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ABSTRACT

As a result of urbanization, impermeable surfaces cover about 40% of land area
around Pennypack Creek (Philadelphia, PA). The resulting increase in stormwater runoff
leads_ to flooding, bank erosion, and stream habitat degradation. Stormwater Best
Management Practices (BMPs) have been constructed in the Pennypack Preserve
(Montgomery County, PA) to evaluate the effectiveness of various mitigation techniques.

The BMPs include a row of 3 infiltration trenches constructed in July 2006 to
compare different designs. Water level data were recorded in monitoring wells from
December 2006 through June 30, 2009, in addition to controlled infiltration experiments.
The monitoring wells in the infiltration trenches allowed monitoring of any gradual loss
of mitigation effectiveness and for quantitative comparison of the different trench
designs. The right and center trenches are filled with gravel, and the left trench is filled
with sand. The center trench is distinguished from the right by a leaf filter.

Both seasonal data and controlled experiments showed water in the trenches
drained at different rates in the different sections. The right gravel-filled trench tended to
have the highest peak water levels followed by the center gravel with filter trench. The
center trench showed a slow drainage rate from the beginning of monitoring, thus any
effect of the center trench’s leaf filter was obscured. The sand-filled trench showed the
fastest drainage rate of the 3 trenches.

The drainage rate was uniform within each trench over the 2.5 years of
monitoring. The seasonal data showed that the right gravel-filled trench showed the most

water level peaks, and the center gravel-filled and left sand-filled trenches responded to
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fewer storms over time. However, the uniform drainage rate suggests this decline in
response was not due to degradation but rather a change in water delivery.

As of May 2009, water from most storms flowed into only the right gravel trench
due to berm erosion. At the end of the study, water level data showed that the trenches
continued to receive stormwater without overflowing and drain within 72 hours, the
Pennsylvania Department of Environmental Protection recommended design limit.
Monitoring water level data in the infiltration BMP showed drainage effectiveness over
time but also pointed out how unplanned design differences (water delivery and
construction variation) affected trench behavior. Monitoring is the key to developing

successful designs, implementation, and maintenance of stormwater BMPs.
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CHAPTER 1
INTRODUCTION
1.1 Background

Tand development increases (he extent of impermeable surfaces. Paved roads,
parking lots, rooftops, and compacted soils all inhibit rainwater from infiltrating into the
ground. Thus, watershed hydrology is severely impacted by urbanization. Stormwater in
urbanized areas flows over the land, leading to an increase in flov into streams during
storms. This stormwater often carries with it sediment and other contaminants. Just 10%
coverage by impervious surfaces causes harmful increases in runoff (ﬁooLh and Jackson,
1997).

The decrease of permeable surfaces in a watershed rednces infiltration leading to
reduced base stream flow, increased volume and velocity of overland mnoff, and
increased frequency and severity of flooding (Leopold, 1968). The resulting increase in
runoff water volume also increases erosion that can cause changes in stream morphology
{Smith et al., 2005). The increase in bank erosion and redistribntion of stream sediment
alter the habilats of stream organisms. Stream bank erosion and amplified flooding
damage property and infrastructure, creating financial impetus for developing stormwater
control measures, In addition, stream ecosystems are impaired by temperature changes
and (he pollutants brought in by storm nunoff (Paul and Meyer, 2001). These condilions

mean that few urban streams resemble their natural siate.



Some of the earliest water control measures to reduce stream degradation were
attempted in Philadelphia. Late 19" century city engineers used existing streambeds as
locations for underground sanitary sewers. The primary goal at the tiine was to protect
public health since the poliuted streams contributed to the spread of diseases. Therefore,
piping and burying the streams was a practical solution. ln addition, using naturally
established gravity driven paths for water required less labor (Levine, 2008). Many of
the underground sewers (hat are still used were designed as combined sewers in which
stormwater and sanitary sewage is mixed. Initially, stormwater management practices
were designed to protect human life and property from flood damage by camrying water
away quickly (National Research Council, 2008).

