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Abstract

The goal of the study is to explore the relatiopdbetween contributing watershed
size and hydrologic performance for an infiltratiorench Best Management
Practice (BMP). The following study is a continoatiof research performed on the
Villanova Urban Stormwater Partnership’s (VUSP]lirdtion trench BMP, which
was constructed in July of 2004. This study budtfof the previous research and
instrumentation that has been utilized on the sitean effort to develop a
continuous hydrologic model capable of accuratétyugating the flow of water

through the trench on a long-term basis.

While the development and verification of the hydgic model are specific to the
site, they do provide a methodology for the devedept of similar models at other
such infiltration sites. Examination of simulatediltration and overflow rates in
comparison to measured depth and flow at the sdees that the Environmental
Protection Agencies’ Storm Water Management ModelERPA SWMM 5) is
capable of accurately simulating the infiltratiorerich hydrology for isolated
events. The continuous simulation of water qugrditer the course of the entire
year of 2006 proves the accuracy of the approauthjssmore comprehensive than

a single event methodology.

The resulting calibrated and verified model is actional tool capable of analyzing
different sized drainage areas contributing to itffdgtration BMP. The model is

altered to simulate different scenarios of varigissted drainage areas contributing



to the infiltration trench. Examining various @i of drainage area to BMP
footprint allows the selection of an appropriateidage area size to achieve
infiltration goals. The model is used to demaatstrthat an “aged” infiltration

trench still meets the goals of stormwater regoketi The flow-duration and depth-
duration curves from the continuous flow model pdeva more comprehensive

understanding of infiltration BMP.
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CHAPTER 1- INTRODUCTION

1.1 Introduction

The development of a verified continuous hydroldtpev simulation is the basis for evaluation
of the performance of an existing infiltration tobn The goal is to explore the effect that the
size of the drainage area contributing to an nafiion trench has on its ability to function
efficiently in accordance with regulations on adetlerm basis. Instrumentation on site and the
developed model provide the unique opportunity ampare observed and simulated data. A
verified model of the structure is used by varyithg size of the drainage area contributing
runoff to the BMP. The infiltration trench iscdated on Villanova University’s campus as part
of the Villanova Urban Stormwater Partenership (VWY8est Management Practice Park. The
verified hydrologic model was used to determinertigest appropriate drainage area for the size
of the trench to achieve maximum infiltration. the development of future trenches, the model
provides a base model to predict the ability oinailar structure to reduce runoff volume. This
model is developed from measured data recordeditenasd would need to be modified at
another site in order to accurately represent tilecenditions, trench geometry, contributing
area, and other aspects unique to the specifiasiestructure. Continuous simulation ensures
that the BMP will achieve its infiltration desigo@s over an extended period of time which is
the ultimate objective of such a structure. Cardirs simulation provides the opportunity to
comprehensively evaluate the structure on a long-teasis and accounts for inter-event effects,

which are ignored in isolated event analyses.



The simulation utilizes the Environmental ProtectAgency’s (EPA) Storm Water Management
Model 5 (SWMM 5). Flow data collected from theesis used to calibrate and verify the
developed model to ensure its accuracy. Hydroldgta from the year of 2006 from a rain gage
on site is utilized for verification. The infiltian rating curve is developed from rates observed
over the course of the year 2006 and calculateshaerage, independent of age or seasonality.
Infiltration BMPs at different locations of variosizes, shapes, drainage areas, and native soll
conditions can be modeled similarly with respecpamameters relevant to each site. This type
of analysis yields valuable information providingsight pertinent to the inner-mechanisms

influencing the effectiveness of infiltration BMPs.

1.2 Stormwater Management and Legislation

Conservation and protection of the natural resaunfethe United States of America has long
been a concern of the federal government in itgrisffto protect the public. More specifically,
protection of our waterways came through the pgseinthe Federal Water Pollution Control
Act in 1948. Environmental conservation becameughmmore relevant issue to the public in
the 1960's and 1970’s as pollution became much rapparent. The general public began to
realize the importance of protecting and conserangnatural resources, so the Environmental
Protection Agency (EPA) was proposed by Presideichd®d Nixon and was passed by
Congress in 1970. The EPA immediately implememi@@ndments to the original act in 1970
and 1972 in order to address the need to redudetgmai loads entering our surface waters (US
EPA, 2003). More recently stormwater has reacheddrefront of environmental engineering
concerns. Clean surface water has become an iampogsource that is becoming harder to find

due to the rapid development and urbanization oiesp



As more natural meadows and wooded areas are dramesfi into paved parking lots and
buildings, the amount of rain that is able to indite into the ground decreases. Natural soils in
pristine environments eliminate a portion of anynravent by absorbing the moisture and
allowing rain to infiltrate into the groundwaterbta. This small amount of infiltration has
proven to be significant (Jiang, 2001). In sousitesan Pennsylvania, smaller storms comprise a
large majority of the annual rainfall as seen igufe 1-1. This data was recorded in Harrisburg,
Pennsylvania which is located in the south cemoalion of the state and represents a reasonable
state average. More than 75 years of data arededlin Figure 1-1 and 92% of the storms
produced less than two inches of rain. Approxitya®®% of the yearly events total less than
one inch of rain. Some soils are capable of elatngy all of the first two inches of a
precipitation event and other soils are capablealmdorbing a large portion of that amount
according to the National Resources Conservationi&e(NRCS) curve number method (US
SCS, 1985). Impervious surfaces channel nearlpraktipitation that falls on them directly to
traditional stormwater systems which consist oétgland concrete pipes. The environmentally
detrimental effects produced by this lack of imfitton and increase in runoff are seen both on

site and downstream.
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Figure 1-1: Distribution of precipitation by storm magnitude Harrisburg, PAPA BMP
Manual, 2006)

Developed or impervious surfaces do not allow taimfiltrate into the groundwater table. The
results of an exhausted groundwater table includmereased susceptibility to drought as well
as lowered stream base flow levels. The loweretlirak stream levels create degraded
ecosystems that lack diversity in the species @natable to survive (Paul and Meyer, 2001).
Water that had previously soaked into the grouastde developed sites very quickly over paved
surfaces where it is channeled through pipes aretttyy into natural tributaries. These areas
unnaturally contribute large volumes of water teeains quickly during the height of storms
which causes peak flows to increase (Beighley.eR@D2). The increased peak flows in streams
and rivers causes large amounts of erosion, winicorn contributes high levels of pollutants in

the form of suspended solids and dissolved nusient



Additional stress on natural streams and riverseim the form of increased water temperature.
Paved parking lots become extremely hot duringstimamer and precipitation contacting the hot
surface produces runoff of elevated temperaturais flunoff can also contain pollutants related
to development, such as fertilizers, animal weete, leakage from vehicles (Fischer et al, 2003).
Many species of fish and macroinvertebrates arehlyigensitive to water quality and
temperature and the inverse effect that temperdtaseon dissolved oxygen levels in water.
Because of these detrimental effects, it is ciititat infiltration of the majority of rainfall
reaching these impervious surfaces is redirectet do the natural hydrologic cycle through
infiltration on site. This is why the developmergsearch, and use of infiltration BMPs is so
important. Infiltration BMPs are not the only typéstormwater management structure, but can

be useful tools when used in the correct situation.

In general, stormwater BMPs are designed to tmesidin, or reduce stormwater runoff from
developed sites. Infiltration trenches achieveoélthe aspects mentioned above by retaining
water in a storage space and allow water to ehergtound where it is filtered as it moves
through the soil. Among other common volume reduc8MPs are bio-infiltration sites located
around existing infrastructure and green roofs Wwhace located on top of buildings. Bio-
infiltration sites depend on both infiltration dbsmwater into the ground and evapotranspiration
which takes place through the plants that grow loa s$ite. Green roofs rely solely on
evapotranspiration as they retain stormwater uadeedia layer. This water is utilized by the
plants that grow in the media and effectively resfuthe amount of runoff from the roof. Green
roofs are specifically designed so that water aastbred in the media on the roof, but so that no

leakage occurs through the roofs waterproof mengbbemeath the media. Researchers estimate



that three to five inches of growth media can elatée 75% of the roof runoff from storm events

of a half inch or less (US EPA, 2007).

Unlike bio-infiltration sites and green roofs, afiliration trench does not rely on any sort of
evapotranspiration, because the water is storeedbenthe surface, and is not exposed to
significant amounts of air, and should not have @ignts growing in or above it. The
subterranean trench relies solely on the abilitgttoe water long enough for it to exit through
the bottom and sidewalls of the structure andtnafié back into the groundwater. An infiltration
trench is more practical than green BMPs in mobanrareas, where minimal area is available

for open vegetated spaces.

1.3 Long term performance of infiltration trenches

One of the more common and unavoidable concermewsuding infiltration trenches, which can
be hard to control, is their sustainability anddewity. The ability of an infiltration trench to
effectively reduce runoff and move relatively cleaater back into the ground depends on the
inherent void space present in the rock bed. Dok bed and exfiltrating surfaces of a trench
act as a filter for suspended pollutants, such atlsrand fine sediment, before entering the
groundwater. The concern is that the gradual dépoof fine sediments will eventually clog
the exfiltrating surfaces of the trench leadingdiastically decreased drainage rates. It is a
concern that has been addressed in other studibsasyDechesne et al. 2005), which examined
several different infiltration basins in Lyon, Fan Dechesne’s study confirmed that similar
infiltration rates were observed for multiple trées of varying age from ten to 21 years.

Examination of the data at Villanova’s infiltratiomench tends to support the idea that



infiltration rates of trenches will remain relatiyeeonstant over longer periods of time and will

be discussed in more detail in Section 1.6.

Sustainability is a primary concern in the desigd amplementation of infiltration trenches as
stormwater BMPs. Infiltration trenches have beswven as effective volume reduction BMPs
when utilized in the correct situation. They aot well suited for industrial areas or any other
area that is likely to experience a chemical spilice the spill could quickly enter trench and
contaminate groundwater. The remediation of petlugroundwater is much more complicated
and expensive than the cleanup of a surface 3j#. contamination concern is one that can be

addressed easily by choosing the correct BMP &pemific site.

1.4 Hydraulic conductivity and infiltration capacity of infiltration trenches

The infiltration rate of any infiltration structuepends on many factors including temperature
and depth of water. The most influential factoram infiltration BMP’s ability to drain is the
underlying soil type and condition. Ultimately,istthe hydraulic conductivity of the native soill
type that determines how quickly water can exitBh&P. Other factors may speed or slow the
rate, but the final destination of the water is 8@l and water cannot exit the infiltration
structure any faster than it can enter the soieb#n A very slow infiltration rate would mean
that the structure could not drain quickly enouglorder to regain its full storage capacity for
the next storm. For this reason, the location @ftiation BMP sites is limited to those areas
with native soils that are capable of infiltratingter at a rate of at least 0.1 inches per hour (PA

BMP Manual, 2006). Another issue surrounding siofitration rates is the amount of time it



takes for the trench to empty after being fill&dthe most current stormwater publications impose
a maximum draw down time of 72 hours on infiltratimenches in order to address the issue of

allowing infiltration trenches to completely draon a regular basis (PA BMP Manual, 2006).

1.5 Infiltration Trench Site

The VUSP infiltration trench is located in the canof Villanova University’'s campus and was
constructed as a retro-fit in June of 2004. Tleadh had to be located precisely where it is
because of the surrounding building, parking dec&d, and utilities dictating the area available
for construction. The site was the location ofw fpicnic benches for students and faculty to
use but was generally considered an eye-sore witlerading hill and a dying tree. The
University wanted to improve the aesthetics of ¢ite and the VUSP took advantage of an

opportunity to gain an additional BMP on campusguFe 1-2 a & b are photographs of the site

before and after remodeling of the area.

The eroding hill seen before construction was netibehind a wall while the trench was

constructed in the flat lawn area. EP Henry EceePawere used to cover the trench which



maintains the availability of the area for recreati The PVC pipes seen coming from the upper
deck of the parking structure were directed tottbach. This design satisfied the needs of the
University in providing a more aesthetically pleggiarea for recreation and the VUSP in the
addition of a BMP to campus. Before breaking goban the project, a test pit was excavated at
the site in order to determine if the soil was &g for an infiltration BMP. The soil samples
recovered from the test pit were analyzed and i$ watermined that the soil was in good
condition and capable of infiltrating incoming watg a reasonable rate. The soil on the site is
classified as a “loamy sand” and the compositiothat soil will be discussed in further detail in
Section 1.6. An aerial photograph of the siteeisrsin Figure 1-3, which shows the contributing

drainage area and the trench itself.

: i 11-.: B
Flgure 1-3: Aerlal photograph of the VUSP infiltration trenahd contrlbutlng area.

The portion of the parking deck outlined in a ragla is the approximate area that contributes
runoff to the infiltration trench, which is locatekdrectly next to the parking structure itself. eTh

trench is circled in the lower right side of theiakphoto and as mentioned previously was a



retrofit. It is not required as part of the storater plan for the site. The trench is primarily an
educational structure, which is why it was abldéodesigned with a largely oversized drainage
area. Runoff from half of the parking deck wasinected toward the trench by modifying the

existing PVC drainage system. Figure 1-4 showsptlegious flow of water from the parking

deck to the streets and on to the storm inlets.
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Figure 1-4: PVC downspouts before the trench constructionranduting.

The drainage area contributing to the trench waseh to be approximately half of the parking
deck surface, but could easily be changed. The @vald be decreased by diverting some pipes

back to the street where they could leave theaeethe traditional stormwater system.

Runoff from the upper level of the parking deckasmveyed through the PVC pipe system to the

trench. The flows are piped down to ground levetlee northwest end of the parking deck. The

10



area contributing to the infiltration trench is 200 square feet of impervious area and the trench
footprint occupies an area of 130 square feet, hisca ratio of 157:1. This water flows
through the pre-treatment sedimentation box andh tiko the trench where the water is
dispersed evenly through a buried perforated pifpee water travels down through the rock
storage bed beneath and fills the trench. Whemtiter depth in the trench reaches 5.2 feet,
flows begin to exit the trench via the overflow @ip This pipe prevents the trench from
overflowing through the surface most of the timalavthe porous pavers above the trench act as
an extreme event overflow mechanism. An illustrabf the flow of water through the trench is

seen in Figure 1-5.

Flow of Water
Through Trench

6" Overflow
Pipe
1e*
Perforated
» o /—Poraous
Currugoﬁed A Eco-Pavers
Pipe ,

A | 1 1 o |

I
T

Height of
“2 Overflow
Pipe Invert

TTt14

Geotextile
Liner

Figure 1-5 Cross section of the flow through the infiltcatitrench.

