rd), and a small sectid#aminah Creek Rd near the intersection
with Stricklands Crossroads Rd. The remaindehefdontributing watershed consisted of a
combination of agricultural plots, wooded land, amedetated filter strips bordering the

nearby roads.

SRR D E
Figure 4-24: Delineated watershed for the I-40 swell
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Appendix J: 1-40 Monitoring Challenges

Several challenges were encountered throughouhtimtoring phases at the 1-40
swale. On two separate occasions during postftatnonitoring, a vehicle drove off the
highway and through the monitored portion of tR)Iswale, causing damage to the swale,
check dams, and/or monitoring equipment. In thst fhcident (June 28, 2014), a vehicle
drove through the “Road” sampler housing box. ifimgact destroyed all of the ISCO
monitoring equipment within the job box, along wikie weir box at this sampling location
(Figure 4-25). Additionally, the vehicle drove ovtbke set of steel reflector beams
surrounding the job box and left some minor rut dgenwithin the swale. The check dams
were unscathed through this incident. A new jok, B8CO 6712 sampler, and weir box

were reinstalled at the swale on Jufy 8014.
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Figure 4-25: Clockwise from top left: Job box housig and ISCO 6712 sampler remains from vehicle
incident on June 28, 2014, rut damage in the swalthe damaged weir box from the Road Runoff
sampling point, and bent steel reflector beams.

On January 13, 2015, a second incident occurradhioh a vehicle drove off the
highway and through the swale. The vehicle drbveugh the second excelsior wattle check
dam when driving across the swale. When the vehwels removed from the swale, the tow
truck pulled it through the third check dam, leaptia the displacement and destruction of
both wattles (Figure 4-26). Fortunately, the vehaid not come into contact with any of the
monitoring equipment and the tire tracks left midamage to the swale vegetation. New

excelsior fiber wattles were purchased and reilestah the swale on January'33015.
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Figre 4-26: Clockwise from top Ie: Vehicle tracks runni through the second check dam from
incident on January 13, 2015, the remains of the itd check dam, vehicle tracks from the tow truck
pulling the vehicle out, and a newly reinstalled rplacement wattle check dam on January 23, 2015.

Mowing events provided a further challenge, as mewesre unaware of the
monitoring research within the swale and tall geadsid the check dams from eyesight. On
several occasions throughout monitoring, mowerokaan the outer edges of the wattle
check dams, shredding those portions of the chaoksdFigure 4-27). Additionally, during
a mowing event in May of 2014, a mower ran overitiheke sampler head at the inlet
sampling location (Figure 4-28). The sampler head replaced during the subsequent site

visit.
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Flgur 4-28: Dmage to the inlet samplr head frora mower.

Finally, the ISCO 674 rain gauges experienced cmains with occasional

clogging from bird feces and frozen precipitatiamidg winter months (Figure 4-29).

Infrequent technical difficulties were also expaded with the tipping buckets when

malfunctions would occur and cause improper triggeof rainfall-paced samples.
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Appendix K: 1-40 Check Dam Installation

Installation of excelsior wattle check dams ando¥inos bags at the 1-40 swale
occurred on April 24, 2014. North Carolina Depatinof Transportation (NCDOT) worked
in conjunction with North Carolina State Universityinstall the excelsior fiber wattle check
dams in the swale. EnviRemed Construction sup@lietiinstalled the supplemental

ViroPhos media bags. Figure 4-30 provides photdkedinstallation.

it > *

of excelsior fiber watt|

Soid b

Figure 4-30: Installation lecheck dams and VlroPhs media bags at the 1-40 slea
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Appendix L: Mango Creek Swale Rainfall and Hydrology — Raw Data

Table 4-7: Pre-Retrofit Mango Creek swale rainfalland hydrologic event data.