The use of pipes to swifily deliver stormwater to bodies of water conlinued nto
the second half of the 20" century. When it became apparent that stormwater runofT was
having & negative effect on streams, lower impact stormwater management methods
began to be developed. Early solutions primarily consisted of detention basins or wet
ponds to hold piped in stormwater before discharging to streams. The goal became to
reduce peak flow rate to streams in addition to addressing flooding. If designed cormrectly,
detention systems slow the velocity of runoff and allow sediment to settle. However,
detention does not address Lhe issue of high volumes of urban runoff to sireams and
reduced groundwater recharge.

Later, engineers developed a category of structural stormwater solutions that
included infiltration systems such as porous pavement and infiltration trenches (Urban
Land Institute, 1975). These were designed to increase the infiltration capacity of
surfaces so that the amount of runoff is decreased (US EPA, 199%a). In particular,
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infiltration methods address the issue of decreased base flow in streams due to a
reduction in groundwater recharge due to urbanization. An early mention of infiltration as
a stormwater solution came in 1984. Referred to as 2 storm water retention and disposal
system, the early design resembles the current EPA fact sheet infiltration trench design
(US EPA, 1999a), It consists of an excavated hole containing a perforated pipe with
gravel backfill and a geotextile liner (Goddard, 1984).

Since then, a variety of low impact urban stormwater Best Management Practices
{BMPs) have been developed as nonpoint source pollution conltrol measures. Some
experts now prefer the term stormwater control measures (SCMs) (National Research
Council, 2008), but most of the current literature uses the term BMPs.  The EPA defines
a stommwater BMP as a "technique, measure or structural control that is used for a given
set of conditions to manage the quantity and improve the quality of stormwater runoff in
the most cost-effective inanner” (US EPA, 1999b). Specifically, the term BMP refers to
not only a structure or set of instructions (Whipple, 1991), but to the entire solution to a
problem including construction, maintenance, and monitoring (Barraud et al., 2002).

Infiltration BMPs are an ecologically friendly altemative to more traditional
types of stormwater management such as storm drain systems that empty directly into
bodies of water (Holman-Dodds et al., 2003). They are relatively small-scale structures
that are ofilen used in combination with other slormwater BMPs in larger projects.
Individually, they can be installed within existing construction to facilitate infiltration of
runoff from rooftops or parking lots. Infiltration trenches are practical in urban areas
because the surface of a trench can be reclaimed for use if runoff is delivered (o the
trench via underground pipe. Another benefit is runoff can be diverted to a group of
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trenches sized to fit available space. The size of the trench primarily depends on the size
of the drainage area, Lhe percentage of impervious surfaces within the drainage area, the
infiltration rate of the surrounding soil, and the climate of the region. In Pennsylvania,
ihe maximum recommended infiltration trench size is 8 feet in width and 6 feet in depth
(PA DEP, 2006).

An infilration trench consists of an excavated hole with vertical or gently sloping
sides and a level botlom (Figure 1-1). The hole is lined with a geotextile filter layer and
filled with sediment with higher hydraulic conductivity ihan the surrounding soil, Most
ofien the fill medium is gravel. During the excavation, ¢are must be taken to avoid further
compaction of the soil within the trench. In addition, sediment conirol measures must be
implemented so that fine sediment from the construction site is not deposited into the
trench causing early clogging {US EPA, 19998). Typically, runoff from impermeable
surfaces is piped into the infiltration trench, but sometimes swales and berms are used to

direct 1he water overland,

3 Ft ™ REMOVAHVLE
WELL CAP
ilad®

seommoes AL,
FILTER FABRIC
CLEAN STONE
6 INCH

4 b & 4 DIAMETER
UNDISTURBED 601L \ D~ ¢ B PVCPIPE
MINIMUM INFILTRATION RATE 3]
OF 0.80 NCH PER HOUR 5 0 1!