As Figure 1-5 shows, runoff leaves the pretreatnsémicture and flows through a perforated
pipe which evenly distributes water into the toptlod trench where it percolates down through

the storage bed. Exfiltration out of the trenclews through both the bottom and sides of the

trench as illustrated.

11



1.6 Site Characteristics

Many current studies are based on the theoreticglepties of the infiltration trench and the
surrounding soil’s inherent characteristics (Aka002). Such studies only give the theoretical
performance of an infiltration trench in its “newnstruction” condition. Discussed previously
in Section 1.3, a primary concern when dealing wthitration BMPs is the aging of the
structure and its long-term infiltration capacity the nearly inevitable accumulation of fine
sediment occurs over longer periods of time. Ideorto accelerate the aging process of the
studied trench and examine the effectiveness afgad BMP, the drainage area contributing to it
was greatly oversized. The contributing drainaga &f 20,400 square feet as compared to the
trench footprint of 130 square feet yields a ratfonearly 157:1 (Table 1-1). Recent general
recommendations suggest a ratio 5:1 for impervaraas draining to infiltration areas (PA BMP

Manual, 2006) but justification of this ratio isim#ous at best.

Table 1-1: Existing site size compared to recommended size.

Storage
Volume @
BMP 5.2 feet of Drainage

Footprint depth Area DA:BMP

[square [cubic [square [Drainage Area:
feet] feet] feet] BMP Footprint]
Existing 130 155 20,400 157
Recommended 130 155 650 5

The large drainage area to BMP ratio (DA:BMP) methad the existing infiltration structure
will receive more than 30 times the recommendeduarhof runoff each year. This increase in

runoff volume seen in the trench also means aneas® in anything that the water is

12



transporting. Sediments are suspected as the chulszreasing infiltration rates in infiltration

BMPs, thus a pre-treatment sedimentation box atitfiftration trench was designed and

installed to remove sediment from inflow (Figuré&)1-

Figure 1-6: Pre-treatment sedimentation box at the infiltnatirench.

The large drainage area and minimal pretreatmerg algsen to accelerate the aging process of
the infiltration trench. It is recommended thafilimtion BMPs include a pretreatment
sedimentation box, since fine sediment can havh ancadverse effect on the structures ability
to infiltrate water efficiently. The pre-treatmesgdimentation box consists of a series of baffles
and screens designed to reduce the amount of slegbesolids flowing into the trench. This
structure eliminates much of the larger organicideBuch as leaves, and also captures sand and

grit from the parking deck surface. It is clearssVeral times a year to remove the debris.
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However, the pretreatment box at this trench wasdesigned to remove all of the suspended
sediments that pass through it. As exhibited gufé 1-6, water flows through the pretreatment
sedimentation box at this site very rapidly and wénsport some suspended solids to the trench
in nearly every storm. After water flows from tiparking deck and through this sediment

collection pretreatment structure, it then entbesttench itself.

Drainage rates have been determined at the treincke #s construction. These rates were
determined for depth ranges by examining the aeesémpe of the curve when the trench depth
was plotted versus time on a storm by storm baBletting storms in this fashion results in plots

such as the one seen in Figure 1-7.
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Figure 1-7: Single storm infiltration rates over depth ran{fesierson, 2008).

Figure 1-7 displays the rate at which the trencirdrat various depth ranges. As the depth of
water in the trench decreases, the rate at whiderweaves the trench also decreases. Two
factors contribute to the slowing of infiltratioates as the depth of water in the trench decreases.
The first is the decrease of wetted surface availdbr exfiltration as the depth of water
decreases. The second is the decrease in hydrqetedsure above the bottom and sidewalls of

the trench.
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Incremental Slope [in/hr]

Environmental testing demonstrates that substamtiabunts of sediment have entered the
structure in its four years of operation. Theefiltabric, which separates the trench rock bed
from the surrounding soil, is almost completelygged at the bottom; this presumption is based
on the decrease in infiltration capacity of thentte over its lifetime (Emerson, 2008).

Calculated drainage rates for different depth rargiece the institution of the trench can be seen

in Figure 1-8 and shows decreasing drainage ratégeitrench.
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Figure 1-8: Depth decrease rates for ranges over the existdribe trench (Emerson, 2008).
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It is important to note that this data is plottedadlog-scale. A first glance shows that thera is
general decrease in the drainage rate at the tiraatthe first few years of its existence and that
there is a seasonal variation in the rate as wethinage rates seen in the trench should not be
mistaken for typical infiltration rates becauseyttee a measure of the time it takes for the
trench to empty. This drainage rate is not therdéwikic conductivity of the soil or any other
property directly related to the soil on site. Tdrainage rate is a measure of how quickly the
water level in the trench drops and is dependewhupctors such as trench geometry, soil
properties, and actual depth of water in the trenthis is why initial drainage rates are seen at
nearly 40 inches per hour at the institution of timnench. Typical saturated hydraulic
conductivity for a “loamy sand”, which is the sdype present on site, should be around 1.2
inches per hour (Rawls et al, 1983). The drainage observed is possible because water is
exiting the trench in more than one dimension. Bdgom and sidewalls of the trench are viable
areas for water to infiltrate into the surroundisgil. When the trench is full, the wetted
perimeter is maximized and trench depths can dseresost rapidly. Rapid rates decrease

quickly as the trench empties as illustrated iruFegl-7.

The dramatic decrease in this drainage rate ow=s tlean three years should be noted. For
depths between four and five feet in July 2004 dreenage rates were nearly forty inches per
hour, while in July 2007, the rate had decreaseppwoximately three inches per hour. This can
be attributed to the sealing of the bottom of then¢h, as discussed previously. Rates at
shallower depth ranges also decreased over tinosvish that the aging process of the trench
was accelerate by overloading it with runoff andpanded solids. The amount of runoff that

entered the trench over the first three years Wwastuivalent volume that would be seen in a
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more appropriately sized trench (DA:BMP of 5:1) oveearly a century. The amount of
sediment entering the trench is also greatly irswdaespecially considering the fact that the
runoff comes from a parking deck where there iglatively high amount of sediment created
from wear on the surface. This load is much gretitan that which would be seen from a
rooftop or structure that does not experience $ugh traffic. Even with the severe overloading
of the trench with sediment, it has been calculdited it would take more than 3,500 years for

this trench to completely fill its voids with sedamt (Batroney, 2008).

When examining drainage rates over the life of WSP infiltration trench, it is evident that
drainage rates decreased rapidly over the first feamths of its existence but that this rapid
“clogging” of the trench did not continue at thete. It is believed that the rapid decrease in
drainage rate observed initially is due to theisgabf the bottom of the trench. The drainage
rates observed today are attributed primarily tflaws leaving through the sidewalls of the
trench, which have not sealed and are not expé¢ateeal in the near future. For this reason, it is
believed that the drainage rate currently obsemethe trench will not continue to rapidly

decrease as it did in its first few years of exisge but this warrants further study.
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CHAPTER 2 - INSTRUMENTATION

2.1 Introduction

The VUSP infiltration trench is a highly monitor&MP. Various instruments are in place to
monitor both water quantity and quality at diffaretocations throughout the trench.
Instrumentation on site includes weirs, flumes, gmdssure transducers for water quantity
monitoring as well as lysimeters and autosamplersvater quality monitoring. The following
section will focus on the water quantity instrunegimn since it is utilized in this study. Figure

2-1 shows a plan view of the trench and the locatifothe instrumentation.
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Figure 2-1: Plan view of the infiltration trench and impontaspects.
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Runoff enters the pretreatment box at the fardatt flows from left to right where it enters the
trench. When the trench has risen to a depthfeet the water overflows to the north through
the PVC overflow pipe. The water quantity instrumserelevant to this study are circled. The
upper dark circle identifies the well that housegressure transducer that records water depth

readings in the trench.

2.2 Data Logger

All data from the site is currently recorded on anpbell Scientific CR1000 Measurement and
Control System. This data logging device is insthlnderneath the parking deck within a metal
cage to secure it from vandalism. The data loggerks in collaboration with a keyboard
display, telephone modem, and a battery power gugplko allow collection of data from the
laboratory via the modem. All of the elements lawased within a weather resistant box. All of

these elements are shown in Figure 2-2.
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All measurement devices on site from the rain gemehe pressure transducers and auto-
samplers run through the data logger. The Camuadintific data logger was installed in June
of 2006 because of the expanded triggering alslitté the system as compared to its
predecessor. These functions allowed automate@lsggon a storm by storm basis for water

quality studies. For details regarding the loggragipment refer to Batroney (2008).

2.3 Rain Gage

There is a tipping bucket rain gage mounted withia infiltration trench drainage area. The

gage was mounted in on one of the support colurhtieegarking deck as seen in Figure 2-3. It
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was installed in a location that is least likelylde affected by the presence of any overhead

obstructions, such as trees or manmade structures.

Figure 2-3: On site rain gage mounted on the edge of themadeck.

It should also be noted that the rain gage is higided by vehicles since it is on the edge of the
parking deck and is elevated above the ground .leVdlis keeps the gage protected from the
splash of passing cars and the possibility of gla}stontact, which could throw off its balance

and subsequent accuracy.

2.4 Inflow Thel-Mar Weir and Pressure Transducer

A new Thel-Mar weir shown in Figure 2-4b was in&dlin June of 2007. The purpose of the

new weir is to increase the accuracy of inflow regs at lower flow volumes. The old V-notch
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weir was determined to be inaccurate at lower flewgerienced during the rising limb of the
inflow hydrograph. A pipe weir was selected aoa Flow measurement device in order to
accurately measure inflow at the beginning of everA 15 inch pipe seen in Figure 2-4a was
installed ahead of the pretreatment sedimentatento fit the new pipe weir. The new pipe

replaced a segment of the standard four inch P\f@ psed for the rest of the parking deck
drainage systemEquation 2-1is an equation developed for the weir that rel#tesdepth of
water at the pressure transdudern¢ the volume of water overflowing the we@)(in cfs.

Q =-36.164n" +16.416n° + 0.923h* - 0.027"h Equation 2-1

R? = 0.9996

4 sé@ﬁé&_;&:&&;&éééé&ééééﬁéééﬁ%& .

Figure 2-4 a):Installed 15 inch pipe.  b): Thel-Mar Weir installed in 15 inch pipe.

23



Two access doors are cut in the top of the piperder to provide access to the weir for
maintenance. Sediment accumulated behind the e@girbe seen in the Figure 2-4b. The
sediment has fallen out of suspension before ragctie pretreatment box. An INW PS9800
pressure transducer is used in conjunction with gipe weir in order to measure the flow
passing through the weir. The pressure transdadecated at the bottom of the pipe behind the
weir secured with a bulk-head fitting. The transeluis contained within a % inch PVC pipe.
The transducer wire exits through the bottom of BMWC pipe apparatus and is sealed to keep
water in the transducer tube. Water flows overvileg and then continues to the pretreatment
box through two four inch PVC pipes. After passthgough the pretreatment screening and

baffling, flows pass over the V-notch weir.

2.5 Inflow V-Notch Weir and Pressure Transducer

The V-notch weir was the original inflow weir inéal at the trench. The weir is machined out
of ¥" aluminum plate as per ASTM standards (D 5922- It is located at the end of the
pretreatment box. An INW PS9800 pressure transdlamated just upstream of the weir
measures the depth of water passing over the Wiidie depth of water passing over the weir is

used inEquation 2-2asH [L].

5
2

Q= Ecd (29)” tang H Equation 2-2

15
In this equatior® = 90 degrees; Q = Flow Rate’[[]; Cq = Discharge coefficient (0.58). The
discharge coefficient (§f was chosen from triangular V-notch weir recomnagimhs. The weir

discharge coefficient has since been verified bsnmaring measured rainfall volume to the
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measured volume of flow passing over the weir. Vh®tch weir is seen in Figure 2-5 during a

storm event.

Figure 2-5: V-Notch Weir during a sfofm event.
The V-notch weir had been the sole inflow quantigasuring device on the site, but is now only
used for higher flows. The data is still logge@msvminute as it was before, but the flow values
at the V-notch weir will not be used until the nrayim flow rate at the Thel-Mar weir is
exceeded. The V-notch weir is the inflow measurgnuevice utilized in this study. After
flowing over the V-notch weir, flow enters the 12ch perforated distribution pipe, which

delivers water to the trench below the surface.
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2.6 Well and Pressure Transducer

A four inch PVC well is located in the trench. Tdhepth of water in the trench is recorded in the
well with a calibrated INW PS9800 pressure transduclThe well is as deep as the trench and
the transducer sits on the bottom of the well. Vbkime of water in the trench is calculated
usingEquation 2-3 which is based on trench geometry. The measuremeere taken at every
foot, before the trench was backfilled with storiéhe developed equation accounts for the void

space of the trench backfill, which was found t@36&6 (Dean, 2005).

S=-0096y° +1.076%° +24487y  Equation 2-3

WhereS is the storage volume of water in cubic feet, gnd the depth of water in the trench

measured in feetEquation 2-2relates the storage volume to the depth of water.

2.7 Outflow Palmer Bowlus Flume and Pressure Trarducer

Outflow at the trench does not occur until the ¢refills to the invert of the overflow pipe. The
invert of the six inch PVC pipe is located 5.2 f&eim the bottom of the trench. The pipe is
routed underground into a traditional grated drgénimlet. A six inch Palmer Bowlus flume was
installed in June of 2006 and is attached to tipe [ order to measure the volume of water

overflowing the trench as seen in Figure 2-6.
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Figure 2-6: Palmer-Bowlus Flume attached to the overflow @pthe trench.

An INW PS9800 5 psi pressure transducer is usedeasure the depth of water flowing out of
the flume. Equation 2-4is the rating curve provided specifically for theme and is used to

calculate the flow.

Q = 0.00005/* - 0.0007y* + 0.0175y? + 0.0038y + 0.0001

Equation 2-4(Global Water, Inc.)