5-min
Rainfal Duratio Peak Ant. Dry Volume Peak Flow

Storm I n Int. Period (L) (L/s)

Date (mm) (hrs) (mm/hr) (days) Inf Eff Inf Eff
12/7/13 5 5.7 9.9 7.6 3,434 0 7.2 0.0
12/8/13 5 10.9 9.9 0.9 1,620 0 1.1 0.0
12/9/13 23 24.6 16.5 0.8 18,3881,666 3.5 2.8
12/14/13 25 8.8 19.0 4.0 19,4420,511 5.3 4.7
12/22/13 40 31.4 44.6 8.0 67,9426,889 33.6 154
1/5/14 4 14.2 7.1 3.0 8,710 0 9.6 0.0
1/10/14 32 20.3 31.7 4.0 37,14B84,518 16.5 8.7
1/11/14 6 5.4 22.2 0.3 4,810 6,555 2.6 2.3
1/14/14 9 12.1 6.7 2.3 6,738 3,963 1.1 1.1
1/29/14 4 4.5 2.8 14.9 1,490 0 0.6 0.0
2/3/14 5 4.2 7.1 3.8 5,238 4,558 2.2 2.0
2/4/14 14 204 10.5 1.0 18,2892,264 2.0 1.9
2/19/14 13 2.2 10.6 3.7 21,2041,907 3.5 3.4
2/21/14 15 1.7 43.5 2.2 14,1534,534 179 11.7
3/3/14 11 2.9 15.2 9.9 8,230 7,693 5.0 1.1
3/6/14 51 28.4 6.9 3.1 32,76%64,255 1.3 2.1
3/16/14 7 14.0 6.0 3.8 4,675 4,839 04 0.5
3/17/14 7 12.6 3.0 0.4 6,336 10,101 0.4 0.7
3/19/14 3 3.0 3.5 1.3 2,113 3,032 0.5 0.7

Table 4-8: Post-Retrofit Mango Creek swale rainfalland hydrologic event data.

Ant.
5-min Dry Volume Peak Flow

Storm  Rainfall Duration Peak Int. Period (L) (L/s)

Date (mm) (hrs) (mm/hr) (days) Inf Eff Inf Eff
4/15/14 36 16.3 40.4 7.7 43,528 23,514 139 438
4/18/14 15 154 6.4 3.0 6,314 7,180 0.7 0.6
4/29/14 6 4.3 30.6 3.9 3,818 2,043 54 1.2
4/30/14 30 3.5 98.7 0.6 25,061 32,640 25.1 19.1
5/15/14 108 14.9 101.1 15.0 89,789 84,283 27.7 15.3
6/4/14 3 0.4 13.8 19.5 1,867 0 2.8 0.0
6/9/14 19 4.0 96.4 5.3 18,912 10,762 27.2 7.7
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6/11/14
6/13/14
6/19/14
6/21/14
6/25/14
7/3/14
7/9/14
7/10/14
7/15/14
7/20/14
7/24/14
7/24/14
7127114
8/1/14
8/2/14
8/9/14
8/12/14
8/18/14
8/20/14
8/29/14
9/4/14
9/8/14
9/13/14
9/24/14
10/3/14
10/4/14
10/10/14
10/11/14
10/14/14
10/15/14
10/29/14
11/1/14
11/6/14
11/16/14
11/17/14
11/23/14
11/25/14
12/6/14
12/8/14
12/9/14

15

2.2
4.2
5.8
5.3
0.9
9.6
0.6
2.2
10.0
2.3
1.2
3.1
3.0
9.4
4.5
64.9
8.6
3.4
0.2
0.2
5.6
29.8
N/A
N/A
11.3
1.2
N/A
N/A
N/A
N/A
N/A
4.1
6.1
6.9
6.2
14.0
18.9
8.7
8.0
8.5

52.6
42.7
67.6
25.6
41.4
6.4
28.8
24.0
98.5
18.5
69.8
109.7
59.4
14.1
35.3
8.3
134.6
48.0
24.6
27.7
80.0
40.0
N/A
N/A
9.5
44.5
N/A
N/A
N/A
N/A
N/A
6.3
16.9
3.3
19.6
73.4
19.2
9.6
3.1
6.2

1.6
1.2
6.8
15
3.9
7.7
5.7
1.1
4.8
4.3
3.9
0.4
2.5
5.0
0.6
6.5
0.8
5.7
1.8
8.3
6.7
3.0
3.7
11.0
9.0
0.5
5.9
1.0
3.0
1.0
14.0
3.2
5.3
9.8
0.6
5.7
1.7
9.8
2.1
0.3