B INCH SQUARE STEEL FOOT PLATE 122 INCH DIAMETER REBAR ANCHOR
Figure 1-1. Example of infiltration rench design from US EPA (199%a).
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Physical ¢logging of the trench is (he primary cause of wrenches failing to increase
infileration and reduce excessive runoff. In general, clogging results from fine sediment
becoming trapped in the narive sediment around Lhe bottom and sides of the trench. As a
consequence, hydraulic conductivity decreases, ofien by orders of magnirude, ieading to
decay of efficiency in pollulant removal and infiltration rate of a trench. Failure occurs
when the trench no longer operates within designated parameters dictated by municipal
guidelines. Usually, this means that the trench overflows during an average storm or
takes too long to empty. In Pennsylvenia, for example, infiliration trenches must be
designed to fully drain in 72 hours (PA DEP, 2006).

In the field, a number of factors can alter the predicted lifespan of an infiltration
trench. In addition to gradual clogging, mistakes made during design, construction, and
maintenance can result in failure. Errors include poor upkeep of the structure, flawed
prediction of seasonal high water table, oo much compaction caused by construction,
flaws in infiltration rate calcularions, early sediment clogging from construction, and lack
of sediment removal by a BMP used in conjunction with inftliration {Livingston, 2000).

Field studies of trench failure are difficult to summerize because: (1) behavior
after construction is not often monitored and reported and (2} differences in design makes
direct comparisons difficult, . This is exacerbated by the very small number of studies on
small-scale infiluation BMPs. However, laboratory studies show that significant clogging
occurs at the interface between the geotextile filter and the surrounding soil. Extremely
fine sediment (l¢ss than 6 micrometers i diameter) is responsible for Lhis clogging
(Siriwardene et al., 2007). To better predict trench efficiency over time, conceplual
models are being developed to simulate the clogging of trenches (Freni et al., 2009).
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Infiltration is a complicated process Lhat is difficult to evaluate numerically. Freni et al.
(2009} conclude (hat simplified models often underestimate the amount of clogging
which Jeads to inaccurate predictions of trench life spans. Warnaars et al. {1999) refer (o
a verbal report of 100-year-old infiltration structures; however, there are few studies
reporting life spans of trenches in the literature.

Construction of stormwalter management projects designed to reduce negative
environmental impact is becoming more common. However, once constructed, relatively
little monitoring and evaluation of the effectiveness of Lhese systerns is conducted
(National Research Council, 2008). Wamaars et al, {1999) suggested Lhat reconnecting to
a sewer system or replacing a faulty BMP is more cost effective than mstituling a
monitoring program. The price lag for a new BMP may well be lower (han Lhat of
monitoring equipment and labor. However, quantifying the efficacy of stormwater
management practices would likely improve the implementation of these methods, and
determine the circumstances in which they can work at all. Thus, monitoring is the key to

achieving and maintaining stormwater management success (Potter, 2006).

1.2 Site Description

The studied infiltration trenches are located on Lhe grounds of the Pennypack
Preserve of the Pennypack Ecological Restoration Trust (PERT) headquartered in
Huntingdon Valley, Montgomery County in Southeastern Pennsylvania. This nonprofit
land trust owns the 720-acre (291ha) Pennypack Preserve located within the Upper
Pennypack Creek Watershed (Figure 1-2). The Pennypack Preserve consists of public
.trails through forests and meadows mterspersed with privately owned properties. This
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suburban area is located within the Piedmont Uplands physiographic province north of
the city of Philadelphia, The region typically experiences 110 cm of rain per year
{Cianfrani et al., 2006).

The Pennypack Creek watershed spans the following counties in southeastern
Pennsylvania: Montgomery County (56%), Philadelphia County {32%), and Bucks
County (12%). The Pennypack Creek is a tributary to the Delaware River. The creck
consists of 127 km (79 miles) surface water sueams. The watershed covers 145.8 km?
(56.3 sq niles) of land. There are approximately 2 km? {502 acres) of wetlands within the
watershed. The elevations range from less than 10 feet above Mean Sea Level to 436 feet
(Center for Suslainable Communities, 2006},

Land use in the watershed has evolved from small-scale farms and industry to
residential over the last 200 years. Prior to the Industrial Revolution, there were many
mills on Pennypack Creek (Levine, 2008). Farms dominated the landscape in the upper
reaches of the Pennypack. As of 2000, more than 300,000 people live in the Pennypack
Creek watershed. Today, land use is mostly residential with single-family houses as the
predominant home type. Wooded areas are the second highest percentage land use. Most
of the suburban development within the watershed occutred afier World War I1. In the
upper part of the watershed swrrounding the study site, development has continued to the
present. However, in this time there has been no new development in the capture area of
the specific BMP being studied from 2006-2005.