WhereQ is the flow in cubic feet per second, and defined as the depth of water one inch

upstream of the contraction in the flume minus le@ght increase at the contraction. The one

inch distance is designated for a six inch diamigene.
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All instruments installed at the infiltration trdmcontinuously log data that is used to analyze the
hydrology and hydraulics of the VUSP infiltratiorenich. The integration of these various
devices allows the trench to be continuously meadoand provides data pertinent to studies

concerning the infiltration trench.
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CHAPTER 3-SWMM 5 SIMULATION DEVELOPMENT

3.1 Introduction

SWMM 5 is a hydrologic and hydraulic simulation gram developed by the United States
Environmental Protection Agency. The model isniied for use in urban areas and is capable
of routing runoff through a complex drainage systemdydrologic rain data is applied to a
drainage area that is characterized by various paihmeters making up the contributing
watershed. The rain that falls on the drainage @&either infiltrated or becomes runoff. The
runoff is routed through the drainage system. Simeulation model is well suited for urban
areas because it is capable of simulating flowughopipes, channels, and other man-made
stormwater structures. Both the quantity and ¢padif runoff are routed from each
subcatchment and can be examined at any pointdnstistem. SWMM 5 is capable of
simulating single event storms as well as contisutaw simulations. Both time-series and total
flow results are available for analysis. In thisdy, SWMM 5 was utilized primarily because of
its continuous simulation capabilities. The congdie impervious drainage area is highly
urbanized, which is the type of site that SWMM Ssviistended to model. Further water quality
analysis can be easily incorporated into the gtiamtiodel developed in this study for future

research.

3.2 Basic SWMM 5 Modeling Approach

SWMM 5 is a powerful tool capable of analyzing cdexphydrologic models, but is just as

capable of analyzing less complex systems, su¢heasne studied here. The site of study for
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this research is relatively small, so the hydratigting is not complex. The configured model

is seen in Figure 3-1.
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Figure 3-1: SWMM 5 setup.
Rain data from the tipping bucket gage is introdutethe simulation model through a SWMM
5 rain gage (RainGage). This gage simulates gtatgn over the subcatchment surface
(Parking_Lot). Runoff from the subcatchment entiis storage unit (Trench), which has a
stage-storage curve that represents the storageitapf the trench. The storage unit also has
two outlets. The “infiltration” outlet accountsrfavater leaving the trench as infiltration. The
“overflow” outlet is located at the invert of theerflow pipe and accounts for water that leaves
the trench via the overflow pipe or through thentte surface. Explained above is the general

layout of the model which will be explained in fuetr detail in each of the following sections.

30



3.3 General SWMM 5 Parameters

General SWMM 5 parameters, such as routing timei@filttation methods, remained the same
for the duration of the study. Wet weather runetis calculated every five minutes while
routing took place every five seconds. Values wengorted every fifteen minutes. These
settings produced accurate results while keepingtimmes reasonable. The infiltration method
used for the subcatchment is the NRCS curve numie¢hod, but has little effect on results as
the entire subcatchment is impervious. Infiltratad the trench is dependent upon the infiltration
rating curve developed specifically for infiltratiat the trench in Section 3.7. Kinematic wave
routing was chosen as the method for flow routingll flows in this study are recorded in

ft*/sec. Other general options in SWMM 5 were leftresdefault settings.

3.4 Subcatchment Characteristics, Methods, and Agsptions

The drainage area developed in SWMM 5 was modaedsaibcatchment that drains to a single
point. There are several PVC pipes that comptige dollection system of the parking lot
(Appendix A), but the simplified model serves theeds of this study without the loss of
accuracy. The simplified system used is accept@bleontinuous modeling as the time it takes
for water to travel from one drain to the next msthe order of seconds and the model is
processing cumulative data every five minutes. Tibe minute time step eliminates highly
variable flows over short periods of time withobétloss of mass. It is a rather small time step
considering the fact that a year of data from ke is being examined, but does not create an

overly-cumbersome simulation time, so it was kept.
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The subcatchment “Parking Lot” simulates the pagkiteck, which is the only drainage area
contributing to the trench. The area is enteredcires and is considered to be 100% impervious
surface, which is assigned a curve number of 98aawalue of 100 for “%Zero-Imperv” in the
SWMM 5 subcatchment characteristic box. A very Isipartion of the contributing area is the
actual footprint of the trench, this area is natsidered to be a significant contributor of runoft.
The ratio of the contributing area to the areahef trench is 157:1, which makes this area less
than 1% of the total area. The surrounding gress will also contribute runoff, but only in the
most intense storm events. In these types of syém¢ trench is already full and the water
simply bypasses the trench altogether by runningcty into the grate where it leaves the site as

seen in Figure 3-2.
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The contributing area was originally assumed tahak of the area of the upper level of the
parking deck or 20,400%t A ‘dye tracer’ study was performed by Dean if)2@uring a rain
event in order to verify the drainage boundaryisTest was performed by dripping dye near the
suspected drainage boundary and observing thetidimeaf flow. The study confirmed that the
area was 20,400%f0.468 acres). A table of other subcatchmentmaters entered into the

model can be found in Appendix B.

3.5 Rain Characteristics and Methods

The first step in the development of the modeh&sinhput of hydrologic data. The rain data for
2006 used in this model comes from the rain gagsiten The model uses a five minute interval
rain data file. This file was created by summimg aninute rain gage readings. The data file
only contains times in which precipitation occuesause SWMM 5 is capable of reading the file
and applying it to the corresponding date and tiatiejinating an overly cumbersome rain data
file with a majority of “zero” readings. SWMM 5 &dhe option of inputting rainfall data as an
intensity, volume, or cumulative amount. The “Viole" input was selected since rainfall data
was recorded as a depth. This depth is converildnvthe model to a volume of rain falling

over the entire subcatchment.

The infiltration trench data logger has had incideim the past in which the data was not
collected for a period of time due to power outag®ther technical difficulty. Although flow
data was not recoverable for those periods, data fa rain gage located at the VUSP bio-

infiltration traffic island was used instead. Tin&ffic island rain gage is located less than bélf
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a mile from the infiltration trench. It is assumidt at this distance, it is reasonable to expect

similar rainfall amounts between the two sites.

3.6 Storage Unit Characteristics and Methods

The infiltration trench is developed as a storagé in the model and is identified as the
“Trench.” A storage curve was created based upmerEon’s field measurements (Emerson,
2004) taken during construction. The tables usatkt/elop the stage-storage curve are found in
Appendix C. The stage-storage curve was develaped) the measured perimeter of the trench
and the void space of the backfill material. Aswianed previously, the actual void space in the
rock bed was determined to be 35%; this was amefrded the original assumption of 40%,
which was based on the uniformity of the materihe fill had typical variance in the rock size,
which leads to lower volumes of void, since morepaction occurs. The storage values were

adjusted accordingly in the stage-storage curve.

3.7 Outlet Infiltration Characteristics, Methods, and Assumptions

The first outlet structure named “Infiltration” waseated in SWMM 5 in order to separate the
infiltration volume from the overflow volume. As the case with any infiltration facility, the

soil directly surrounding the trench is criticalttee effectiveness of the structure. In this mpdel
the soil conditions of the site were accountedria drainage rating curve, which is explained in

this section. It is important to realize that trainage rates computed are not one-dimensional
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infiltration rates or hydraulic conductivities. &hates are drainage rates measuring the rate at

which the trench empties as water leaves througinthe bottom and sidewalls of the structure.

Appreciable decreases in drainage rates have leadined over the first few years of the trench
as was seen in Figure 1-8. Infiltration rates hdsereased over the life of the trench, but they
also fluctuate slightly over the course of eachryebhe steady decrease has been attributed to
the accumulation of fine sediments in the bottonthef trench as discussed previously; this is
apparent in Figure 3-3vhere it can be seen that it takes several daythéotrench to drain from

a depth of two feet to a depth of one foot andrtte only decreases slightly more below one

foot of depth.

VUSP Infiltration Trench October 19, 2006 Event

Trench Depth (ft)
w

10/19 10/20 10/21 10/22 10/23
Date

Figure 3-3: Depth of water in the trench for a single storarg.
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It also proves that the majority of infiltration rcently taking place at the trench is taking place
through the sidewalls, since the drainage rateedses drastically as the bottom infiltration

becomes the sole infiltration mechanism.

The drainage rating curve for the model was dewedagsing data collected from the site. Table
3-1 contains the drainage rates used to develoawbage annual drainage rates and the average
rates are in bold. The calculated average rata free feet to four feet is assumed to be the rate
of infiltration when the depth of water in the tobnis 4.5 feet. The rate calculated between four

and three feet is designated as the infiltraticle &t 3.5 feet, and so on for the other depth

ranges.
Table 3-1: Averaged drainage rates at depth ranges for 2006

Midpoint
Depth
(feet) 1/30/2006 5/2/2006 8/1/2006 10/31/2006 Average
4-5 4.01 2.86 6.55 3.32 4.18
3-4 1.77 1.11 2.00 2.10 1.74
2-3 0.77 0.58 0.66 0.66 0.67
1-2 0.45 0.27 0.33 0.33 0.34
0.1-1 0.28 0.12 0.14 0.10 0.16

The rates above were developed using drainage caleslated from 2006 data (Emerson,

2008). The range of the data does not include uneasents below a depth of 0.1 feet in the
trench. It is assumed that there is no watertrafihg at depths below 0.1 feet. The drainage
rates were calculated from depth-time relationslapavater emptied from the trench for each
storm. The values for each date (Table 3-1) are fioint moving averages from individual

storms around that date. Averaging these ratddsytbe rates used in the final drainage rating
curve values listed in Table 3-1 and is the averagefor the year. Temperature does affect the

drainage rate of drainage at the infiltration tiestightly (Emerson, 2008). An average annual
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infiltration rate does not account for this sliglatriation on a storm-by-storm basis The tables
used to develop the rating curve for infiltratioaskd on depth of water in the trench is in
Appendix C. The infiltration rating curve developked the model came from 2006 data from the
trench. It is important to realize that this itréltion rating curve was calculated using only data
from the trench draining and does not include tireftlon rates when the trench is overflowing

(above 5.2 feet) or has flow entering. A plot ofecof the many storms used to develop the

rating curve is seen in Figure 3-4.

VUSP Infiltration Trench May 19,2006 Event

Trench Depth (feet)
w

0 !

5/19 5/20 5121 5122 5/23 5124 5/25
Date

Figure 3-4: Plot of trench depth during a rain event.
The initial portion of the plot in which the deptfi water in the trench increases rapidly is not
used to develop the infiltration rating curve ftrettrench because there are multiple flow
mechanisms dictating the amount of water that i®rerg and leaving the trench. It is not

possible to accurately calculate the volume extiitig through the soil during this portion of any
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storm. Once the trench is full and drops below ¢kerflow depth of 5.2 feet, then water
infiltrating into the soil is the only mechanism hich water is leaving the trench. The rate at
which the water depth in the trench drops durinig time can be definitively identified as the
infiltration rate of water out of the trench andtanthe ground. For particular storms,
discrepancies between simulated and measured diata dhe trench filling process suggest that
there is a difference between infiltration ratesewhhe trench is empty or full. This minor
discrepancy does not significantly decrease theracy of the model, because the amount of
time that it takes the trench to fill is minimaleomparison to the large amount of time examined

in the model.

The calculated depth-drainage relationship is appto the model as a rating curve with the
invert of the outlet structure located at the bottof the trench. The same incremental increase
in infiltration rate that was used between 3.5 drisifeet was applied to depths up to the top of
the overflow pipe at 5.7 feet. This is a conseveagstimation of the infiltration considering that
real infiltration rates most likely continue to rease with depth as they do on the rest of the
rating curve. It is assumed that after the overfiope is totally submerged, that there will be no
additional increase in infiltration rate. The r&gessumed constant to a depth of 6.5 feet, which

would be a case in which water is ponded abovérémeh.

3.8 Outlet Overflow characteristics and methods

An outlet structure was created in SWMM 5 and wesighated “Outlet.” The structure dictates

outflows from the trench when water depths rea@hféet. The outflow depth-flow relationship

38



is applied to the model as a rating curve startihg depth of 5.2 feet from the bottom of the
trench. The curve was provided with the Palmer Bewlume and was developed by Global
Water, Inc. (Equation 2-4). Using this curve asesirthat the flume is the condition that limits
the amount of water overflowing the trench. Otfaators could actually be the limiting factor

with respect to the rate at which water is ableexd the trench’s overflow structure. The

dynamics of the water moving from the inflow disgien pipe to the overflow pipe could be a
factor as water has to move through the upper guortif the rock bed before it reaches the

overflow pipe.

Any depth greater than six inches over the invethe overflow pipe is assumed to produce free
flowing overflow. It is assumed that at this powmater will leave the trench as quickly as it
enters either through the pipe or by exiting thiotlge porous pavers above. A flow rate of ten
cfs is assigned to depths greater than 5.7 fetbeitrench. This simulates the free flow of water,
which comes up through the pavers and flows oversthall grass section between the trench
and the outlet. Water then leaves the site thrahghlawn inlet as shown in Figure 2-6. It
should be noted that this type of overflow happenly during storms with extremely intense
downpours (i.e. 1.2 inches per hour or greater) iandot a regular occurrence. For more

detailed drawings, plan and profile views refeAfgpendix A.

3.9 Outfalls

Outfalls were created downstream of each struaittie corresponding names so that outflow

and infiltration could be examined as individuakrakents at the end of the system. These
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outfalls were input into the model for the sole gmse of monitoring the total flow exiting via
each respective mechanism. Each node can be mexhitedividually over the course of the
simulation in order to determine flows, depths, aotumes leaving the trench instantaneously

or cumulatively.

3.10 SWMM 5 Model Development Summary

The simulation model was developed as describe8eiction 3.2 through Section 3.9, and is
capable of simulating flows through the trench ttog year of 2006. Verification was the next
step to ensure that the model was in fact capdhiepooducing actual trench depths, infiltration
volumes, and overflow volumes as discussed in @napt Once the model was verified to
accurately simulate the year of 2006 then it wagmbbke of modeling the trench in the future with
the input of new meteorological data assuming tiatcurrent infiltration rate at the trench does
not change drastically. It does not seem likebt th drastic change will take place in the near

future since it has not changed significantly awerlast two years as proven by Emerson, 2008.
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CHAPTER 4 —SIMULATION VERIFICATION

4.1 Introduction

The hydrologic and hydraulic data and physical congmts of the site were compiled into
SWMM 5 as discussed in Chapter 3. This data wesrded by instrumentation on site which is
regularly calibrated to ensure accuracy (Emers6@82 Comparing simulated trench depths to
measured depth readings is the method used toywbef model’'s accuracy. This verification
took place through both visual examination andidteal analysis. A secondary comparison

examines the overflow volumes simulated and obskrve

4.2 Visual Verification

Verification began with a visual examination ofricé depths plotted over time. A graph of
simulated trench depths compared to measured trgtins for the year of 2006 is included in
Appendix D. Due to the large amount of data, tharywas divided into three month periods.
Magnifying these periods made the differences betvaemulated and measured data more clear.
Figure 4-1 shows one of the periods spanning froiyp through September and plots of all four

time periods are included in Appendix D.
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July through September 2006
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Figure 4-1: July through September trench depth comparison

Examining Figure 4-1 shows that the shape of tireisited depth curve (light) is very similar to
the actual depth curve (dark). The rising limbaja has a steep slope, which indicates that rain
is moving to the trench rapidly from the completefgpervious parking deck. The fast
conveyance of flow is expected, since the areanohgito the trench is small, and it takes no
more than a few minutes for water falling on thetHast point of the watershed to reach the

trench.