17,391
2,737
8,571
2,199
7,875
247
526
14,053
52,814
1,958
18,006
35,842
9,290
4,718
11,485
26,571
79,915
8,365
3,949
2,591
35,134
83,861
16
30,907
1,944
11,866
11,899
5,684
5,952
55,220
4,479
6,971
4,758
3,008
7,226
21,797
43,229
2,787
787
6,737

17,762
1,609
4,508
77
1,515
0
72
9,205
43,004
68
14,409
38,587
6,675
694
6,755
6,554
91,476
6,471
2,768
166
37,054
85,617
0
15,884
0
9,642
7,452
3,753
2,145
43,014
969
1,045
1,198
0
935
12,446
41,324
612
0
6,595

18.1
7.6
17.7
4.8
10.2
0.5
1.7
6.0
33.4
2.8
17.7
36.6
13.0
3.0
7.6
2.5
63.0
11.9
7.9
5.8
25.4
14.0
0.0
6.8
1.9
10.6
7.0
12.9
5.2
14.8
2.7
1.3
3.7
1.0
3.4
33.9
5.8
1.8
0.3
1.0

16.1
1.2
3.2
0.1
1.2
0.0
0.1
3.4
20.6
0.1
11.8
31.6
4.7
0.4
2.1
1.0
67.2
3.4
2.1
0.2
16.3
11.1
0.0
4.0
0.0
6.6
3.5
1.9
0.8
8.9
0.8
0.3
0.8
0.0
0.4
10.5
3.2
0.6
0.0
0.7
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12/16/14
12/22/14
12/23/14
12/29/14
1/4/15
1/12/15
1/18/15
1/23/15
2/2/15
2/9/15
2/18/15
2/25/15
2/26/15
2/27/15
3/5/15

8
20
58
19
6
62
17
28
16
17

25
10
28

5.6
7.8
24.1
11.7
3.7
16.3
7.2
24.5
N/A
N/A
7.3
1.2
18.1
4.3
N/A

15.7
13.9
34.9
13.9
10.5
43.5
10.1
10.1
N/A
N/A
2.6
6.7
6.7
3.4
N/A

6.4
5.5
1.4
4.3
5.9
7.4
5.3
5.1
6.7
7.0
8.4
6.7
0.6
0.5
5.4

3,599
15,917
44,622
8,378
3,407
47,627
5,711
28,289
9,823
18,442
182
834
15,598
1,790
33,194

1,996
8,157
48,259
7,780
2,413
52,733
12,604
12,395
6,435
9,535
0
605
24,470
2,408
24,308

3.1
2.3
8.4
1.9
4.4
12.9
1.7
1.8
3.0
1.4
0.1
0.1
1.0
0.1
3.3

0.6
1.2
4.8
1.3
1.2
14.2
1.4
0.9
2.3
1.0
0.0
0.2
1.2
0.2
1.7
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Appendix M: Mango Creek Pollutant Event Mean Concentrations — Bw Data

Table 4-9: Pre-Retrofit Mango Creek swale nitrogerspecies EMCs.

TKN NOz3 TN TAN ON
Storm Rain (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Date (mm) Inf  Eff Inf Eff Inf Eff Inf Eff Inf Eff
12/9/13 23 0.35 0.34 0.15 0.20 050 0.54 0.13 0.0=x22 Oéz
12/14/13 25 0.47 058 0.16 0.22 0.63 080 0.19 0.15 0.208;4
1/10/14 32 045 158 0.17 0.21 0.61 1.79 0.12 0.0383 154
2/4/14 14 0.63 059 0.36 0.28 0.99 0.87 0.15 0.1480 054
2/19/14 13 1.05 049 0.14 025 119 0.74 0.08 0.007 0?3
3/3/14 11 219 1.04 098 0.75 3.17 180 0.66 0.4531 222

3/16/14 7 046 040 0.37 041 083 081 0.26 O.llZOOé

Table 4-10: Pre-Retrofit Mango Creek swale phosphars species and TSS EMCs.
Storm Rain TP (mg/L) O-P& (mg/L) PBP (mg/L) TSS (mg/L)
Date (mm) Inf Eff Inf Eff Inf Eff Inf Eff