Land development has had a significant impact on the streams located in the
Pennypack Creek watershed. Of these, 82% are considered to be impaired by the PA DEP
(Philadelphia Water Department, 2003). Most of the streams do not resemble their ratural
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slope, which developed some weeds over the growing season. However, some exposed

soil was always visible on the slope, swale, and berm.

2.2 Monitoring
2.2.1 Setup

Collection of the dala presented in Lhis thesis began in December 2006 and
continued until (he spring of 2009. Each trench was outfitted with a monitoring well that
housed a pressure transducer to measure the water level. The pressure ransducer was
placed at the bortom of the trench. These data provide the basis to compare water levels
before, dusing, and afler rain events. Thus trench response including its ability to accept
water and subsequent drainage rates could be measured. In between storms, the trenches
were typically dry.

HOBO Water Level Loggers were installed in the trench monitoring wells on
December 18, 2006. HOBO Water Level Loggers recorded pressure and temperarure in
the wells. The recording interval of the HOBO loggers was set to 15 minutes with the
exception of short periods of experimentation during June, July, and August of 2068. The
loggers can store approximately 6 monlhs of data at this interval, but data were
downloaded more frequently. Files stored on the HOBO loggers were downloaded onto 2
cordless waterproof shuttle to be transferred later to a computer or with a USB shuttle
connected to a laptop on site. To change the recording interval, synchronize time, or clear
the memory, the transducer must be connected to the computer using the shuttle.

The pressure readings must have atmospheric pressure subtracted from them w
generate water levels. The Barometric Compensation Assistant (BCA) included in the
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A Davis Vantage Pro2 weather station was installed on site to record temperature,
barometric pressure, humidity, wind, and precipitation at 15-minute intervals {(Figure 2-
8). Precipitation was recorded with a tipping bucket rain gauge. When settoa 15-
minute recording interval, the weather station could store 23 days of data, which required
frequent downloading. The weather station files were stored as two formats: 15-minute
interval files and daily summary files. For each file type, files consisted of one month’s
worth of data. Later, the months were organized into larger files that conlained 3-month

periods referred (o as “seasons.”

2.2.2 Controlled Infiltration Experiments

A series of experiments with controlled delivery of waler were designed to ensure
that the trenches were not hydrologically connected and to compare the trench response
under identical conditions. Delivery of water to the trenches during storm events may be
uneven, and does not necessarily provide equal siress to each trench. Transducers were
placed in each of the 3 delivery pipes just above the trench to attempt to evaluale the
volume of water each trench received during storms. However, the flow rate was too low
to be measured with a flow-meter or a water level logger.

To compare the behavior of the trenches, a constant delivery rate was needed.
Because this could not be provided in natural storm events, I used a garden hose, which
allowed us to contro) the delivery of waler to the wenches. The hose was outfitted with a
flow splitter with 4 outlets, each with a flow regulation switch. A graduated cylinder and
a timer were used to measure the rate of flow to each trench (Figure 2-9}.
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The fourth experiment was also designed to provide even delivery of water to all
3 trenches. However, after waler was added to all 3 renches, the flow was redirected to
only the sand trench to determine how fast a response could be produced at a higher
water input rate. Water was delivered o all 3 wenches for 4 hours, and the data-recording
interval was reduced to 5 minules. When no rise in water level was observed in the sand
trench afier the 4 hours, the valves 1o the two gravel trenches were shul off, and the water
to the sand trench thus increased. The sand trench received the higher rate of flow for

about an hour.