The timing of the runoff from the model matches theasured runoff, which is also seen in the
rising limb of each runoff event. The simulategeof water in the trench begins to increase at
the same time as the recorded depth in the trefitte simulated depth of water in the trench
also peaks at the same time as the actual trengti,dalthough there is occasionally some

discrepancy between peak depths. The model alseris effective at simulating additional
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inflow while the trench is draining, which is seom the sensitivity of the simulated trench
depth in back to back events. Some simulated pegkhs reach higher than measured peak
depths in smaller storms, while some actual pea&shr higher than simulated peaks in larger
storms. The slightly higher peaks seen in the mddeng smaller storms is explained by the
fact that the parking deck is not completely impauwg. Although the joints between parking
deck segments are “sealed”, it has been obseraedhdy do leak a portion of the runoff, as seen

in Figure 4-2.

Figure 4-2: Leaking parking deck joint.

This loss can be a significant portion of the tatahoff for precipitation event with a low

constant intensity, because the water slowly mowes these cracks and has more time to seep
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through the crack. Typical differences in rain amitow to the trench can be seen for a single
month such as September of 2006 in Table 4-1.

Table 4-1: Typical losses from rain to runoff.

Approximate Percent of

Inflow to Storm Max Five-Minute Total Rain

Storm Rain Trench Loss Duration Rain Intensity Entering
Date [in] [in] [in] [hours] [in/hr] Trench
9/1/2006 2.67 2.55 0.12 35 0.08 96
9/5/2006 1.01 1 0.01 12 0.05 99
9/14/2006( 1.71 1.39 0.32 55 0.03 81
9/28/2006( 0.82 0.79 0.04 7 0.11 95

Total 6.3 5.79 0.51 92

Every storm has some sort of loss associated withut the loss is dependent on multiple
factors, including storm duration and intensityheTpercentage lost in September 2006 varies
from 25% to nearly 0%. The total lost flow oveettourse of the month was 8%. The storm on
September 1% is the only storm that lost a large percentagthefstorm’s total volume. This
storm was a long storm that produced a large volafmain, but over a much longer period of
time than other storms. The losses seen fromdhany deck are not simply depression storage.
The losses are somewhat constant over the coutbe storm because the runoff flows over the
cracks. The drainage area was not changed fro i6(ervious in the SWMM 5 simulation
model in order to account for this volume, becathsepurpose of the model is to simulate the
theoretical inflow and outflows of the trench foesign purposes. Design for construction of
new infiltration trenches may account for this aage in construction quality and maintenance

of a site, but this model does not account forsugh losses.

Examination of larger storms reveals that somehef measured peak depths in the trench

exceeded simulated peak depths in larger stornmss i§ not a concern because the model was
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designed in such a way to prevent flooding (floa&t in the model) during extreme flow events.
When the water is over 5.7 feet deep (the top efaverflow pipe), the infiltration rate remains
constant in the model. The overflow rate increages constant rate from 5.7 feet to 6.0 feet.
The peaks match well in most instances, but itlmarseen that simulated trench depths never
exceed six feet. This is because the overflow eyunps from a rate of 1.19 cfs at a trench
depth of six feet to a rate of ten cfs at a depst pver six feet, (Appendix C) which simulates
the overflow mechanism of water leaving through theface of the trench pavers, as seen
previously in Figure 3-2. This change in flow raasures that the overflowing water is
accounted for as overflow. The overflow water ffofreely over grass to the stormwater inlet a
few feet away. The discrepancy in depths hereoisanconcern because depths are rarely
recorded above six feet for more than a couple iolitas at a time. In 2006, the trench depth
was recorded above six feet for only five eventsl ao event was above six feet for more than
15 minutes. It can be assumed that virtually athat water above a depth of six feet is lost to

overflow.

It is critical that an infiltration trench will inifrate water effectively, and the focus of thiady

is to determine what amount of rainfall is infited on site. When the depth of water in the
trench is below 5.2 feet, infiltration is the omhechanism by which water can leave the trench.
Examining simulated recession limbs versus measues#ssion limbs verifies that the
infiltration rating curve is accurately simulatimgfiltration at the trench. Figures 4-3 a and b
show recession limbs that match fairly well, anbeo$ that are nearly identical, respectively.
Snowmelt events are not accounted for in this mddelexample, the 2/12 event in Figure 4-3

b. This will be discussed in more detail in Secdob.
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May and June Trench Depth
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Figure 4-3 a: Trench depth comparison for May/June.
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Figure 4-3 b: Trench depths for February/March

(Only data following vertical dashed line is usadhe statistical analysis.)
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The two periods of time in Figures 4-3 a and b sltwat infiltration rates at the trench vary over
the course of the year. The infiltration ratingwauinput into the model was developed from
average rates calculated for the year of 2006. sithelated recession limb is identical for every
storm and does not account for the season or teyper Figure 4-3a shows some storms in
which the calculated infiltration rate is fasteaththe actual infiltration rate and the opposite is
seen in Figure 4-3b, as the simulated recessioredsrheld constant, it is clear that the actual
infiltration rate at the trench varies as was exgec Figures 4-3 a and b will be analyzed further
in Section 4.3 for statistical verification. Inder to examine the data even more closely, a single
storm from each of the 4 three month periods dsetdisbove was plotted individually. Figures

4-4 a, b, cand d are the plots of the data for these storms.
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Figure 4-4 a, b, ¢, & d: Plots of individual storms in different seasons.
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The plots cover time periods ranging from seveneto days which encompasses the trench
filling and emptying for each storm. The individleaents were chosen to examine the accuracy
of the model during each respective time periotly@he event starting on Marcfi%ds a single
peaking event. The April storm has the largestiatens between measured and simulated data.
The multiple peaks of the storm were not matchezhbge of the difference in depth of water
left in the trench at the beginning of each newkpeahe rising limb and peaks of the storms
match well the majority of the time. Timing anddte of the peaks are similar. The simulated
data deviates furthest from observed data as ¢nelirempties in the April®storm and again in
the October 1% storm. The difference between measured and sietlidepths varies and is
never larger than half a foot, but is typically rhdess. In the lower depths of the trench, where
the deviation is the largest, the half foot diffece in depth is a 14 cubic foot change in volume.
The July 2% storm has measured depths lower than simulatethslephich is contrary to the
characteristics exhibited in the previously mergidistorms. While the second recession limb of
the October 1% storm underestimates the depth of water in thectrethe first recession limb
shows the simulated data above, and matching thesumed data at different times. The
individual storm examination provides further vigdtion that the model is capable of accurately

predicting trench depths.

4.3 Statistical Verification

Statistical verification of the model is the ultiteagoal of the verification process to prove that
the model is capable of reliably predicting thef@penance of the trench. Two time periods

during the year were chosen to perform the stediktinalysis.
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4.3.1 Basic Statistical Comparison

The time periods examined were chosen through healexamination of the data. The first
time period was chosen because it appeared toebahst correlation between the measured
and simulated data for the year aside from snowmadnts. This time period runs from May
19" through June 2%, and can be seen in Figure 4-5 b. The second pignied was selected
because it appeared to be the time of the yeahiohathe simulated and measured trench depth
data matched most closely. This time period ruomfFebruary 2% through March 3% and the
compared depths were shown previously in Figureb4t8 the right of the vertical dashed line
(excluding the snow melt eveptFigures 4-5 a and b compare measured depths (sdstis

simulated depths (ordinate) for the two time pesiod

Trench Depth Comparison 22FEB-31MAR

‘ — Linear (1—to—l)‘ RETERLLL N

Simulated Trench Depth (feet)

0 T T T T T
0 1 2 3 4 5 6
Measured Trench Depth (feet)

Figure 4-5 a: Simulated versus measured depth of water in drekr.
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Trench Depth Comparsion 19MAY-22JUN
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Figure 4-5 b: Simulated versus measured depth of water in énelhr.

By choosing the “worst” visually matched data pdriand the “best” visually matched data

period, the full range of performances by the maalel examined. The entire year was not
examined due to the large quantity of data andgdsrof missing trench depth data. The periods
with missing data combined with the snowmelt evevisild not be relevant areas to perform a

statistical comparison of the model.

The ideal relationship for this model would be &-to-one correlation with the measured data.
This relationship is represented by the straigte lunning from the origin to the top right corner
in each plot. In Figure 4-5 a, the points gengrtll closer to the line with only a few points

straying further from the line. Figure 4-5 b hawér points further away from the line, but the
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majority of the points have a larger range arouraitleal line. In both figures, the points far
from the ideal line occur while the trench is i ghrocess of filling at the beginning of events.
In these instances, the actual depth in the tremaleases quickly as flows enter the trench and
the timing of the model is slightly off. These pts are very few but will have an effect on the
overall accuracy of each set of data. The compleai the trench filling with water was
addressed previously in Section 3.7. This is atgberiod of time during each event, and does
not drastically affect the accuracy of the modelaawhole, but will be accounted for in the

Spearman pair-wise statistical analysis performe8ldction 4.3.2.

4.3.2 Spearman Pair-wise Statistical Analysis

A Spearman pair-wise correlation analysis was peréal on the two time periods selected. The
analysis compares depths produced in the modélet@adtual depths in the trench at each point
in time. In order to prove that the model is cdpalf accurately modeling the depth of water in

the trench, a null hypothesis is developed)(HThe null hypothesis is tested by comparing the
two sets of data on a point by point basis. Iftine sets of data have no relation to each other,
then the correlation coefficient is zero. If thweotsets of data are positively related, then the
correlation coefficient approaches one. If the tyets of data are inversely related, then the

correlation coefficient approaches negative one.

In this case, the null hypothesis states that ilmellated trench depth data has no correlation to

measured trench depth data. Assuming that thengptthesiss true, the correlation coefficient

should approach zero. The plausibiliB) that there is no relationship between the tws sét
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data will approach one (100%). The two sets ofdatre compared and the results are

documented in Table 4-2.

Table 4-2: Statistical analysis of selected time periods

Spearman Pair-wise Correlation
19MAY - 22FEB -
22JUN 31MAR
Correlation 0.978 0.966
Coefficient
Sig. (2-tailed) P<0.001 P<0.001
P
Data Points 3227 3552

The results of the test show that neither periodtime examined produces a correlation
coefficient close to zero. Both correlation cogéints approach one, which rejects the null
hypothesis that there is no relationship betweensimulated and actual data sets. Since the
correlation coefficient approaches one in both gaiseés proven that the simulated and measured
depths do relate to each other positively. Theuglality (P) that there is no relationship
between the two sets of data is virtually zeroathixases, which means that there is virtually no
chance that the two sets of data are related mcictance. In other words, less than one in 1,000
simulated depths will not represent the actual llejitserved in the trench at that time. The
“worse” of the two periods as determined visuallyns out to be the stronger relationship
statistically. This is explained by the deviangalepths as the trench initially fills. This paft
any event is highly variable with multiple factargntributing to the depth observed and can be

seen during both time periods.
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4.4 Overflow Comparison

Complete verification of the model also includesoanparison of overflow volumes. The first
comparison of measured overflows to hydrologicalpulated SWMM 5 overflows took place
by summing the flow measured by the Palmer-Bowlus ¢ located in the overflow pipe and
comparing that volume to the simulated overflowaosingle storm basis. However, this method
was a viable option for only one storm in 2006, s the flume was only in operation as a
calibrated and verified instrument for a few montiighe year. In addition, the method only
works if the trench overflows, but does not alserfiew through the trench surface. If some of
the overflow is exiting through the porous paverfate, then the total flow measured at the
overflow pipe is not the only overflow mechanisrkitg place and is not an accurate measure of

the total overflow volume. Only one storm fit teegiteria and is shown in Table 4-3.

Table 4-3: Simulated SWMM overflow compared to Measured Fuwwerflow

Decemeber 25, 2006 Storm
Measured
Flume Over Simulated %
Rain Flow Overflow Difference Difference
Units
[cubic feet] 1224 662 822 160 19
[inches] 0.72 0.39 0.48 0.09 19

The simulated overflow volume was greater than thhich was measured exiting via the

overflow pipe by 19%. This could be attributeds&veral aspects of the site, which have been
discussed previously. The most likely reason &ltdss of runoff before it reaches the trench,
which is known to take place on site but is notoacited for in the model. The second reason is

that some of the overflow may have exited the tnethcough the surface rather than through the
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pipe, although not likely considering the maximuapths of water observed at the trench were
less than the top of the overflow pipe. Since thethod of comparison was not very effective at
comparing simulated overflow to measured overflowd @ould only be applied to one event,

another method was developed.

The simulated overflow volumes were compared tosmesd overflow volumes on a storm by
storm basis. Overflow volumes were calculated gidiald measurements and storm-specific
developed characteristics. Individual infiltraticating curves were developed based on trench
depth readings versus time for each storm. Floluraes exiting the trench in the SWMM 5
model were taken from the overflow outfall and wewenmed for the duration of the event. A
comparison between these actual calculated ovesfeovd the SWMM 5 simulated overflows is
seen in Table 4-4. The storms were again selesstethat the majority of the overflow was
taking place through the overflow pipe, but ovesfithrough the surface is accounted for in both
the model and the calculated actual flows.

Table 4-4: Storm by storm comparison of calculated and sitedlaverflows.