12/9/13 23 0.06 0.12 0.014 0.050 0.05 0.07 19 10
12/14/23 25 0.09 0.23 0.012 0.041 0.08 0.19 a7 64
1/10/14 32 0.10 0.53 0.004 0.037 0.10 0.49 52 258

2/4/14 14 0.17 0.18 0.037 0.054 0.13 0.12 40 26
2/19/14 13 0.24 0.42 0.037 0.062 0.20 0.36 119 153

3/3/14 11 0.39 0.19 0.047 0.055 0.34 0.13 91 22
3/16/14 7 0.08 0.09 0.023 0.037 0.06 0.05 34 6
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Table 4-11: Post-Retrofit Mango Creek swale nitroge species EMCs.

TKN NOz.5 N TAN ON
Storm Rain (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Date (mm) Inf  Eff Inf Eff Inf Eff Inf  Eff Inf Eff

0.0 05
4/15/14 36 061 060 021 021 083 08l 008 059 7
4/18/14 15 010 041 010 0.13 020 0.54 o.o?éo 0.09 0953
4/30/14 30 039 091 013 026 053 1.17 o.oq?él 0.37 Oé7
5/15/14 108 031 0.87 0.12 047 042 1.34 0.0%42 0.23 Oée
6/9/14 19 059 083 031 066 090 1.49 0.0%2 0.55 Oéa
6/19/14 12 080 123 054 077 135 2.00 0.0%30 078 5
7/10/14 21 059 044 030 040 089 0.84 0.0?250 0.56 %
7/15/14 52 034 060 0.6 036 050 0.95 o.o?éo 0.29 v
7/24/14 40 020 063 013 025 033 088 0.09250 0.18 0955
7127/14 14 016 041 020 029 036 0.69 0.0?250 0.13 Oés
8/2/14 16 023 030 021 031 044 061 o.o%ao 0.21 062
8/9/14 35 034 033 032 033 066 0.66 o.o?éo 0.33 v
8/12/14 73 055 059 011 025 0.66 0.85 o.oca)éo 0.47 v
8/18/14 13 030 0.46 027 047 057 0.92 0.00350 0.27 064
9/24/14 37 028 033 008 017 036 0.50 o.o?éo 0.26 v
101514 51 038 037 011 030 049 067 002 035 &
11/23/14 19 090 071 008 045 098 1.16 0.152'1 0.79 Oés
12/9/14 13 038 034 008 022 046 056 0.1(21'1 0.25 Oéz
112/15 62 0.80 0.34 007 014 087 047 0.1%_'%l 0.67 Oél
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1/23/15

2/2/15

2/9/15

3/5/15

0.34

0.55

0.50

0.48

0.35

0.53

0.47

0.53

0.21

0.18

0.28

0.16

0.32

0.33

0.38

0.28

0.55

0.73

0.77

0.64

0.68

0.85

0.86

0.82

0.0
0.13
0.1
0.12
0.0
0.18
0.1
0.09

0.23

0.41

0.34

0.40

0.2

0.4

0.3

0.4
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Table 4-12: Post-Retrofit Mango Creek swale phosphas species and TSS EMCs.

Storm  Rain TP (mg/L) O-P& (mg/L) PBP (mg/L) TSS (mg/L)

Date (mm) Inf Eff Inf Eff Inf Eff Inf Eff
4/15/14 36 0.09 0.13 0.006 0.027 0.09 0.10 45 21
4/18/14 15 0.03 0.07 0.007 0.023 0.02 0.05 16 7

4/30/14 30 0.13 0.28 0.007 0.034 0.13 0.24 152 121
5/15/14 108 0.08 0.17 0.010 0.054 0.07 0.12 49 32
6/9/14 19 0.11 0.12 0.006 0.035 0.11 0.09 129 26
6/19/14 12 0.10 0.17 0.005 0.044 0.10 0.12 62 9

7/10/14 21 0.10 0.11 0.013 0.054 0.09 0.05 53 13
7/15/14 52 0.12 0.16 0.003 0.030 0.11 0.13 122 51
7/24/14 40 0.06 0.19 0.001 0.031 0.06 0.16 120 66