2.3 Evaluation of trench data

Water level data from the trenches was plotted and compared over the 2.25 year
period 1o look for changes in the hydraulic behavior of the 3 different trench designs. I
tested for several distinct behaviors likely to result from clogging of the different trenches
due to fines. If the gravel trenches become clogged at the bottom, drainage may be
slowed. If the sand trench becomes clogged, it is more likely to occur at the top, which
may restrict infiltration. Changes may appear in how often storm response is recorded in
the trenches and the rate of water flow out of the (rench through infiltration {the recession
of waler level).

To assess these behaviors, first, the number of storms with a response in each
trench was recorded. The percentage of response for each season was calculaled to
compare periods with similar precipitation. Second, the slope of the response was
calculated by assuming a straight-line slope between the peak and the retum to baseline.

The rise in water level was divided by the time to recovery. Each storm greater than 0.5

1%



cm was evaluated for response in each of Lhe trenches. Based on observation of water
levels in the trenches, smaller storms do not typically lead to sufficient overland flow to
create a water level response in the trenches. Storms that had multiple peaks were
sometimes difficult to evaluate, because small increases in rain intensity can sometimes
accumulate significant overland flow with wet antecedent conditions. These events were
included when there was a response (water level increase) in the trenches.

The top layer of the sand trench was scraped afier about a year to see if fines were
accumnulating. Dark-colored, fine sediment was noted on the surface of the sand trench as
early as July 27, 2007, approximately one year after construction. The top layer of the
sand trench was scraped on two occasions, March 29, 2008 and May 2009, First, a core
was taken to determine the sampling depth (Figure 2-10). Both times, the scraped
sediment was sieved to quantify grain size distribution and hydraulic conductivity was

calculated using the Hazen method (Bair and Lahm, 2006).

Several field checks aided the interpretation of results. Rain events were
observed on several occasions (May 16, 2008, January 7, 2009, June 5, 2009, June 9,
2009, and June 20, 2009) 1o look for how water distributed across the swale above the
trenches and to verify flow to the individual pipes. These data provide a picture of how
the trenches have behaved over time and how the behavior varies between the different

trench designs.
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CHAPTER 3
RESULTS

3.1 Experiments in Trenches
3.1.1 Communication between Trenches

The purpose of adding water to the center trench was to determine if the trenches
were draining into each other. The water level in gravel with filter center trench rose 0.41
cm. The HOBO sensors did not detect a response in the other two trenchés. Since the well
in the sand trench was set 30 cm above the base of the trench, there would only be a
response if the waler level rose abéve 30 cm. A sufficient volume of water was added to
the ¢enter trench fo rise above (he sensor in the sand trench. Furthermore, it is unlikely
that water would flow at a significant rate from the gravel-filled trench to the lower
hydraulic conductivity sand-filled rench, Although the two gravel trenches contain the
same fill with presumably the same conduclivity, the geotexlile-lined earthen barrier
between the trenches seems to inhibit flow. Thus, the response of each wench to water

level increase can be interpreted independently of the adjacent trench.

3.1.2 Three Trench Experiment

The purpose of adding water to all 3 trenches simultaneously was to observe Lhe
drainage rates of the trenches under controlled conditions. The experinent was first
performed on July 17, 2008 and was repeated on August 29, 2008. Initially, I planned to

add water to each of the trenches at the seme rate. Due to the limilations of the flow
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splitter, 1he flow rates were not equal. On July 17, the average discharge to the gravel,
gravel with filter, and sand trench was 90 ml/s, 131 mL/s, and 96 mL/s, respectively. On
August 29, the average discharge to the gravel, gravel with filter, and sand trench was 85
mlL/s, 79 mL/s, and 101 mL/s, respectively. For the repeat experiment, Lhe flow rate was
higher in the gravel] trench rather than the gravel with filter trench to make sure that
differences in response were not due to the difference in delivery.