Storm Rain Volume Calculated Simulated . % \/olume
Date Overflow Overflow Difference Difference
[in] [fceuett’]'c [cubic feet] [?e”ebt']c [%] [in]
11-Oct 0.91 1550 1060 1200 13 0.08
27-Oct 2.93 4980 3920 4460 14 0.32
7-Nov 2.69 4570 3760 3940 5 0.11

The calculated overflow volumes were determinedniyasuring the incoming flow to the
trench. The calculated volume infiltrated and cleaimg storage volume over the course of the
storm were subtracted from the inflow, in orderofotain the volume that overflowed. The

comparison shows that the simulated overflows arglas to those calculated on site with a
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slight overestimation of the volume of water le@vthe trench via the overflow pipe. This slight
overestimation is explained by the fact that theleh@oes not include the initial abstractions on
site. If the previously discussed losses are aatdd, the error drops significantly. With the
focus of the SWMM 5 model being the simulation lvé drainage area as designed and not as it
is performing in the field, this is an expectedfeténce The calculated overflow volume
depends partially on the measured inflow to thadinge which excludes the volume lost in those
initial abstractions. All of the storms examina@ éarger storms with consistent losses for the
duration of the storm. The storm on Octobel” 2ias a larger deviation in the volume of
overflow, as the storm was a slow, steady rain éflatved runoff more time to leak through the
cracks of the deck. These flows never enter #mctr and are not measured as inflow since they

flow to the old stormwater system, bypassing teadh.

Verification of the hydrologic model was accompéshthrough the comparison of actual and
simulated trench depths, infiltration rates, anérfiow volumes. Visual verification revealed
the apparent accuracy of the hydrologic model aatistical and mathematical comparisons
confirm that the developed model is capable of etely simulating runoff flowing through the
stormwater infiltration trench. Verification of exlow values is less thorough than the
verification of infiltration drainage values, besauof the lack of available storms with
accurately measured outflow. The lack of accuoaerflow data is due to the fact that there are
multiple overflow mechanisms and the volume flowioger the flume is the only measured

overflow.
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4.5 Snowmelt Deviation

Although snowmelt events are not included in thzded, the majority of snowmelt events can
be considered completely infiltrated into the tiemar the studied period. As long as a torrential
rain does not accelerate the melting process, ttiemunoff rate will not exceed the infiltration
rate and the trench will not overflow. Figure 4@ comparison of the water depth in the trench

over the course of a snowmelt event as compardteteimulated depth.

Snowmelt Event

6 Overflow —e— Measured |_|

Depth —=— Simulated

Depth of Water in Trench (feet)

2/11 2/13 2/15 2117 2/19 2/21 2/23

Date

Figure 4-6: Depth of water in the trench during a snowmedrgyv
Figure 4-6 illustrates the fact that the simulatitwes not account for snow melt. There are two

peaks in the simulated depth, which were the rexfultrecipitation reaching the tipping bucket
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rain gauge; this could have been the result of mctated snow on the gauge which melted as
temperatures rose. It appears, in this case, thatl @mounts of rain did fall since the depth

changed abruptly in both the model and in the &dnemch data at these two points. The
smaller, more gradual changes in depth seen onllgeractual data are the result of snowmelt
without rain. Even with this rather large snownmlent, the depth of water in the trench only
reaches a maximum of four feet and does not coosedb overflowing. It is also important to

note that snow falling on this site is typicallynreved quickly since it is a parking area. Most of
the snow is plowed to the opposite end of the doinfthe trench and pushed over the edge,
which removes it from the drainage area of thedhenFigure 4-7 shows the snow piled below

the opposite end of the parking deck.

Figure 4-7: Snow cleared from the upper-level parking deck
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A similar snow-clearing procedure would likely be place at any such public parking area.
Snow is commonly piled into a small area, which ts@huch more slowly than snow spread
uniformly over an entire area since the surface @aeosed to warming air temperatures and

solar radiation is decreased.

Snowmelt events can certainly be significant in samatersheds, but is considered insignificant
on this site. Considering the typically small sifeareas draining to infiltration trenches and
typical snow removal practices, any significant\v@melt runoff event will usually take place

slowly enough that a trench will not fill completeiwhich means that all of the inflow will

infiltrate into the ground. For the purpose ofsteimulation, it is assumed that any significant
amount of snow that falls on the drainage areansoved since it is a parking lot. If the snow is
not entirely removed, as it was not in Februar@®6, then the rate at which it melts will not

exceed the rate at which the trench is capablefittrating water on any given day.
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CHAPTER 5- TRENCH SIZING AND COMPARISONS

5.1 Introduction

The model developed has been verified to accuratetylate the hydrologic flow of stormwater
through the VUSP infiltration trench BMP. Sincasitverified, the simulation model is a tool for
comparison and forecasting the BMP’s expected ¢ijpaa performance. It is important to
realize that the model is created for this spegifie, and its inherent characteristics. Hydratogi
patterns and local climatology for the Philadelphegion as well as soil characteristics
surrounding the trench, trench geometric shape,sitedconstruction techniques all affect the
performance of the infiltration trench. Changimy &f these parameters produces altered annual
infiltration estimates. Ultilizing this model for site other than the VUSP infiltration trench

would require the input of data specific to thae sind will be discussed further in Chapter 6.

This chapter explores the affect of varying theestt the drainage area contributing to the
infiltration trench. Infiltration BMPs have provan many cases to be effective decades after
construction (Dechesne et al., 2005). Sustainglvgimains a concern despite such studies. The
concern is warranted considering the complicatiarexcavating and rebuilding these structures,
and the associated costs. To reduce the riskilafdadue to clogging, the volume of runoff that
reaches the BMP is often restricted by restricthmgsize of the drainage area contributing to the
structure. Limiting the water entering the trerichits the volume of fine sediments, which is
the primary concern. The most common method afigian infiltration structure footprint to the

drainage area contributing to it is to create gpsemnatio between the two (DA:BMP). There are
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different recommendations for this ratio and nocg¢xatio applies to every site but a maximum
impervious area to infiltration structure footprmatio of 5:1 is recommended (PA BMP Manual,
2006). Some jurisdictions will allow higher ratifts “clean runoff” or “green sites”, where the
runoff contains low concentrations of fine sedimemhese ratios provide an initial size estimate
but the exact volume of the trench will vary depagdn the depth and subsurface geometry of
the structure. The required storage volume iscilpi determined by a comparison between pre-
construction and post-construction runoff volumesThe increased runoff volume from
construction needs to be captured when compartggtain design storm such as the 2-year 24-
hour storm (PA BMP Manual, 2006). The ideal ratibodrainage area to infiltration BMP

footprint will vary from site to site, with the viation of characteristics specific to each site.

Varying the size of the drainage area contributm¢he infiltration trench in the verified model
provides further insight pertaining to the idediaao achieve intended goals. A continuous
simulation allows the infiltration to be observeeeothe course of a year, rather than examining
the effectiveness for an isolated storm (snap-dhag)s. Ultimately, the best fit DA:BMP will
vary from one site to the next, but a continuousignulated approach provides a more

comprehensive evaluation of an infiltration struetaver an extended period of time.

As discussed previously, the infiltration trenchs Haeen intentionally undersized in order to
accelerate the aging process of the BMP. Sincééimeh was originally constructed as large as
possible with respect to nearby existing utilitisis not practical to increase the size of the

trench to better fit the drainage area. The sfab®watershed could be decreased by diverting
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part of the contributing area back to the origisedrmwater system. This would create a

drainage area that is closer to the recommendedsizsidering the footprint area of the trench.

5.2 Contributing Area Variations

Different simulations were created with contribgtiareas of various size, creating different
DA:BMPs. In order to determine a more appropridtainage area, many different size
watersheds were input into the model. Areas of@Dff, 10,200 ff, 1300 £, and 930 ft in
Table 5-1 were input into the model to gain a attelerstanding of what a reasonable drainage
area is for this trench. These areas were chogeorsidering local stormwater regulations and
general rules of infiltration structure design. eTHifferent models are referred to by their
DA:BMPs for the remainder of this study. The sa& BMP footprint of the trench remain
constant at 130 fwhile the size of the drainage area contributimghie trench varies for each
simulation run.

Table 5-1: Model size and description.

Drainage Trench Capture Volume
DA:BMP Drainage Area Description Area Drainage Area
[Square Feet] [Inches]
157:1 Existing trench drainage area 20,400 0.09
78:1 Half of the existing area 10,200 0.18
10:1 DA:BMP ratio of 10:1 1,300 1.45
7:1 Capture 2 inches of rain over ajea 930 2.00

The trench capture volume is divided by the dragnagga in these calculations. At a depth of
5.2 feet the trench void space is 155 6.2 feet is the trench depth at which overflosgins.
The storage in the trench when it is completely fapproximately 6.0 feet) is 200%ft The

simulation with a ratio of 157:1 is the verified de with the drainage area set to the size
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currently present on site. The simulation withaéiar of 78:1 is the ratio when the original
drainage area is halved. The simulation with aEBMP of 10:1 is the drainage area sized to
have a drainage area of 1,300dhd is a ratio twice the size of the recommendéBMP of

5:1 (PA BMP Manual, 2006). The DA:BMP of 7:1 igttrainage area that would fill the trench
to the overflow pipe when exactly two inches of eveell on the drainage area, as can be seen
by the capture volume for this model. The areadkulated by using the known storage
capacity of the trench which is 155 cubic feetncBithe drainage area is completely impervious,
the first two inches of rain multiplied by a spéci&rea yields this volume of water. It should be
noted that this volume does not include any irdilon that may occur as the trench is in the
process of filling. The capture volumes are catad as if that volume of water were to
instantaneously arrive in the trench void spacelleCting the first two inches of rainfall from
every event off an impervious area is expectedetaove 95% of the runoff from that area
annually (PA BMP Manual, 2006). The following syudhows that this goal would be
accomplished at the site of study if the drainagga aontributing to the infiltration trench was
decreased to produce a conservatively estimatedafa?:1. The models listed were included in
an initial comparison, and provide further evidetita the current trench is severely undersized,

and that a much smaller DA:BMP is required for @aged performance.

5.3 Varied DA:BMP Infiltration Comparison

These three new models were created and were s$eduddong with the model of the existing
trench for the entire year of 2006. Such largengea in contributing drainage area drastically

decrease the volume of water that flows into teadh. A comparison of trench depth over the
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course of the year is one way to express thisreifiee. Figure 5-1 shows a comparison of the

four simulated trench depths for the month of June.

Trench Depth Comparison for June

6 Overflow Elevation —y
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Figure 5-1: Trench depth comparison of varying drainage aredels.

Visual examination of the data was performed onllemaéime periods, such as Figure 5-1above,
so that any differences in the data could be s@enshorter periods of time are plotted on the x-
axis, the resolution between the simulation ruré erents becomes much more refined. This is
seen when an individual storm such as the JUh&Rjure 5-2). The full year of data is plotted
for these four model simulations and is in AppenBixbut does not reveal much about the
differences between the various models. The tworst that filled the trench for all simulations

were storms of 3.23 inches and 4.17 inches. Wimaualations “10:1” and “7:1” filled the trench
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to the overflow pipe, the trench remained aboveotrexflow depth for only a few minutes. This
shows that the volume of water overflowing the ¢reris minimal even in substantial runoff
events for these models. The drainage area theateereased by 50% produced a similar trench
depth curve to the original model. The smallerra®show the trench either not overflowing or
taking longer to overflow when compared to the ioayymodel. The smaller events were each
well below two inches, so they would not be expedtefill a trench that is designed to capture
the first two inches of rain from the site. Intfahe volumes of these smaller storms were small
enough that they barely even affected the deptlwater in the trench for the models with
smaller areas. This is visual confirmation thatlyorery small amounts of runoff bypass the

trench when it is more appropriately sized.

Trench Depth Comparison for June
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Figure 5-2: June 2, 2006 storm for the four model simulations.
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Examining trench depths on a single event basiwslioat the data that may have looked nearly
identical over a longer period of time do diffeThe “7:1” and “10:1” simulations did not
overflow until the second peak of rain occurredhia June %' storm shown above while the two
simulations with larger drainage areas overflowddlladay earlier. Some aspects that were not
so apparent from the previous plot were the sldifierences between the “157:1” and “78:1”

simulations and the “10:1” and “7:1” simulation®sen Figure 5-2.

In order to compare the models numerically, thalteblume overflowing the trench and total
volume infiltrated over the course of the year warenxmed. The flow rates were recorded in the
simulation as inflow, infiltration, and overflow icubic feet per second. The volumetric flows
are much greater in the original model than theyimithe model with the smallest drainage area,
so each flow volume was expressed as inches offfrawver its respective drainage area for
comparison. The total flows entering, infiltratittgrough, and overflowing the trench for the
different models are in Table 5-2. The percentheftotal flow infiltrated is also included in the

table.

Table 5-2 Flow volumes for various drainage areas forytbar 2006.

DA:BMP Inches over the Watershed % Infiltrated
Total (% Total
Flow Infiltration | Overflow Inflow)
157:1 55.1 13.6 41.5 24.7
78:1 55 20.5 34.5 37.2
10:1 51.8 47.1 4.7 91
7:1 49.4 48.2 1.2 97.6

Analyzing the data in this fashion allows the imnfition to be calculated as a percentage of the

total flow entering the trench. It is important hote that the total flow out of the trench
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decreases as the size of the contributing drairsaga decreases. This is because smaller
volumes of water are entering the trench. Thisiigantly reduced total volume of runoff
makes the model more sensitive to rounding err@sice the trench experiences much more
time with very little water in it, the infiltratiomates are very low for long periods of time. This
causes very small infiltration rates to be rountiedero more often. The lost flows due to
rounding while the trench is overflowing are n@rsficant since the trench rarely overflows and
only overflows for a short amount of time. Therefat is assumed that the additional 5.7 inches
of flow lost from the simulation “157:1” to the sutation “7:1” could be added to the total
infiltration. This study does not include thoseliidnal flows in comparison of the various
simulations, and will examine the infiltration apercent of the total flow observed exiting the

trench.

The percentage of flow infiltrated varies from appmately 25% for the largest drainage area
simulated to 98% for the smallest drainage areallsited. The existing trench still infiltrated
nearly 25% of the runoff from the parking deck, glesshaving a bottom infiltrating surface that
is severely clogged. As mentioned previously, thel @f capturing the first two inches of any
runoff event is to reduce annual runoff from thié¢ &y 95% (PA BMP Manual, 2006). Since
98% of the flow that entered the trench was irdtied in this simulation for the year 2006, this
BMP would have exceeded expectations if the drarsga was sized more appropriately. The
amount of rain for the year of 2006 that fell oe 8ite was over 55 inches. That means the year
was an above average year of precipitation in coisgato the average annual regional amount

of approximately 42 inches. The year also includederal large storms so it was an above
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average year for precipitation. Modeling such giesiriteria can verify the effectiveness of

these regulations.