7127114 14 0.03 0.09 0.003 0.033 0.03 0.06 37 9
8/2/14 16 0.04 0.10 0.004 0.054 0.03 0.04 20 5
8/9/14 35 0.02 0.09 0.002 0.057 0.02 0.04 8 5

8/12/14 73 0.17 0.17 0.001 0.022 0.16 0.14 511 67
8/18/14 13 0.05 0.13 0.006 0.056 0.05 0.07 54 15
9/24/14 37 0.10 0.11 0.025 0.059 0.08 0.05 37 8
10/15/14 51 0.09 0.16 0.008 0.073 0.08 0.08 64 11
11/23/14 19 0.22 0.27 0.008 0.062 0.21 0.21 190 68
12/9/14 13 0.11 0.10 0.021 0.044 0.09 0.06 30 11
1/12/15 62 0.24 0.13 0.013 0.041 0.23 0.09 258 15
1/23/15 28 0.08 0.09 0.029 0.033 0.05 0.06 20 19
2/2/15 16 0.14 0.11 0.014 0.034 0.13 0.08 52 18
2/9/15 17 0.09 0.10 0.020 0.027 0.07 0.08 17 8
3/5/15 28 0.15 0.16 0.025 0.051 0.13 0.10 50 16
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Appendix N: 1-40 Pollutant Event Mean Concentrations — Raw Data

Table 4-13: Pre-Retrofit 1-40 swale nitrogen speceeEMCs.

Storm Rain TKN (mg/L) N@3 (mg/L) TN (mg/L)
Date (mm) Road In Out Road In Out Road In Out
9/21/13 54 0.68 1.13 - 0.69 2.75 - 1.37 3.88

12/9/13 20 038 062 119 068 039 019 106 1138
12/14/13 34 031 081 089 011 031 045 041 1.m35
1/10/14 54 028 086 071 021 013 050 049 09921
2/4/14 15 1.86 122 045 0.74 042 223 259 1.64682
2/19/14 18 089 134 059 061 040 195 150 1.2A453
2/21/14 12 063 233 109 032 104 125 095 3.2Z34
3/3/14 13 - 9.09 134 - 0.55 2.43 - 9.64 3.76
3/17/14 18 044 487 111 060 034 124 103 52134
3/28/14 32 043 353 024 040 0.17 054 083 3. 1079
4/15/14 31 046 319 154 032 049 024 0.78 3.@878
4/18/14 28 017 095 138 024 007 036 041 1.0274

Table 4-14: Pre-Retrofit 1-40 swale nitrogen specgand TSS EMCs.

Storm Rain TAN (mg/L) ON (mg/L) TSS (mg/L)
Date (mm) Road In Out Road In Out Road In  Out
9/21/13 54 - 0.09 0.24 - 0.59 0.89 - 4 11

12/9/13 20 0.11 0.05 0.06 0.27 057 1.12 5 38 8

12/14/13 34 0.15 0.10 0.09 0.16 0.70 o0.81 10 44 39
1/10/14 54 005 003 0.03 022 0.83 0.67 11 92 24
2/4/14 15 009 018 005 176 1.04 0.40 249 94 4
2/19/14 18 0.12 011 0.03 0.77 124 0.55 42 68 8
2/21/14 12 0.08 007 005 055 226 1.04 41 129 26
3/3/14 13 - 0.29 0.08 - 8.80 1.26 - 654 30

3/17/14 18 006 015 0.08 038 4.72 1.03 6 848 20
3/28/14 32 003 022 010 040 331 0.15 8 485 13
4/15/14 31 007 005 030 039 314 124 8 359 182
4/18/14 28 001 005 006 016 090 1.32 4 45 26
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Table 4-15: Pre-Retrofit 1-40 swale phosphorus spé&es EMCs.