On July 17, there was no response in the sand trench afier adding water for two
hours (Figure 3-1). Although there appears to be an upward shift of the sand trench dala
point that corresponds with the peak in the gravel with filter trench, a water level meter
did not detect water in 1he sand trench. Initially, the gravel and gravel wid filter trenches
appear to fill at a similar rate. Afler 30 minutes, the grave] trench’s rate of filling
decreased, resulting in a 0.12 m lower peak. This was lower than can be explained by die
11% lower volume of water (hat reached the gravel trench. The area under the response
curve is approximately 60% lower, so Lhe water must be exiting the gravel .l:rench faster
than the pravel with filter trench. After the water was tumed ofY, the gravel trench

drained at & higher rate than the gravel with filter trench.
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trench experienced a 4.34 L/ min average drainage rate during the experiment.
Approximately 1129 L of water was added to the gravel trench to achieve a(.139 m
increase in water level. Had the trench not been draining, it would require only 188 L of
vater to increase the level to 0.139 m, resulting in a 1041 L difference.

The 3 trenches hagd distinct responses sa there does nat appear to be leaking or
communication between the trenches. Later seclions will show that the behavior of the
trenches during the experiments corresponds with the behavior of the trenches during

natural rain events.

3.1.3 Sand Trench Experiment

The purpose of adding water (o only the sand trench was to determine what
conditions would be necessary to create a detectable water leve! in the sand trench. Since
the first 3-trench experiment did not result in a detectable waler level in the sand trench,
it was decided that water should be added (o the sand trench individualty. On August 6,
2008, the first atlempt at this experiment resulted in 2 0.142 m increase after 165 minutes
at a 19.0 L/min average flow mte (Figure 3-3). The tolal increase from the base of the
trench was 0.442 m. Since the sand trench well was planted 0.3 m above the base of the
trench, water below this level is not deteclable. For the second atiempt at this experiment,
the flow rate in the sand trench was increased immediately after the 3-trench experiment
on August 29, 2008 (Figure 3-3). To create a peak in the sand trench so that the drainage
rate could be observed, the flow rate to the sand trench was increased (o 15.9 L/min after
the flow to the other trenches was stopped. The water level rose above the 0.3 m baseline
within 5 sninutes, indicating the sand trench was close to the deteclable water level at the
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3.3 Seasonal Trench Data

Storm response in the trenches is shown for 10 seasons from Winter 2007 through
Spring 2009. For the purpose of data organization during this study, (he term Winter
refers 1o the period from January 1 to March 31. Spring is designated as April 1 to June
30, Summer is July 1 1o September 30, and Winter 1s Octobex; 1 to December 31. In this
study, the term season always refers to these periods as opposed (o standard calendar
seasons. The data are presented as plots and as a summary table (Table 3-1 and Figures 3-
7 through 3-17). Each plot consists of the water level data for ali 3 trenches over a 3-
month period.

These ptots show comparison of trench behavior over all of the recorded storm
events. Individual storms are examined in more detail in a following section. The
seasonal plots show typical storm response in (he trenches (for example, Spring 2008),
where the right side gravel trench shows the highest response, followed by the center
gravel trench, and the sand trench ;.;hows the lowest (Figure 3-13). There are variations 10
this pattern such as the Summer 2007 and Spring 2008 when the sand trench had some
high responses (Figures 3-10 and 3-13). There is also a period when storm response was
nearly absent in the sand and center gravel wench (staris Fall 2008 to Sprimg 2009) and a
subsequent return to response in all 3 enches (Spring 2009) (Figure 3-17), and exaruples
of rain events without trench responses (Fall 2007) (Figure 3-11). Additional examples of

exceptions to typical behavior are discussed in section 3.3.
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Table 3-1. Summary Lable of percenlage of storm responses in the infiltration renches for
each season based on season-scale water level versus time plots. Note that the sand trench
transducer is shifted up 30 cm from the base of the trench starting Summer 2007,

Daily Gravel with Filter
Rain Gravel Trench Trench Sand Trench
Season Days Peaks | Response | Peaks | Response | Peaks | Response
with >lem | % >lem | % >lem | %
0.5¢cmor
greater
et 115 6 |40 4 |2 1 7
ol BY 13 [nge |8 |7 s 45
et | 1 8 |[so 4 |40 5 50
T |16 14 |88 5 131 3 19
int
o 12 6 |50 6 |50 5 42
el |12 8 |67 s e 5 2
ST | 13 a |3 K 0 0
Fall
Wint
2009 |4 4 |100 o |0 0 0
=
oo |23 19 |83 s |22 2 5