The developed simulation model proves that if ireveesigned to meet state BMP design
regulations, then the goal of reducing annual rufrom impervious surfaces by 95% would be
accomplished. In fact, considering the percenitiated and the above average amount of
precipitation for the region seen in 2006, suchracture might be considered over-designed.
This over-design leads to cost concerns relatedbied space and excessive excavation and fill
when constructed. The ideal design would be thhichv fulfills the requirements of the
regulation while minimizing the size of the struetu In order to eliminate the chance that 2006
was an abnormal year of rainfall, another year iofutation would be necessary. Further
exploration of different sized trenches is carread in Section 5.5. Section 5.4 examines the

trench sized to capture two inches of runoff inHear detail.

5.4 Storage Capacity of a Trench Sized to Appropaite Capture Volume

The greatest advantage of utilizing a continuoosvfmodel in order to simulate the flow of
water through a BMP is that antecedent conditioasaacounted for in every event. Simulating
isolated events at a particular BMP reveals itsacayp if every event were to begin while the
facility is completely drained. In the case ofstlmfiltration trench, which in its current state
takes approximately a week to completely drains itare that an event begins with all of the
storage capacity available. A continuous simutaiacounts for the volume of water that still
occupies storage at the beginning of a new evéihen a portion of the storage volume is

occupied, the trench reaches the overflow depthermaickly. Isolated event analysis removes
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the effects of interdependency between events wtachbe a significant aspect in the overall

evaluation of a stormwater BMP's effectiveness.

Examining a double-peaking event that took placer dlre course of several days in September
of 2006 shows the results of three different meshafdsimulation (Figure 5-3). The first method
breaks the event down into two separate eventfa{ézbEvents). Each portion of the storm is
individually simulated, and the trench is comphgtempty. The next method is a continuous
simulation of the double peaking event alone (Gurdus Event). The trench is assumed empty
at the beginning of the simulation, but simulativever stops, and the trench is not assumed
empty at the beginning of the second portion ofsteem. The third method is a snapshot of the
event as it occurred as part of the continuous lsitiom of the year of 2006 (Continuous 2006).
Figure 5-3 shows trench depths for the storm sitedlasing the three methods described using

the same rainfall data from a single storm.
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Figure 5-3: Comparison of trench depth for different modelieghniques
For this simulated event, the trench never reatthesverflow pipe for any of the methods used.
The “Continuous 2006” simulation represents condgi at the trench for this particular event
most accurately, because it accounts for the waikipresent form the preceding storm at the
beginning of the simulation. The “Continuous EvVesitnulation becomes more accurate as it is
further removed from the original assumption tlneg trench was empty at the beginning of the
simulation. The “Isolated Events” simulation tseaach peak as a separate event, so accuracy is
lost at the beginning of each one, since it is m&slithat there is no water occupying the trench
for each event. These three variations illusttaee effects of isolating events, rather than

modeling them continuously.
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An important aspect of this model to note is tihat different methods used converge with time.

An entire year of data does not have to be modaledder to obtain accurate data.

Examining the data from the three simulations iguFé 5-3 reveals that continuous modeling
and isolated event modeling can produce very differesults. To look at the storm more
specifically, the total precipitation occurring oue course of the storm is 3.68 inches; 2.67
inches fall in the first peak and 1.01 inchesifallhe second peak of the storm. The first peak of
the storm is identical between the “Continuous Eveaimulation and “Isolated Events”
simulation. It is not until the second peak of 8term that the data differs, because the two
models began with the same initial trench conditbran empty trench, and were subjected to
the same rain data. The divergence occurs whesdbend peak of the storm begins and the
isolated event model has an initial trench conditxd zero once again. The continuous model
still has a depth of water of approximately 0.768tfe@hen the second peak begins to enter the
trench, which decreases the storage volume availédl the second portion of the storm.
When analyzed as two separate events it would suevaexd that any water left in the trench at the
end of the first storm would be infiltrated befdhe beginning of the next storm and would not
occupy any of the trench’s volume. This is not tvaetually happens at the site, since water
from a previous storm may not have enough timeotopietely drain from the trench. Table 5-3
is a tabulation of the total infiltration and maxim depth of water simulated using the three

different modeling methods.
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Table 5-3: Comparison of infiltration and maximum depth aiter in trench

Max Depth

Simulation Method Infiltration of Trench
[inches] [feet]

Isolated Events 3.04 4.69

Continuous Event 3.24 4.69

Continuous 2006 3.55 4.82

Table 5-3 shows the differences between the magleigthniques. The infiltration is a
summation of the flow leaving the trench througke timfiltration” node in inches over the
watershed. The volume of simulated infiltratiorthe least when the two peaks area analyzed
separately. In this method, the two peaks of thersare isolated, but are plotted together. Note
that the amount of water left in the trench at ¢émel of the first peak is lost, since it is not
accounted for as infiltration or stored water. Tdiference of volume of water infiltrated
between the simulation “Continuous Event” and ‘detl Events” can be attributed to the fact
that the trench is incorrectly assumed to be cotalyiempty at the beginning of the second peak
of the event. Therefore, the “Continuous Eventiildation more accurately depicts the amount
of infiltration that took place over the coursetioé event. The volume of water infiltrated in the
“Continuous 2006” simulation is the highest volume3.55 inches, because the trench was
partially full for the entire simulation. This waecause a preceding storm had not completely
drained yet. The “Continuous 2006” simulation linfited runoff for nearly an entire day before
the other two simulations were subjected to rundrdifa larger storm, this simulation will be the
first to overflow, and will most accurately simwdathe volume of overflow for that event.
Simulating double peaking storms using a continuousdeling method most accurately
simulates both overflow and infiltration volumesaatietention and infiltration facility, such as

the VUSP infiltration trench by accounting for atgdent conditions.
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Another important aspect to be observed is thatrérech never overflows over the course of a
storm that totaled more than three inches of rdihe infiltration trench modeled in this case is
designed to capture two inches of runoff from tregasshed. The 3.68 inches of rain occurs over
a several day period, but the first peak produceatiy 2.5 inches of rain in less than 24 hours
and the trench did not overflow. This proves tha volumetric storage capacity of an
infiltration BMP exceeds its design as infiltratis always occurring. A storm that produces
two inches of rain instantaneously does not exist @/en a storm that produces two inches of
rain in less than thirty minutes is very rare. Argnch designed to capture a specific volume of
runoff will always be able to capture more rundffm the design volume, since infiltration
begins as soon as runoff reaches the trench, ahdatys takes time for the complete volume of
runoff to reach the trench. This additional voluimeot accounted for in any isolated analysis of
a structure, but can be accounted for cumulativelst continuous simulation, such as the one

developed in this study.

5.5 Annual Infiltration with Varying Contributing Area

An examination of the relationship between trenize &ind percent infiltrated runoff was the
next logical step in determining the most efficidiVIP design. New drainage areas were
calculated as percentages of the current waterstead Since these percentages are not relevant
to anything other than this specific site, theyaveonverted to DA:BMP. This is a more useful
format, since it can be used for trench designidetsf this model and site. This is not to say
that this model will provide the exact DA:BMP atyasite, but it provides an estimation of the

best BMP footprint area for a site. The efficiermyves and other work that follow are still
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specific to this site, and could not be utilizecaabther site without understanding and adjusting
the appropriate parameters. The design of anitratfon structure is restricted by conditions

specific to the site, such as available area amthlr depth. Soil type is an additional concern,
but it is assumed an infiltration BMP would only éensidered in an area with suitable soil for

infiltration.

Annual % Infiltrated

BMP _Infiltration Efficiency Curve
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Figure 5-4: Plot of DA:BMP versus % Infiltrated.
The initial plot of DA:BMP seen in Figure 5-4 lookd a broad scale of different areas, and
represents trenches from those that are severasbordened to those that are over-designed
(under-burdened). This plot is much more helpfulaosmaller scale focused on the point of

interest and could be used as a design tool. dhe pf interest; the inflection point (where the
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curve turns from concave down to concave up) remtsshe most efficient DA:BMP for design
which is 13.5 for the infiltration trench simulatedrigure 5-4 can also be used by choosing the
desired percent of infiltration and identifying tlwdrresponding ratio. Points around the
inflection point were simulated for the year of BO@ produce a more useful plot. The area,
DA:BMP, and % Infiltrated are tabulated below inblea5-4 for different percentages of the
current drainage area.

Table 5-4: Percent of drainage area and corresponding perdétrated.

% Area %

DA [acres] DA:BMP Infiltrated
15 0.070 23.5 71.3
11 0.051 17.2 80.1
10 0.047 15.7 81.5
9 0.042 14.1 84.7
8 0.037 12.5 87.3
7 0.033 11.0 90.0
6 0.028 9.4 93.6
5 0.023 7.8 96.7
4 0.019 6.3 98.7
3 0.014 4.7 100
1 0.005 1.6 100

The table shows that a DA:BMP less than approxilyatd would not be a very efficient design
because it would infiltrate virtually all of therroff for the year. When the ratio is less than 7:1
the cost of constructing a larger trench outweitffesminimal increase in the amount of water
infiltrated. On the other end of the spectrumiosaibove 20:1 begin to become ineffective in
infiltrating a sufficient portion of the total ruffo Figure 5-5 is a plot of DA:BMP versus %

Infiltrated, which is created from the data in Teb}4 to provide a more useful tool.
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Figure 5-5: Plot of DA:BMP versus % Infiltrated
As illustrated in Figure 5-5, a polynomial equatiohthe third order was fit to the simulated

data. The equation is as follows:

%lnfiltrated = 0.0053k> — 0.2146x* + 0.9454x + 99.4 Equation 5-1

Wherex is the DA:BMP and the line correlates to the daith & correlation coefficient o
equal to 0.9963. The approximate location of ttikection point is between 8.5 and 17, which is
helpful in providing a range for the most effectratio. In order to obtain the true inflection

point of the equation, the second derivative wherta This produced the equation:

y =0.0318-0.4292 Equation 5-2

Wherey is the second derivative d&quation 5-2andx is again the DA:BMP. Solving this

equation whery = 0 yields the inflection point, which occurs whire DA:BMP = 13.5. It is
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important to realize that this exact ratio is speco the site conditions, which include the trenc
geometry, soil conditions, and hydrologic datancBithis exact ratio is specific to the site and
the hydrologic data for 2006, a general range tbsanay be more appropriate than the exact
ratio. The straightest portion of the curve sp&mosn a ratio of 8.5 to 14 with infiltration
amounts ranging from 85% to 95%. This range mambee helpful than the inflection point for

trenches constructed in similar soil and with samgeometric structure at different locations.

The curve can be used in collaboration with regoat to specify the percentage of runoff
desired for infiltration. Since the goal of thesgulations is to eliminate 95% of the runoff from
the impervious area, a line is drawn from 95 onditnate until it intersects the curve. Alineis
drawn down from that point until it intersects tladscissa, which yields a DA:BMP of
approximately 8.5. This is the ratio that would/daaptured exactly 95% of the runoff at this

site in 2006.

An additional model was created with a drainage @ieed to the calculated “Most Efficient”
DA:BMP and was included in Table 5-1 previouslyths model “14:1”. This ratio does not
represent a trench that fulfills any regulationt s the ratio that would allow maximum
infiltration with regard to the amount of area uded the infiltration trench. This area was

calculated to be 0.0404 acres (176D4dnd is included in the following comparisons.

76



5.6 Flow-Duration Curves

Flow duration curves were developed for the diffé@mulations, because another concern with
urban development and the environmental impactscegsd with that development are peak
flows. Flow duration curves show the magnitudepeék flows and the length of time those
flows are reached. Reduced peak flows are thegpyigoal in peak flow control, but another
concern is to keep flows reduced before and after geak as well. It is not necessarily
beneficial to reduce the peak flow at the experfsexareasing low flows over an extended
period of time. By looking at a flow-duration plfigure 5-6), the percentage of time specific

flows are exceeded can be seen.
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Figure 5-6: Flow-duration plot of models with varying contnifing areas.
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Two additional models of the site were developededsrence: “No Capture” is a simulation
that examines flows leaving the site if the tredah not exist at all, and “14:1” is a simulation
with the “most efficient” DA:BMP explained in Seati 5.5. Expressing all of the flows as
inches over the watershed allows one sized wateérghbe compared to another. If it were not
expressed in this fashion then only the obvious ldvdoe apparent; larger volumes of water
would come from larger drainage areas. The cushesv that as the drainage area becomes
more appropriately sized to the trench, the peeggnbf time that increased flows are sustained
decreases. Table 5-5 looks at a specific flow ledging the site (0.1 in/hr), and the amount of

time that rate is sustained or exceeded.

Table 5-5: Comparison of time a flow rate is sustained faious models.

Time exceeded
Area Volume
Model Name [acres] Flow [in/hr] | % of time exceeded| Days Hours [in]

7:1 0.0213 0.1 0.028 0.1 2.5 0.25
14:1 0.0426 0.1 0.228 0.8 20.0 2.00
78:1 0.234 0.1 1.35 4.9 118.3 11.83
157:1 0.468 0.1 1.67 6.1 146.3 14.63
No Trench 0.468 0.1 2.30 8.4 201.5 20.15

The table shows that a flow rate exceeding 0.1r ieAiting the trench overflow occurs 0.028%
of the year in “7:1” in comparison to 1.67% of tyear in “157:1” (current trench) and 2.3% if
there was no trench on site. Each of these difte® is appreciable, but to better illustrate the
results from each model, the % of time exceededamaserted to days and hours and the total
volume of flow leaving at or above a flow rate ofl On/hr was calculated. Flow exiting the
trench at a rate higher than 0.1 in/hr only ocdors2.5 hours when an appropriately sized

drainage area is applied to the simulated modedppassed to the more than 146 hours of flows
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exceeding that same rate in the current trenche t©hal volumes leaving at or above these
elevated rates are 0.25 inches and 14.63 inché3g:fidrand “157:1” respectively. It is clear that
the trench is currently under-sized, but that & trench were to be sized more appropriately to
its watershed, that it would eliminate a very lapgetion of elevated runoff volumes, and the
amount of time that those flows occur. Flows legvihe currently simulated site are still

reduced in comparison to the developed site withounfiltration trench BMP.