Storm  Rain TP (mg/L) O-PO (mg/L) PBP (mg/L)
Date (mm) Road In Out Road In Out Road In Out
9/21/13 54 - 0.11 0.07 - 0.074 0.015 - 0.04 0.06

12/9/13 20 0.04 0.13 0.13 0.012 0.039 0.021 0.03100.0.11
12/14/13 34 0.04 0.20 0.15 0.010 0.060 0.016 0.03 0.14 0.13
1/10/14 54 0.03 0.20 0.11 0.007 0.044 0.012 0.03160.0.10
2/4/14 15 0.19 0.17 0.03 0.003 0.010 0.001 0.19 60.D.03
2/19/14 18 0.16 0.22 0.05 0.041 0.064 0.006 0.12150.0.05
2/21/14 12 0.08 0.26 0.06 0.014 0.008 0.004 0.07250.0.06
3/3/14 13 - 1.37 0.08 - 0.017 0.005 - 1.36 0.07
3/17/14 18 0.06 137 0.08 0.026 0.035 0.018 0.04341.0.06
3/28/14 32 0.06 094 0.13 0.012 0.037 0.023 0.05910.0.11
4/15/14 31 0.05 0.70 0.34 0.008 0.032 0.026 0.04670.0.32
4/18/14 28 0.03 0.16 0.18 0.009 0.025 0.030 0.02140.0.15

Table 4-16: Post-Retrofit 1-40 swale nitrogen spees EMCs.

Storm Rain TKN (mg/L) N@3 (mg/L)
Date (mm) Road In Mid Out Road In Mid Out
4/29/14 42 - 238 522 1.88 - 036 0.24 0.35

5/15/14 92 0.58 136 3.01 411 0.28 019 0.22 0.23
6/9/14 33 0.87 212 2.00 3.71 0.39 1.04 0.64 1.18
6/19/14 23 0.66 1.86 1.85 6.88 0.45 055 039 1.20
7/10/14 18 0.80 1.79 1.53 1.65 0.35 040 031 0.65
7/24/14 28 0.42 1.00 1.07 1.01 0.20 0.12 0.14 0.19
7127114 13 0.60 0.87 1.26 1.90 0.33 0.21 0.16 0.08
8/9/14 44 0.31 060 0.78 1.50 0.24 0.11 0.08 0.07
8/12/14 7 2.13 4.97 1.18 3.44 0.38 005 016 0.14
10/15/14 49 0.69 1.39 166 1.03 0.14 0.07 0.09 0.03
11/23/14 31 0.48 095 130 248 0.41 0.14 033 1.14
12/16/14 12 0.56 123 174 0.55 0.82 0.54 049 1.79
1/12/15 79 0.37 0.88 1.98 0.67 0.18 0.15 0.27 1.19
1/23/15 37 0.15 040 087 0.59 0.21 0.13 0.09 0.89
2/2/15 17 0.40 0.75 0.70 0.66 0.61 0.26  0.35 1.89
2/9/15 15 0.64 1.16 3.92 0.58 1.27 0.50 043 2.89
2/25/15 46 0.47 052 094 037 0.18 0.13 012 0.44
3/5/15 17 0.51 0.69 1.57 0.66 0.49 023 021 0.90
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Table 4-17: Post-Retrofit 1-40 swale TN and TAN EMG.

Storm Rain TN (mg/L) TAN (mg/L)
Date (mm) Road In Mid Out Road In Mid Out
4/29/14 42 - 273 546  2.23 - 0.12 0.19 0.35

5/15/14 92 0.86 154 322 434 0.15 0.04 0.07 0.36
6/9/14 33 1.26 3.15 2.64 4.89 0.42 028 014 141
6/19/14 23 1.11 240 2.24 8.08 0.16 0.06 0.05 2.17
7/10/14 18 1.15 219 184 230 0.27 0.05 0.05 0.04
7/24/14 28 0.62 112 122 1.20 0.11 0.03 0.04 0.03
7127114 13 0.93 1.08 142 1.98 0.18 0.05 013 0.37
8/9/14 44 0.55 0.71 086 1.57 0.07 0.03 0.09 0.10
8/12/14 7 2.51 5.02 133 3.58 0.18 0.07 024 0.34
10/15/14 49 0.83 145 174 1.07 0.06 0.06 0.09 0.07
11/23/14 31 0.89 1.09 163 3.62 0.15 0.04 0.05 1.27
12/16/14 12 1.38 1.77 223 234 0.11 0.07 0.08 0.08
1/12/15 79 0.55 1.03 225 1.87 0.08 0.06 0.06 0.07
1/23/15 37 0.36 053 096 1.48 0.07 0.01 0.03 0.03
2/2/15 17 1.01 1.01 105 255 0.10 0.04 0.05 0.03
2/9/15 15 1.91 1.66 435 3.46 0.19 0.09 0.07 0.06
2/25/15 46 0.65 065 1.06 031 0.18 0.12 0.13 0.09
3/5/15 17 0.99 091 178 1.56 0.11 0.07 0.09 0.08