*Includes response when rain gauge may have been blocked.
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The nwnber of precipitation evenls and number of waler level responses was
catalogued for each trench for each season {Table 3-1). Not all storms show a response in
each ?«'ell, and the number of responses per season varies over time, In general,
precipilation events less than 0.5 cm did not show a response. Spring 2007 had the
greatest number of storm responses. The lowest number of storm responses occurred
during Winter 2005.

The sand trench showed the least number of storm responses, parily due to the
position of the transducer 30 ¢m above the other two. The gravel rench consistently
showed the 1nost frequent and greatest magnitude responses although there are several
exceptions. For example, during May 2008 (here are 3 examples of rain events with peaks
in the gravel wilh filter and sand trenches and unusually low responses in the gravel
trench (Figure 3-13). Additional examples of exceptions to typical behavior are discussed
in section 3.3.

Comparing responses of one particular season over different years provides 2
sense of whether responses are changing, because each season is likely to have similar
antecedent conditions. In the spring of 2007, there were 13 storms recorded with daily
precipitation greater Lhan 0.5 cin (Figure 3-9). All but one of these storms showed a
response in the gravei wench. There was one small storm (less than 1 ¢m) that did not
show a response plus one small storm (around 0.5 cm) that did show a response, SO the
trench had an overali response approaching 100% (Table 3-1). The gravel with filter
trench showed a response for only §0% of the storms. Forty percent of storms created &
response in the sand trench. The sand trench responded to 5 stonns or 45%. During this
season, the sand trench transducer ran out of inemory when it became stuck in the
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momitoring well, making this the last season that recorded Lhe sand trench water level
from (he botiom. After Spring 2007, the transducer was shifled up 30 cm from the botiom
of the sand trench. At the end of the month, the rain gauge did not record rain events but
there were storm responses. The bucket may have been blocked. The greatest number of
storm responses per season on record occurred during this season.

In (he spring of 2008, there were 12 days with daily precipitation greater than (.5
cm (Table 3-1). Eight of these storms showed a response in the gravel trench (dropping
w 67%). The gravel with filter trench and the sand wench each showed a response for
only $ of the storms (42%, which was a drop for the gravel with filter trench and about
the same for the sand trench). There were several rain events with daily accumulation
greater than 0.15 cin that did not result in a gravel wench response. This season was
unusual because the gravel with filter and sand trenches had higher peaks than the gravel
trench for two storms (Figure 3-13).

In the spring of 2009, there were 23 days with daily precipilation greater than 0.5
¢m, the highest number of rainy days per season on record (Table 3-1). Spring 2009 is the
last season reviewed in this study. The gravel trench experienced 19 peaks, the highest
number of storm responses per season for an 3% response rate. Over the same period,
the gravel with filter trench shows a 22% response and the sand irench had a 9% response
rate. These response rates were lower than previous spring seasons, but higher then the
preceding fall and winter (Figure 3-17). The return of responsiveness in the sand and
gravel wilh filter trenches was somewhat unexpected since by this time the berrn had
eroded significantly above the gravel trench creating a preferential flow path Lo the gravel

trench. This recovery of responsiveness could be explained by the black pipe located
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closer to the sand and gravel wilh filter trenches contributing water or that ground
saturation lead (o increased overland flow,

In the; summer of 2007, there were 10 days with at leagt 0.5 cm of rain (Table 3-
1). This was the smallest number on record until Winter 2009. There were 8 responses in
Lhe gravel trench (80%), and 4 responses in the gravel with filter trench {40%). The sand
trench responded 5 times, or 50% of the time, the highest percentage on record in spite of
the transducer being raised 30 cm from the bottom of the trench.