5.6.1 Pre and Post-Construction Flow-Duration Caispa

Further examination of the site was performed oteoto evaluate the effectiveness of a properly
sized infiltration trench. The goal of an infiltian BMP is to maintain the runoff conditions of
the site as they were before development. The B&dBives the unnatural runoff leaving paved
surfaces and stores and infiltrates the water asuld have before construction. The best way
to see if the structure is in fact accomplishing toal is by comparing the runoff leaving the
site in its native condition to the runoff leavitbe site with the appropriately designed
infiltration trench in place. The development afot more simulation models was needed in
order to compare the site as it originally exisbedore the construction of the parking deck.
These two models were titled “GA Pre-Dev” and “Che®ev” which represent the site being
simulated using Green and Ampt and the NRCS Cummidér method respectively. These

models and a brief description are seen in Talfle 5-
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Table 5-6: Model names and descriptions for pre and posttoaction comparison.

Model Name Model Description

Green and Ampt Method used on pre-development soil
GA Pre-Dev conditions

Curve Number Method used on pre-development soil
CN Pre-Dev conditions

It was assumed that the area was lightly develdygdre construction of the parking deck, so
each model included 10% impervious surface. The @o site was classified through the
excavation of a test pit previous to constructidnmechanical grain size analysis was run on the
soil excavated from the test pit and resulted composition of 73% sand, 23% silt, and 4% clay
(Dean, 2005). This composition of soil is claggifias a “loamy sand” according to the US SCS
soil texture triangle or a type B soil accordingth® curve number method. This specific
infiltration trench was not designed to reduce fmoststruction flows to pre-construction levels
since the BMP since it is an experimental site wad intentionally undersized. However, with
the development of the hydraulic model, and thditglib change the drainage area to a more

reasonable size, the comparison became possible.

The parking garage was constructed before thehrdnd it is assumed that the soil beneath is
the same as the soil that was excavated from #mehritself. Parameters for a “loamy sand”
were required in order to simulate the site in “pse-construction” condition. The soil
parameters used for both Green & Ampt and Curve Idrnmfiltration methods are shown in

Table 5-7.
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Table 5-7: Soil characteristics used in SWMM for differenfiliration methods.

GA CN
Suction Head [in] 2.4 Curve Number 61
Conductivity [in/hr] 0.74 Conductivity [in/hr] 04
Initial Deficit [fraction] 0.105 Drying Time [das} 10

The conductivity was taken as an average betweeNRCS recommended rate for a type B soil
and the rate recommended for a “loamy sand” (Ra&wksl, 1993). Further explanation of the

parameters above follows.

5.6.1.1Curve Number

The existing site before construction is assumelatee been an open space in good condition.
The SCS curve number assigned to the area is Ghwalecounts for site conditions and the type
B soil classification. The saturated hydraulic doctivity for an NRCS type B soil is between
0.15 and 0.30 inches per hour (EPA SWMM 5 Manu&)recommended value of 1.18 inches
per hour is recommended (Rawls et al., 1993). auszage of the two was taken and a value of
0.74 inches per hour was input into the model dbasea “Drying Time” of ten days for a soil to
completely dry. The ten day drying time is a conggve estimate as typical drying times for

soils are less than a week.

5.6.1.2 Green & Ampt

The Green & Ampt method was also used as a loskaueior simulation of the site pre-

construction. Its required parameters includeai@n head which is input as 2.4 inches and the
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initial deficit is 0.105 (Rawls et al., 1993). Thaturated hydraulic conductivity of 0.74 inches

which was averaged as explained above was used iagais model.

5.6.2 Flow Duration Curve Comparison

The two simulations of the site in its pre-constiat state were run, and compared to the
simulation with the trench that was designed adogrtb PA BMP Manua(7:1). This verifies
that the regulation is achieving the goals thé& ihtended to fulfill. Figure 5-7 is a plot obfl

duration curves.
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Figure 5-7: Flow duration plot for pre-construction compariso

As expected, the site as it is currently designextiyced elevated flows for longer periods of
time when compared to the site pre-constructiohe &levated flows are due to the paving of the
entire drainage area and the undersized infilmatrench. Also, note that the SCS Curve
Number simulation produced slightly higher low flemhan the Green & Ampt method. This
can be attributed to the fact that the curve nummethod accounts for pervious runoff and
impervious runoff separately, whereas the Greenn8pfAmethod accounts for impervious runoff

to flow over pervious surfaces before leaving tite. s Therefore, the 10% impervious area
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included in the simulations is the primary reason the discrepancy between the two pre-
development models. Figure 5-7 shows that thel”1dimulation has higher volumes of runoff
overflowing it than any of the other simulated trlees for the year. The two inch capture design
(7:1) produces flows similar to those of the natite, which proves that it does accomplish the
goals of state regulations for the year of 2006hilg¢\the “14:1” simulation produces heightened
flows compared to the other simulations, it doesd sbow signs of being extremely
overburdened. Figure 5-6 illustrates the diffeeehetween an overburdened trench (157:1) and
the “14:1” simulation. The “14:1” simulation wagsigned to provide the highest percentage of
inflow infiltrated with respect to the size of tlo®ntributing area. It was not designed to

infiltrate a specific amount of water or to resttre native hydrologic conditions.

5.7 Depth-Duration Curves

Depth—duration curves are similar to flow-duratmmves except that the depth of water in the
trench is monitored rather than the flow leaving trench. Although they are most commonly
used for structures, such as reservoirs, for droagt flood planning, they are also helpful in
this situation for determining how quickly the tobnis draining and the likelihood of it being
full to a certain depth at any given time. Whemnaking a single storm event, the depth of
water in the trench at the beginning and end ofstbem is needed to evaluate performance. A
continuous hydrologic is capable of modeling theéspths from one storm to the next. A depth-
duration curve can provide the likelihood of thetthebeing at or below a certain level at any
time. Included in the models for the depth duratdot shown in Figure 5-8 is a model which

was designed using the “Efficiency Curve” develogedier. This simulation is called “8.5:1”
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and was sized so that it would have captured dfilttated 95% of the flows entering the trench

in 2006 (DA:BMP = 8.5).

Depth-Duration Curve
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Figure 5-8: Depth duration plot for models with varying drage areas.

Figure 5-8 shows the “fullness” of the trench assitsized now, and compares it to several
smaller drainage areas. The result of a small@ndge area is a trench that is less full more
often. Looking at the plot shows that the trenshitacurrently exists had at least two feet of
water in it for more than 28% of the year (over Ha@s). Compare that to the “7:1” simulation,
which was two feet full for less than 7% of the iydass than 26 days). These percentages also
represent the likelihood that the trench will battfull at any given time. So there is currently a
28% chance that at the beginning of any runoff eeeourring on site, the trench will have two

feet of water occupied by residual water, and wat be available for new runoff storage. This
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number is very high, because the trench is so buetened, but it could be more helpful for
trenches that are more appropriately sized. Famgie, the “7:1” simulation has the trench
three feet full less than 2% of the year (less thaveek). There is less than a 2% chance that it

will have three feet of water occupying its storagpacity at any given time.

The verified continuous hydrologic model developethis study is used as a tool to determine a
more appropriate sized contributing area for theS¥PUrench. This model is specific to the site
and its conditions, but also proves that the traaatapable of achieving stormwater regulations
if it were designed to do so. Infiltration efficiey, flow-duration, and depth-duration curves are
also developed from this simulation model and pevinformation pertinent to other infiltration

structures.
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CHAPTER 6 —CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the conclusions that cadrdo@n from this study and the continuous
simulation model that was developed and verifiedd @addresses future considerations of

continuous modeling and infiltration trench design.

6.1 Trench

The VUSP infiltration trench is a unique BMP inteddfor use as an analysis tool. This is a
critical aspect of this trench that should not geored. Some of the unique features of the
trench provide an opportunity to investigate chemastics of infiltration structures that are not
often addressed. Listed below are the irreguésif this specific infiltration trench with

respect to standard design and recommendatiohe ¢fA BMP Manual:

* The trench is severely undersized. The trenctpfattin comparison to its drainage
area (DA:BMP) of 157:1 is far beyond the maximumoramended ratio of 5:1 for
such a structure (PA BMP Manual, 2006). Althoubis trench does not need to
have a DA:BMP of 5:1 to achieve state regulatioiitie constant infiltration that
occurs as the trench fills allows more water tarsdtrated over the course of an

event.

* The trench is relatively deep. The depth of wateove the trench bottom reaches
depths in excess of six feet while the recommemdaximum depth of water is two
feet (PA BMP Manual, 2006).
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 The pre-treatment sedimentation device is not prov@ remove a sufficient
percentage of suspended solids, although the @atatent box is cleaned out on a

regular basis.

* The site is highly monitored with electronic davading instruments. An infiltration
trench built in the field will not have all of thestrumentation present at this site.
Because the trench is intended for research, tiserore instrumentation than
would typically be installed at any structure ie fireld.
These irregularities from typically regulated BMBstyn provide insight into unique facets of
infiltration trench design. Realizing these diéfeces allows the opportunity to understand some

of the functions of infiltration trenches that aret often examined and are discussed further in

Section 6.3.

6.2 Simulation Model

This hydrologic flow model is derived from site sgiE rain data, trench geometry, trench
depth, and other data collected on site. This moae not simulate another infiltration trench
BMP unless information specific to that site is uhpnto the model. The methods used to
develop this simulation model can be used in catjan with instrumentation capable of
recording the necessary data at another site. fallesving instrumentation is required in order

to obtain the data necessary to develop a simyldirdhogic model.

- Rain Gage (recommended)
- Well with pressure transducer
- Inflow weir and pressure transducer (recommended)

- Overflow weir and pressure transducer (recommended)
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In addition to the instrumentation listed, constiat information including contributing
drainage area, structure geometry, and backfiirmation would be required. The most basic
model could be developed with only the trench geoynend construction details, along with a

well and transducer in the BMP and either an infeovoutflow measurement device.

The rain gage is recommended because an existingage in close proximity to the site can be
used. If the site is located in a position thadigant from any rain gages, then a rain gage on
site becomes more highly recommended. Rainfalllmamighly variable from one location to
another and can lead to some discrepancy betweerdnegs from a remote gage and rainfall on
site. An on site rain gage is especially recommadnfbr smaller drainage areas because it

ensures that even the most isolated events wakbarately recorded for the site.

Assuming the rain gage utilized accurately reprissére amount of rain falling on the BMP’s

contributing area, the volume of water reaching ttench is attained. If the structure is
completely impervious then the volume is theordijcaqual to the volume of rain. This

assumes that there is no lost or stored volumeabémfrom leaks in the impervious surface or
from ponding. If it is pervious area, then an appiate loss method is utilized to determine the
amount of runoff leaving the site. As was proverthis study, even well maintained impervious
structures will have some sort of loss associatigl them which is why an inflow measurement

device is recommended.

The recommended inflow volume measurement deviaa &lternative to calculating the amount

of runoff reaching the BMP. A calibrated deviceydes accurate recordings of the volume of
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water that enters the trench. By utilizing suatte&ice, discrepancy that may be incurred in the
process of simulating runoff can be eliminated. éitler the runoff is calculated or measured,

the water is then routed to the infiltration trench

The geometry of the structure and type of backifi# critical in the development of the model.
These aspects of the trench are essential to theagenent of the model because they determine
the storage capacity of the structure and can belyneasured one time before the trench is
backfilled and covered. The depth-storage relatignis developed from this information. The
relationship is used in conjunction with the welegsure transducer in order to determine the
volume of water stored in the trench at any giveret It is also used to develop the drainage
rating curve which is converted to a flow rate @dput as the infiltration rating curve. A plot
of decreasing water depth in the trench with ressfgetme in conjunction with the depth-storage
relationship yields variable drainage rates forfedént depth ranges. Assuming the site is
equipped with the appropriate pre-treatment, sedliat®n structure, the infiltration rate
developed should not decrease over time. Rategldshe considered for different seasons
because of the variance in rates with respectrpéeature change. Averaging these rates will
not decrease the accuracy of the model over theseoof a year since some rates will be

overestimated while others are underestimated.

Flow measurement at the overflow pipe is requiretidan be achieved by utilizing an outflow
control structure rather than measuring the deptivaier passing over a weir or through a
flume. If the invert of the overflow pipe and theting curve for that pipe are known, then the

well transducer depth reading can be used to deterthe overflow volume. This is the method
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utilized in this model and the method was checkgddmparing it to the flow measured in the
actual flume. While a direct measurement from dwverflow pipe may be more accurate,

measurements from the trench well transducer mayitable.

The above methods are utilized to develop this meade could be implemented on other
infiltration trenches in order to accurately modeé respective structure. Such a model is
capable of simulating the amount of runoff thateenta BMP and the subsequent volume that is
stored and infiltrated or bypasses the structiitas information is useful in the determination of

the effectiveness of such structures as they aferpgng in the field.

The simulation model was created to accurately kitauthe trench assuming the structure
experienced no losses during events. It was prdwemnigh existing data and through the model
that this is not the case, because the inflow veluneasured entering the trench rarely equals
the volume of water falling on the parking deckhisTresulted in slightly higher volumes of
water overflowing the trench than were actually exignced on site. The effect of this
overestimation of water entering the trench makesmodel more conservative when predicting
the percentage of water infiltrated at the trenbhese losses did not need to be accounted for
after verification of the model since any furtheodeling was based off of the originally
developed model. It is possible that the modeldde manipulated to better account for the
actual losses experienced at the parking deck. Id3s&emethod would have to be studied more
thoroughly in order to determine what the factars that directly effect the amount of runoff
lost. This would determine whether an initial lessthod or a constant loss method would be

more appropriate.
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This hydrologic model is better suited for analyian design since it is derived from on site
data. Parameters could be approximated for thma&tstd runoff and infiltration using traditional
methods in order to utilize the model as a desigih t The use of data from the actual site will

always be more accurate for that specific site Hranpre-construction design parameters.

6.3 Design

Investigation of the trench drainage rating curgésws that as water depths in the trench
increase infiltration rates increase. This incee&s experienced because of the increased
hydraulic head above the bottom of the infiltratioed and because of an increase in wetted
infiltration surface due to the sidewalls. Thee#t literature regarding infiltration BMP
guidelines recommends a maximum hydraulic depttwoffeet; or a maximum structure depth
of two feet (PA BMP Manual, 2006). The trench siated in this study is approximately six
feet deep, which is beyond that maximum recommenlggth. The concern is that the bottom
of the structure will be too close to groundwatdlés, and a deep trench would be much harder
to revitalize if it were to become clogged. Growater levels on site are estimated at 15 feet
below the surface based on a nearby gaining stiglaith means the bottom of the trench is
removed by nine feet of soil. Thus, the two focaximum trench depth is ridiculous. If
groundwater levels can be accurately determinedn tthe trench depth can be designed

according to that depth.
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Examination of the drainage rating curves for tten¢h reveals that most of the infiltration
currently taking place at this infiltration BMP @curring above the recommended maximum
depth of two feet. This is the case at this stm&cbecause of the sediments that have entered the
trench and clogged the bottom infiltrating surfaafethe structure. While it is ideal for an
infiltration BMP to be capable of infiltrating thugh all possible surfaces, these curves show that
infiltration through the side walls of a structwtél allow effective drainage. Greater infiltrati

as depth increases can be partially attributedhéoiricrease in static hydraulic pressure at the
bottom of the trench as the water rises. It isibatted more significantly to the sidewall
infiltration that takes place as an increase inteeketnfiltration surface occurs as determined in
earlier studies at the trench (Emerson, 200B)e sidewall infiltration observed at this trench

proves that a deep infiltration structure can eative.