131



Table 4-18: Post-Retrofit 1-40 swale TP and O-P&” EMCs.

Storm  Rain TP (mg/L) O-P& (mg/L)

Date (mm) Road In Mid Out Road In Mid Out
4/29/14 42 - 0.76 098 0.27 - 0.040 0.031 0.013
5/15/14 92 0.07 0.24 060 044 0.022 0.122 0.054017.
6/9/14 33 0.07 035 031 0.29 0.031 0.181 0.108 44.0
6/19/14 23 0.07 0.31 0.28 0.70 0.003 0.086 0.024009D.
7/10/14 18 0.07 0.33 0.22 0.17 0.016 0.164 0.071017.
7/24/14 28 0.03 0.13 0.14 0.12 0.001 0.043 0.027012.
7/27/14 13 0.05 0.13 0.20 0.17 0.016 0.064 0.03602%.
8/9/14 44 0.02 0.08 0.11 0.21 0.007 0.028 0.031 44.0
8/12/14 7 0.06 0.79 041 048 0.013 0.052 0.198 29.1
10/15/14 49 0.06 0.26 037 0.12 0.012 0.050 0.021 0.021
11/23/14 31 0.06 042 031 010 0.025 0.282 0.170 0.005
12/16/14 12 0.06 026 032 0.04 0.015 0.096 0.032 0.005
1/12/15 79 0.06 0.18 046 0.07 0.017 0.054 0.0620160.
1/23/15 37 0.02 0.05 0.18 0.38 0.009 0.017 0.016008.
2/2/15 17 0.02 0.11 0.10 0.10 0.012 0.019 0.013 09.0
2/9/15 15 0.04 0.15 052 0.05 0.012 0.017 0.008 0.0
2/25/15 46 0.10 0.12 0.19 0.04 0.021 0.031 0.014004.
3/5/15 17 0.09 0.10 0.22 0.04 0.022 0.021 0.014 09.0
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Table 4-19: Post-Retrofit 1-40 swale PBP and TSS ENis.

Storm Rain PBP (mg/L) TSS (mg/L)

Date (mm) Road In Mid Out Road In Mid Out
4/29/14 42 - 0.72 095 0.26 - 400 828 106
5/15/14 92 0.05 0.11 055 042 10 14 269 218

6/9/14 33 0.04 0.17 0.20 0.25 11 27 36 37
6/19/14 23 0.07 0.22 0.26 0.69 6 61 76 413
7/10/14 18 0.05 0.17 0.15 0.15 9 24 23 19
7/24/14 28 0.03 0.09 0.11 0.10 7 28 24 18
7/27/14 13 0.04 0.07 0.16 0.15 6 16 22 22
8/9/14 44 0.02 0.05 0.08 0.17 4 7 8 10
8/12/14 7 0.04 0.74 0.21 0.35 7 691 41 115

10/15/14 49 0.05 021 035 0.10 14 73 166 15
11/23/14 31 0.03 0.13 0.14 0.10 24 37 40 12
12/16/14 12 0.04 0.16 0.29 0.04 12 21 191 8
1/12/15 79 0.04 0.12 040 0.05 20 33 250 11
1/23/15 37 0.01 0.04 0.16 0.38 2 7 153 27
2/2/15 17 0.01 0.09 0.08 0.09 5 17 32 7
2/9/15 15 0.03 0.13 052 0.04 3 23 533 13
2/25/15 46 0.08 0.09 0.18 0.04 20 28 118 4
3/5/15 17 0.07 0.08 0.21 0.04 18 17 185 3
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