In (he summer of 2008, there were 13 days with at least 0.5 cm of rain (Table 3-
1). This season was the frst with no sand trench responses greater (han 1 ¢m. The gravel
with filter trench responded one more time than did the gravel trench, with a 38% and
31% response, respectively. This response rate was lower than the previous summer.
This was the only season on record during which the gravel with ﬁltér trench had the
highest number of peaks of the 3 trenches (Figure 3-14).

In the fall of 2007, there were 16 days with at least 0.5 ¢m of rain (Table 3-1).
This season was the rainiest on record until the spring of 2009. The gravel mench
responded 88% of the time, similar (o previous seasons, but the responses were lower in
the gravel with filter trench (31%}) and sand trench (19%). The relatively low percentage
of responses in the center and left trenches can be partly explained by the small size of
the rain events during this season (Figure 3-11). During smaller rain events during which
the soil was not saturated, water had been observed to flow directly toward the right side
gravel trench.

In the fall of 2008, there were 13 days with at least 0.5 cm of rain (Table 3-1).
Eight of these 13 days, or 62%, created a response in the gravel trench. This was the first
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season with no response in the gravel with filter trench. The water level increased greater
than 1 ¢m in the sand trench only one time., Due to the offset, this indicates that the sand
ench water level acrually reached at least 31 cm (Figure 3-15). Compared with Fali
2007, there were fewer responses in the trenches during Fall 2008.

In (he winter of 2007, Lhere were 15 days with at least 0.5 cmn of rain (Table 3-1).
This is the first complete 3 month season on record. The percentages of responses in the
trenches were relatively low, less than 50% for all 3 trenches. The sand trench responded
only one time (Figure 3-8). This was prior to the transducer being shifted up 30 cm, so
the full trench depth was monitored.

In the winter of 2008, there were 12 days with at least 0.5 cm of rain (Table 3-1).
Both the gravel and gravel with filter trenches experienced a 50% response. The highest
observed water level in any of the trenches occurred during this season (Figure 3-12).

In the winter of 2009, there were 4 days with at least 0.5 ¢cm of rain (Table 3-1).
This is the fewest number of rainy days per season on record. Some of the precipiwation
that occwred during this period might have fallen as snow, which is not measured by the
weather station. Snowfall would not have an immediate impact. on the infiitration trench
water levels. All 4 of the recorded daily rain totals greater than or equal to 0.5 cm
resulted in peaks in the gravel wench. During this season, there were no peaks in the
gravel with filter and sand trenches. Winter 2009 is the only season during which neither
the grave! with filter nor the sand trench experienced a recorded increase in water level
(Figure 3-16).

The observed magnitude and frequency of storm response over time must be

interpreted not only in terms of trench degradation but also by considering water delivery
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and drainage rate estimates. For example, higher numbers and magnitudes of peaks in the .
gravel mench could be interpreted as a decrease in the drainage rate (i.e. clogging). The
next section shows that this interpretation is inconsistent with drainage rate estimates
over time (which showed no trend).

The observed decrease in magnitude and frequency of storm response over time in
the sand and gravel wilh filter wenches may have been due to a delivery proble_m rather
than trench degradation. There were two factors identified during site iﬁspections: an
additiona) drainage pipe and erosion of the berm. Based on my observation of water
flowing directly toward the right side of Lhe trenches where the gravel trench is located
and extensive berm erosion on that side, it is plausible that the gravel wench receives the
most waler of the 3 trenches. Exceplions to this might indicate a high rainfall rate
resulting in water spreading across the swale as intended or flow from a second pipe
contributing water to the sand and gravel with filter trenches.

According to the design, the only piped source of water to the trenches was to be
a PVC pipe at the end of Lhe paved area However, during a storm in May 2008, a second
pipe delivering water to Lhe trenches was discovered {Figure 3-18). This 6-inch diameter
tarpaper pipe is thought to be part of the parking lot’s previous drainage system. These
pipes were supposed to be disconnected during construction of the infiltration gallery, but
it appears that this might be a source of Lhe additional water. Thus, temporal trends are

less likely to be related to trench degradation.

47