This trench lacks an effective fine sediment renh@taucture. The fact that this trench lacks
such a structure would qualify it as an “abusedi&tre with respect to the fine sediment load
entering. Even with the maligned status of thisgteghe trench is still capable of infiltrating an
ample amount of runoff with respect to the appm@teriDA:BMP ratio as demonstrated through
simulation. The reason that this structure id stipable of infiltrating large quantities of the
total runoff captured is because of the large sadearea that is not clogged by sediment. The
bottom surface of any infiltration trench has treggmtial to become clogged in any infiltration
trench. High sediment loads could be experiendea mench due to negligent maintenance,
local soil disturbance, or other unforeseen andammed activity. Infiltration surfaces of an
infiltration trench BMP can be broken down into twategories. These two categories are as

follows:
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- “Potentially Impermeable” — An infiltration surfadkat has the potential to become

impermeable because of fine sediment depositiotiqimg.

- “Non-Potentially Impermeable” — An infiltration dace that is not subject to

sediment deposition and will not become impermeébtiewalls).

It is preferable for the sake of infiltration to rm&@ize the amount of “Non-Potentially

Impermeable” surface, since these surfaces araffestted by sediment deposition which is the
primary concern in infiltration structures. Thegeas are maximized by constructing deep
structures rather than shallow structures. If\WSP infiltration trench had been constructed
with the same storage volume as it currently hdsabthe recommended maximum depth of 2
feet, it would not infiltrate nearly the volume moff that it does. This is because the majority
of the infiltration surface for the trench would Hotentially Impermeable” surface. Since this
type of surface is susceptible to sediment loaavhgch is high at this site, the majority of the

infiltration surface would be incapable of infiltiiag water. Despite concerns of potential failure
of deeper infiltration structures, this study hasven that there is potentially less risk of fagur

with greater sidewall infiltration areas.

Another concern with respect to an infiltrationnich that experiences extremely low drainage
rates at shallower depths is the fact that thestolfage capacity of the trench is rarely available
Depth duration curves in this study show that theent trench experiences a depth of two feet

or less nearly 30% of the year. This means thagpproximately 100 days out of a year, the
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potential storage volume below a depth of two feedbccupied. A trench that was simulated
with a more appropriate contributing area had fzeme volume occupied for less than 10% of
the year. This reiterates the fact that this $petrtench is overburdened, but also provides more
information about the potential storage availalileamy given time. Lack of the appropriate
volume of storage capacity at the beginning of aente not only detracts from the volume
captured, but will also lead to increased peak $ldo@aving the site. Peak flows and peak flow
duration are a major concern in the hydraulic dex§ a stormwater BMP, whether it is a
volume reduction BMP or a water quality BMP. Theak flows at the current trench are not
significantly affected by its slow drainage ratecause it is so severely undersized. A very
small volume of rain falling on the watershed Miill the trench whether it is completely empty
or if it still has two feet of its depth occupie@his negates any appreciable difference that could
be observed between the peak flows of a totallytgerinpnch and a partially empty trench when

peak flows are observed.

The effectiveness of deeper infiltration structuaiad the associated decrease in the possibility of
failure should not be ignored. When implementedhim appropriate setting, deeper structures
can perform better than shallower structures. Tégearch proves that an infiltration trench
deeper than two feet can still be an effectiveltnation BMP. The deep trench has a large
amount of infiltrating surface available, becau$at® depth and large sidewall surface area.
Sidewall infiltration is effective at the VillanovBniversity infiltration trench, because the
bottom of the trench has a very slow infiltratiater (Emerson, 2008). Sidewall infiltration is
critical because it is not impeded by fine sedimeating. The recommended PA BMP Manual

DA:BMP ratio of 5:1 does not address this due Igrtye the fact that the trench is six feet deep.
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It was determined that a DA:BMP of 7:1 would be rappiate for this site. The current trench
configuration which has a DA:BMP of 157:1 is stifipable of infiltrating 27% of the yearly
precipitation falling on the drainage area, desfhie undersized trench surface area footprint.
This can be partially attributed to the six footptte and the additional storage available in
comparison to the recommended two feet of deptha diypical infiltration trench. The
information produced from this simulation model Mok useful in the development of further
regulations, as more complex hydrologic events camesidered. As the field of hydrologic
engineering progresses, the desire to determineetieetiveness of structures subjected to
consecutive events will become more prevalent.s Tontinuous hydrologic simulation model is
capable of simulating such events, and will prow@duable information with respect to the

overall effectiveness of such infiltration struasr
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Appendix A: Plan, Profile, and Sketches of the Trench

Sketch of Piping Structure at the Trench
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Flow Diagram
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Appendix B: General SWMM Subcatchment Parameters
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Appendix C: SWMM Storage, Infiltration, and Overflow Curve Tables

Stage-Storage & Stage-Area Curves for SWMM

Depth Storage (cubic feet) Area

(ft) n=0.35 (sq ft)
0 0.00 24.30
0.1 2.44 24.42
0.2 491 24.53
0.3 7.39 24.64
0.4 9.90 24.75
0.45 11.17 24.82
0.5 12.43 24.87
0.6 14.99 24.98
0.7 17.57 25.10
0.8 20.17 25.21
0.9 22.79 25.32
1 25.44 25.44
1.1 28.11 25.55
1.2 30.80 25.67
1.3 33.52 25.78
1.4 36.26 25.90
1.5 39.02 26.01
1.6 41.81 26.13
1.7 44.62 26.25
1.8 47.45 26.36
1.9 50.31 26.48
2 53.19 26.60
2.1 56.10 26.71
2.2 59.02 26.83
2.3 61.95 26.94
2.4 64.91 27.05
2.5 67.88 27.15
2.6 70.87 27.26
2.7 73.88 27.36
2.8 76.91 27.47
2.9 79.95 27.57
3 83.01 27.67
3.1 86.09 27.77
3.2 89.19 27.87
3.3 92.31 27.97
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Depth Storage (cubic feet) Area
(ft) n=0.35 (sq ft)
3.4 95.44 28.07
3.5 98.59 28.17
3.6 101.76 28.27
3.7 104.95 28.37
3.8 108.16 28.46
3.9 111.39 28.56

4 114.63 28.66
4.1 117.89 28.75
4.2 121.17 28.85
4.3 124.47 28.95
4.4 127.79 29.04
4.5 131.12 29.14
4.6 134.47 29.23
4.7 137.85 29.33
4.8 141.24 29.42
4.9 144.39 29.47

5 147.65 29.53
51 151.03 29.61
5.2 154.53 29.72
5.3 158.14 29.84
5.4 161.88 29.98
5.5 165.75 30.14
5.6 169.74 30.31
5.7 173.86 30.50
5.8 173.86 30.50
5.9 173.86 30.50

6 173.86 30.50
6.1 173.86 30.50
6.2 173.86 30.50
6.3 173.86 30.50
6.4 173.86 30.50
6.5 173.86 30.50
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Depth-Infiltration Curve for SWMM

Depth (feet) Infiltration (cfs)
0 0

0.1 0.0000369
0.2 0.0000558
0.3 0.0000751
0.4 0.0000947
0.45 0.0001044
0.5 0.0001152
0.6 0.0001261
0.7 0.0001372
0.8 0.0001484
0.9 0.0001599

1 0.0001715
11 0.0001833
1.2 0.0001953
1.3 0.0002075
1.4 0.0002198
15 0.0002427
1.6 0.000266
1.7 0.0002897
1.8 0.0003137
1.9 0.000338

2 0.0003624
2.1 0.0003866
2.2 0.0004111
2.3 0.0004359
2.4 0.000461
2.5 0.0005379
2.6 0.0006158
2.7 0.0006946
2.8 0.0007742
2.9 0.0008548

3 0.0009362
3.1 0.0010186
3.2 0.0011018
3.3 0.001186
3.4 0.0012711
3.5 0.0014576
3.6 0.0016462
3.7 0.0018369
3.8 0.0020297
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Depth (feet) Infiltration (cfs)

3.9 0.0022245
4 0.0024215
4.1 0.0026205
4.2 0.0028217
4.3 0.003025
4.4 0.0032304
4.5 0.0034379
4.6 0.0036476
5 0.0044194
5.1 0.0047723
5.2 0.0051412
5.3 0.0055262
5.4 0.0059278
5.5 0.0063462
5.6 0.0067818
5.7 0.0072173
5.8 0.0072173
5.9 0.0072173
6 0.0072173
6.1 0.0072173
6.2 0.0072173
6.3 0.0072173
6.4 0.0072173
6.5 0.0072173
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Overflow Rating Curve for SWMM

Depth Above

Overflow Overflow
Invert (feet) (cfs)

0 0.00000
0.004 0.00027
0.008 0.00061
0.012 0.00103
0.016 0.00153

0.02 0.00209
0.024 0.00274
0.028 0.00345
0.032 0.00424
0.036 0.00510

0.04 0.00604
0.044 0.00705
0.048 0.00814
0.052 0.00929
0.056 0.01052

0.06 0.01182
0.064 0.01320
0.068 0.01465
0.072 0.01616
0.076 0.01776

0.08 0.01942
0.084 0.02115
0.088 0.02296
0.092 0.02484
0.096 0.02679

0.1 0.02881
0.104 0.03090
0.108 0.03306
0.112 0.03530
0.116 0.03760

0.12 0.03997
0.124 0.04242
0.128 0.04493
0.132 0.04752
0.136 0.05017

0.14 0.05289
0.144 0.05569
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Depth Above

Overflow Overflow
Invert (feet) (cfs)

0.148 0.05855
0.152 0.06148
0.156 0.06448
0.16 0.06755
0.164 0.07068
0.168 0.07389
0.172 0.07716
0.176 0.08050
0.18 0.08391
0.184 0.08739
0.188 0.09093
0.192 0.09455
0.196 0.09823

0.2 0.10197
0.204 0.10579
0.208 0.10967
0.212 0.11361
0.216 0.11763
0.22 0.12171
0.224 0.12585
0.228 0.13006
0.232 0.13434
0.236 0.13869
0.24 0.14309
0.244 0.14757
0.248 0.15211
0.252 0.15671
0.256 0.16138
0.26 0.16612
0.264 0.17092
0.268 0.17578
0.272 0.18071
0.276 0.18570
0.28 0.19075
0.284 0.19587
0.288 0.20106
0.292 0.20630
0.296 0.21161

0.3 0.21698
0.304 0.22242
0.308 0.22792
0.312 0.23348
0.316 0.23910
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Depth Above

Overflow Overflow
Invert (feet) (cfs)

0.32 0.24479
0.324 0.25054
0.328 0.25635
0.332 0.26222
0.336 0.26815
0.34 0.27415
0.344 0.28020
0.348 0.28632
0.352 0.29250
0.356 0.29874
0.36 0.30504
0.364 0.31140
0.368 0.31782
0.372 0.32430
0.376 0.33084
0.38 0.33744
0.384 0.34411
0.388 0.35083
0.392 0.35761
0.396 0.36445

0.4 0.37134
0.404 0.37830
0.408 0.38532
0.412 0.39239
0.416 0.39953
0.42 0.40672
0.424 0.41397
0.428 0.42128
0.432 0.42864
0.436 0.43606
0.44 0.44354
0.444 0.45108
0.448 0.45868
0.452 0.46633
0.456 0.47404
0.46 0.48181
0.464 0.48963
0.468 0.49751
0.472 0.50544
0.476 0.51343
0.48 0.52148
0.484 0.52958
0.488 0.53774
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Depth Above

Overflow Overflow
Invert (feet) (cfs)

0.492 0.54596
0.496 0.55423

0.5 0.56255
0.504 0.57087
0.508 0.57920
0.512 0.58752
0.516 0.59585
0.52 0.60417
0.524 0.61250
0.528 0.62082
0.532 0.62914
0.536 0.63747
0.54 0.64579
0.544 0.65412
0.548 0.66244
0.552 0.67077
0.556 0.67909
0.56 0.68741
0.564 0.69574
0.568 0.70406
0.572 0.71239
0.576 0.72071
0.58 0.72904
0.584 0.73736
0.588 0.74568
0.592 0.75401
0.596 0.76233

0.6 0.77066
0.604 0.77898
0.608 0.78731
0.612 0.79563
0.616 0.80395
0.62 0.81228
0.624 0.82060
0.628 0.82893
0.632 0.83725
0.636 0.84558
0.64 0.85390
0.644 0.86222
0.648 0.87055
0.652 0.87887
0.656 0.88720
0.66 0.89552
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Depth Above

Overflow Overflow
Invert (feet) (cfs)
0.664 0.90385
0.668 0.91217
0.672 0.92049
0.676 0.92882
0.68 0.93714
0.684 0.94547
0.688 0.95379
0.692 0.96212
0.696 0.97044
0.7 0.97876
0.704 0.98709
0.708 0.99541
0.712 1.00374
0.716 1.01206
0.72 1.02039
0.724 1.02871
0.728 1.03703
0.732 1.04536
0.736 1.05368
0.74 1.06201
0.744 1.07033
0.748 1.07866
0.752 1.08698
0.756 1.09531
0.76 1.10363
0.764 1.11195
0.768 1.12028
0.772 1.12860
0.776 1.13693
0.78 1.14525
0.784 1.15358
0.788 1.16190
0.792 1.17022
0.796 1.17855
0.8 1.18687
0.804 10.00000
0.808 10.00000
0.812 10.00000
0.816 10.00000
0.82 10.00000
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Depth of Water in Trench (feet)

Appendix D: SWMM Results

January through November 2006
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in Trench(feet)

Depth of Water

July through September 2006
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Depth of Water in Trench (feet)

October through December 2006
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